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Summary

1 Summary

Human hepatocellular carcinoma (HCC) is one of the most common and lethal cancers in the
human population and there is an urgent need to develop innovative therapeutic approaches
as well as new molecular targets. Deleted in Liver Cancer 1 (DLC1) was originally identified as
a tumor suppressor gene in HCC whose allele is lost in 50 % of liver, lung, breast and 70 % of
colon cancers. DLC1 encodes a Rho-GTPase-activating protein (RhoGAP) which accelerates the
return of RhoGTPases to the inactive state. Upon loss of DLC1, the RhoA/actin signaling
cascade promotes the activation of Megakaryoblastic Leukemia 1 (MKL1), a coactivator of the
transcription factor serum response factor (SRF). Activation of MKL1 is mediated by binding
to Filamin A (FLNA), which ultimately supports translocation of MKL1 into the nucleus. The
nuclear MKL1 subsequently facilitates the expression of MKL1/SRF-dependent target genes,
which promote cell proliferation, cell migration, cell adhesion and differentiation and thus
enhance HCC growth. Microarray analysis of DLC1 depleted HepG2 cells versus control HepG2
cells revealed several novel target genes induced by DLC1 loss that are potential mediators of
the tumorigenic effects on HCC development and progression. In this context, we identified
the transmembrane protein Tetraspanin 5 (TSPAN5), which is strongly upregulated after DLC1
loss in both HCC cells and human HCCs. We provided evidence that knockdown of TSPANS
results in reduced cell proliferation, migration invasion and spheroid formation ability in vitro,
as well as reduced tumor growth in vivo. Further studies demonstrated that oncogene-
induced senescence (OIS) is the underlying mechanism of growth arrest upon TSPAN5
knockdown. Data such as elevated p16'™**2 protein level, hypophosphorylation of
retinoblastoma (Rb), or enhanced phosphorylation of ERK1/2 due to TSPANS loss suggest that
senescence induction is mediated via activation of oncogenic Ras. Moreover, the results
obtained in vitro on OIS-induced arrest of tumor progression upon TSPANS depletion were
confirmed in further in vivo studies using chicken chorioallantoic membrane assay (CAM) and
HCC mouse xenograft model. Besides, the xenograft model, in which siRNAs targeting TSPANS
complexed in polyethylenimine (PEI) nanoparticles were able to inhibit tumor growth in the
xenograft mice after systemic administration, opens the first potential therapeutic approach
that targets TSPANS for the treatment of DLC1 deficient HCC. In summary, we pointed out in

this thesis that knockdown of upregulated TSPAN5 strongly inhibits the tumorigenic
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properties of a DLC1 deficient HCC by OIS induction. By this way, TSPAN5 represents a novel

promising and innovative target in the personalized therapy of DLC1 deficient HCCs.
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Introduction

2 Introduction

2.1 Hepatocellular carcinoma (HCC)

Cancer remains one of the major and insufficiently solved problems of our time. The number
of cancer patients continues to rise due to an increasingly large and aging population, as well
as partly unhealthy behavior. According to the Global Cancer Observatory (GLOBACON), 19
million new cases were reported in 2020 alone, and 10 million cancer deaths were estimated
worldwide in 2020 (Sung et al. 2021). This makes cancer the second leading cause of death,
but it is estimated that by 2060 deaths caused by cancer will overtake deaths caused by heart
disease (Bray et al. 2021; Sleeman et al. 2019). The overall risk of developing cancer by up to
the age of 74 is 20.4% (22.6% in men and 18.6% in women) (WHO 2021). The highest death
rates show pancreatic cancer with 94%, followed by liver and intrahepatic bile ducts with 93%
each (Sung et al. 2021). Overall, liver cancer is predicted to be the sixth most common cancer,
although women are slightly less affected, with a men/women ratio of 2.44 (Bray et al. 2018).
With one of the worst 5-year survival of less than 20 %, liver cancer is one of the most
malignant cancers (ACS 2021). Among primary liver cancers, hepatocellular carcinoma (HCC)
is the most represented histologic subgroup, accounting for 70% - 85% of total liver cancers
(Perz et al. 2006). The highest HCC levels are found in parts of Asia, especially China, and in
Middle and Western Africa. Lower values are found in South-Central and Western Asia, and
especially in Northern and Eastern Europe (Sung et al. 2021). The high rates of HCC in parts of
Asia and Africa are mainly due to a high prevalence of chronic hepatitis B (HBV) and chronic
hepatitis C (HCV) infections, as well as increased exposure to aflatoxin B1 (AFB) (Farazi and
DePinho 2006; Ming et al. 2002; Perz et al. 2006). The HCC disease in developed regions such
as Europe or the USA is often due to an unhealthy lifestyle. Thus, heavy alcohol consumption
can lead to alcoholic and type Il diabetes, obesity or the metabolic syndrome to non-alcoholic
fatty liver disease (NAFLD) (El-Serag 2007; Reeves et al. 2016). These two disorders, in turn,
can further develop into hepatic cirrhosis and finally degenerate into HCC. Staging is used to
estimate the extent of malignant tumor carcinogenesis. In addition to the size and localization
of the primary tumor (T), findings regarding lymph node involvement (N) and distant
metastases (M) are also included in the staging evaluation. The ultimate purpose of tumor

staging is to evaluate the disease situation, assess the chances of recovery, and design the
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appropriate therapy (Tellapuri et al. 2018). Despite the high incidence rate and mortality of
HCC, the numerous reasons and mechanisms that ultimately lead to malignant proliferation
of liver cells are poorly understood. The reason why elucidating the underlying mechanisms is
so difficult is that the development of HCC is a very complex, multistep process that is gradual
over years. This process is due to an accumulation of genetic and epigenetic alterations,
eventually followed by changes in key regulatory genes and disruption of multiple signaling
pathways. For example, it is already known that HBV, HCV and aflatoxin B1 exposure can lead
to inactivation or mutation of the tumor suppressor protein p53, inflammatory responses and
oxidative stress, which provide a fundamental way to HCC development (Farazi and DePinho
2006). Furthermore, HBV and HCV lead to mitogen-activated protein kinase (MAPK) pathway
activation, which probably also contributes to pathogenesis. In addition to molecular
alterations, HBV is also suspected to integrate into the host genome and thereby causing
alterations in relevant genes. All the different HCC inducing aetiologies ultimately lead to a
continuous cycle of liver cell damage and regeneration, resulting in chronic liver disease
(Farazi and DePinho 2006). Dysplastic nodules gradually develop, altering the structure of the
liver and finally resulting in HCC, which may also have the potential to invade surrounding
fibrotic tissue and metastasize (Okuda 2000). Whereas the genetic changes just mentioned
are irreversible, some epigenetic changes such as DNA methylation or histone modification
are reversible with the help of epigenetic drugs (Ghoshal et al. 2005; Ma et al. 2014; Yoo and
Jones 2006). The prerequisite for this is, of course, that hepatocellular changes are detected
as early as possible and before the development of HCC. However, the more precise
interactions and processes still need to be explored in order to better understand the
pathogenesis and thus find new targets for drugs in HCC or even minimize its likelihood of

development given certain existing risk factors.

2.2 The Rho GTPase Deleted in Liver Cancer 1 (DLC1) as tumor suppressor

2.2.1 Proto-oncogenes and tumor suppressor genes

As described above, alterations in DNA sequences and epigenetic regulations underlie the
development of many cancers (Martincorena and Campbell 2015). More specifically, so-called

proto-oncogenes and tumor suppressor genes are known to play a critical role in
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tumorigenesis by influencing cell proliferation (Kugoh et al. 2015). When proto-oncogenes,
which often effect processes of cell proliferation or differentiation, are dysregulated or
abnormally overexpressed by mutations, for example, it gives us insight into why cancer cells
misbehave (Sherr 2004; Stehelin et al. 1976). On the other hand, there are also genes that
have the opposite effect and thus prevent tumor development (Harris et al. 1969; Stanbridge

1976). In the course of time, many tumor suppressor genes have been identified.

The first tumor suppressor ever discovered was the retinoblastoma (Rb) gene (Friend et al.
1987). Rb proteins interact with transcription factors such as E2F1 and can repress their gene
expression by recruiting histone acetylases and chromatin remodeling factors to these loci
(Chellappan et al. 1991; Harbour and Dean 2000; Nevins 2001). Thus, Rb acts in the G1 phase
of the cell cycle through a suppressive role on growth, metabolism and replication. Another
very important tumor suppressor gene is p53 (Lane and Crawford 1979; Linzer and Levine
1979). In 1989, Finlay and colleagues published that p53 acts as a suppressor for
transformation (Finlay et al. 1989). It was shown that p53 mutations are also common in
human cancer (more than 50 %) and that p53 is induced after DNA damage to initiate a G1
phase arrest as a cell cycle “checkpoint function” (Finlay et al. 1989; Hollstein et al. 1991;
Kastan et al. 1991; Sherr 2001; Sherr 2004). Also revealed to be a very important tumor
suppressor gene is p16N*4-ARF, which in turn regulates the expression of the two
aforementioned tumor suppressors p53 and Rb. p16'N4 belongs to the INK4 family of cyclin-
dependent kinases (CDK) inhibitors. By binding to CDK4, p16'*4 can inhibit the catalytic
activity of the CDK4/cyclin D enzyme, which promotes cell cycle progression by
phosphorylating critical proteins such as Rb protein (Serrano et al. 1993). Inactivation of
p16'N** has been demonstrated in many cancers (Kamb et al. 1994). In addition to p16'Nk4, the
protein “alternative reading frame” (ARF) can be encoded from the INK-ARF gene by other
splicing and an alternative reading frame, which ultimately activates p53 (Quelle et al. 1995;
Sharpless and DePinho 1999; Sherr 2001). It should be emphasized that mostly the presence
of a single functional gene is sufficient to suppress the development of cancer. The reason for
this is that they are recessive and both alleles must be switched off so that no protein is

encoded (Knudson 1971, 1973).
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2.2.2 Rho GTPases

The small GTPases of the Rho family are highly conserved molecular switches that belong to
the Ras superfamily. The members of the Ras family have in common that they all possess a
GTPase domain. This superfamily of small GTPases is nearly found in all eukaryotes and there
are more than 60 different types in mammals, whereas they can be classified into 5 main
groups Ras, Rho, Rab, Arf and Ran (Etienne-Manneville and Hall 2002; Haga and Ridley 2016).
In turn, the three best characterized members of the Rho family are Rho, Rac, and Cdc42. Rho
GTPases have been described to use a simple biochemical strategy to control complex
biological processes such as actin and microtubule cytoskeleton organization, cell
proliferation, cell migration, vesicle transport, cell polarity, as well as gene expression and

activation of enzymatic reactions (Etienne-Manneville and Hall 2002).

The switch function of GTPases is that they alternate between two conformational states
(Figure 1). If GTP is bound to GTPases, they are in the active state, which changes to the
inactive state, where only GDP is bound, by hydrolysis of GTP to GDP. The whole cycle is strictly
regulated by three classes of proteins. Guanine nucleotide exchange factors (GEFs) catalyze
the exchange of GDP to GTP, thereby converting the Rho protein to the active state (Rossman
et al. 2005). GTPase-activating proteins (GAPs) then stimulate the hydrolysis of GTP to GDP,
thus inactivating the Rho protein (Bos et al. 2007). Further guanine nucleotide dissociation
inhibitors (GDIs) finally remove the inactive GTPase from the membrane (Cho et al. 2019;

Dransart et al. 2005).

Plasma membrane

g GEF
Rho-GTP

Rho-GDP

RhowGDP @ Effectors

Figure 1: Rho GTPases and their function as complexly regulated molecular switches. RhoGTPases are
molecular switches with an active, GTP-bound and an inactive, GDP-bound state. The exchange of GDP to GTP is
promoted by GEFs. GAPs promote the hydrolysis of GTP to GDP, causing the active RhoGTPase to switch to the
inactive state. Finally, GDIs remove the inactive GDP-bound RhoGTPases from the membrane to the cytoplasm.
This picture is taken from (Etienne-Manneville and Hall 2002).
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Due to their temporary anchorage in the membrane, Rho proteins are able to be stimulated
by extracellular factors via membranous integrins, G-protein coupled proteins or tyrosine
kinase receptors, in order to subsequently modulate specific intracellular effectors. Thus,
changes in the extracellular environment can simply affect intracellular signaling pathways

(Etienne-Manneville and Hall 2002).

2.2.2.1 The role of Rho GTPases in cancer

Rho GTPases take an important role in signal transduction for cell proliferation and migration,
for gene expression and thus for cell survival. In case of dysregulation, they can promote
tumorigenesis, tumor growth and metastasis by inducing cell proliferation, evasion from
apoptosis, tissue invasion, altered morphological characteristics, and supporting

neovascularization (Sahai and Marshall 2002; Vega and Ridley 2008).

For example, if the role of Rho proteins in the regulation of cell motility is considered in more
detail, it is very likely that they are involved in tumor cell invasion when they are dysregulated
(Figure 2). The Rho proteins RhoA, Racl, Cdc42, and Par6 are required for cell polarity and for
the organization of cell-cell junctions of a normal epithelial layer (Figure 2A). Increased levels
of Rnd3/RhoE will reverse the effect of RhoA which can lead to a loss of cell polarity and cell
monolayer (Guasch et al. 1998; Hansen et al. 2000; Nobes et al. 1998). Benign tumors are the
result (Figure 2B). Loss of tissue barriers, increased cell motility and remodeling of the
extracellular matrix (ECM) can locally increase the invasiveness of a tumor. Here, modulations
of Racl and Rho/Rock activity play a role in polarity loss and loss of cell-cell junctions on the
one hand, and increased RhoA, Rock, Rac, and Cdc42 activity are involved in increasing cell
motility on the other (O'Brien et al. 2001). Furthermore, disruption of the regulation of RhoA
and Racl of metalloproteinases (MMPs) expression can degrade or remodel the ECM
(Matsumoto et al. 2001; Zhuge and Xu 2001) (Figure 2C). In order to eventually form
metastases, it is necessary for tumor cells to enter blood or lymphatic vessels. Here, RhoA and
Rock are required, not only in the migrating but also in the endothelial cells, to cross the
vascular endothelium (Adamson et al. 1999; Worthylake et al. 2001) (Figure 2D). Furthermore,
overexpressed RhoC may accelerate tumor vascularization by inducing the expression of

angiogenic factors (van Golen et al. 2000; Sahai and Marshall 2002).
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Figure 2: Dysregulation of RhoA leads to tumor development and progression. A) Cell polarity is given by RhoA,
Racl and Cdc42. In addition, RhoA and Racl are important for the formation of cell junctions. B) Formation of
benign tumors by a loss of cell polarity and multilayering of epithelial cells. C) Loss of tissue boundaries and
increased cell mobility give rise to invasive tumors. D) Rho and Rock promote intravasation and vascularization,
allowing metastasis to distant sites. This picture is taken from (Sahai and Marshall 2002).

Due to their numerous members and their frequent occurrence in all eukaryotic cells,
RhoGTPases are of high importance as oncogenes. Besides mutations in the RhoGTPase genes,
the Rho proteins are in most tumor cases upregulated or their activity has been increased by
changes in the expression of GAPs, GEFs or GDIs. Furthermore, RhoGTPases may also be
deregulated by post translational modifications such as ubiquitination or alternative splicing
(Haga and Ridley 2016; Porter et al. 2016; Visvikis et al. 2010). Using the example of HCC, Xue
and colleagues have shown that in the gene region of the RhoGAP “Deleted in Liver Cancer 1”
(DLC1), one allele is deleted in more than 50% of cases, thus significantly increasing the
probability of tumor development (Xue et al. 2008). This finding makes DLC1 a very important

gene for tumorigenesis, which must be further investigated in order to improve HCC therapies.
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2.2.2.2 The “Deleted in Liver Cancer” (DLC) genes

The human genome encodes estimated 70 different types of RhoGAPs, all with a conserved
GAP domain whose function is to regulate the Rho signaling cascade by switching them off
(Tcherkezian and Lamarche-Vane 2007). A subgroup of RhoGAPs are the “Deleted in Liver
Cancer” (DLC) proteins, which are encoded by three different genes of the human genome.
The first member DLC1, also referred to as STARD12 or ARHGAP7, was discovered in 1998 by
Yuan and colleagues by representational difference analysis (RDA), a PCR based subtractive
hybridization technique, as a gene frequently (approximately 50 %) deleted in primary HCCs
and in a majority of HCC cell lines. In some cell lines, such as WRI and 7703, the DLC1 gene is
not expressed at all. The DLC1 gene has 86 % homology with the rat p122 RhoGAP gene and
was localized to chromosome 8 p21.3-22 via fluorescence in situ hybridization (Yuan et al.
1998). It is precisely in this region of chromosome 8 those recurrent deletions frequently
occur, which have been detected not only in HCCs but also in other solid tumors in the
prostate, lung and breast (Brothman 1997; Isola et al. 1995; Marchio et al. 1997; Petersen et
al. 1997; Yuan et al. 1998). From these results, it can be considered that the DLC1 gene plays
an important role as a tumor suppressor gene. Meanwhile, DLC1 expression was detected in
a wide variety of normal tissues such as brain, heart, kidney, liver, lung, skin, spleen and testis
(Durkin et al. 2002). That DLC1 is indeed a major tumor suppressor is shown by the fact that
its expression is lost or downregulated in further different tumors such as brain, stomach,
colon, bone marrow or nasopharyngeal in addition to the already mentioned and early
discovered tumors in breast, lung and liver (Kim et al. 2003; Liao and Lo 2008; Seng et al. 2007;
Song et al. 2006; Yuan et al. 2003a). Under-expression of DLC1 occurs in addition to frequent
heterozygous or homozygous deletion of the DLC1 gene, particularly due to hypermethylation
of the GC-rich and with typical CpG islands provided promoter region of DLC1, leading to
transcriptional silencing (Wong et al. 2005; Yuan et al. 2003a). As another alternative
epigenetic mechanism for gene silencing, histone deacetylation was demonstrated on the
example of prostate cancer (Guan et al. 2006). At the cellular level, experiments with inhibitors
of hypermethylation (e.g.: 5-aza-deoxycytidine) and histone deacetylation (e.g.: Trichostatin
A) have partially reversed epigenetic changes in the DLC1 gene (Guan et al. 2006; Wong et al.
2003). Somatic mutations, on the other hand, have tended to be dismissed as rare, although

in 2008 Liao and colleagues reported that they occur in prostate and colon cancers (Liao et al.
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2008). There are two other members of the DLC family. One is DLC2, which is also called
STARD13 and is located on chromosome 13q12. The other one is DLC3, which is also named
KIAA0189 or STARDS8 and is located on q13 of the X chromosome (Ching et al. 2003; Durkin et
al. 2007a). Similar to DLC1, homologous DLC2 was also ubiquitously expressed in normal
tissues, whereas it is frequently under expressed in HCC. Also, deletion of DLC2 often underlies
a loss of heterozygosity (LOH) on the long arm of chromosome 13 in HCCs (Ching et al. 2003;
Guan et al. 2000; Laurent-Puig et al. 2001). Durkin and colleagues further found that DLC3
expression is downregulated in a high proportion of kidney, lung, uterine, ovarian and breast

cancer tissues compared to healthy tissue (Durkin et al. 2007a).

2.2.2.3 Structure of the DLCI1 proteins

Each of the DLC proteins has three distinct domains with specific functions (Figure 3). The
sterile a motif (SAM) is located at the N-terminus, the conserved RhoGAP domain in the middle
region and the steroidogenic acute regulatory-related lipid transfer (START) domain at the C-

terminus (Ching et al. 2003; Durkin et al. 2007a; Durkin et al. 2007b).

DLC-1 SAM RhoGAP START 1091 aa
11-78 639-847 878-1081
DLC-2 SAM RhoGAP START 1113 aa
61-120 677-826 908-1110
DLC-3 SAM RhoGAP START 1103 aa
25-92 650-857 890-1094

Figure 3: The modular structure of DLC protein family. The three typical functional domains SAM, RhoGAP and
START of DLC proteins. This picture is taken from (Lukasik et al. 2011).

The best characterized domain is the approximately 150-200 amino acids (aa) long RhoGAP
domain, which is responsible for the biological activity of DLC1s. This domain catalyzes the

hydrolysis of active GTP-bound Rho proteins to inactive GDP-bound ones as described above.
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More specifically, "arginine fingers" are responsible for catalytic activity, with DLC1 and DLC3
having conserved "arginine fingers" in position 677 and 688 (Durkin et al. 2007a; Durkin et al.
2007b). For DLC1 itself, as well as the isolated RhoGAP domain, high activity was shown on
RhoA, RhoB, and RhoC, but only low activity on Cdc42 and none at all on Racl (Sekimata et al.
1999; Wong et al. 2003). Similarly, DLC2 and DLC3 exert RhoGAP activity on RhoA and Cdc42,
whereas these also exhibit almost no GAP activity for Racl (Ching et al. 2003; Kawai et al.
2007). SAM domains, which are approximately 77 amino acids long, are also found primarily
in signaling and nuclear proteins, where they play a role in protein interactions. Here they
modulate with other SAM domains the formation of homo- or hetero-oligomers or even the
direct interaction with RNA or DNA (Chi et al. 1999; Qiao and Bowie 2005; Stapleton et al.
1999). In contrast, much less is known about the function of the SAM domain in DLC proteins.
For the SAM domain of DLC1 but not DLC2, a new interaction partner, eukaryotic elongation
factor 1A1 (EF1A1), was recently identified by protein precipitation and “Matrix Assisted Laser
Desorption lonization - Time of Flight” (MALDI-TOF) mass spectrometry analyses by Zhong and
colleagues (Zhong et al. 2009). EF1A1 participates in protein synthesis and transport of B-actin
mRNA and is also involved in regulation of the actin cytoskeleton through G-actin binding and
F-actin bundling (Gross and Kinzy 2005; Liu et al. 2002; Murray et al. 1996; Thornton et al.
2003). Moreover, EF1A1 expression is increased in melanoma and pancreatic, breast, lung,
prostate and colon tumors (Thornton et al. 2003). These data suggest that EF1A1 have a
significant role in the regulation of cell growth and migration. Zhong and colleagues
demonstrated further that EF1A1 is translocated by interaction with SAM to the membrane
periphery and facilitates the formation of membrane ruffles, which can suppress cell
migration independent of RhoGAP function (Zhong et al. 2009). For DLC2, on the other hand,
it has been shown by structural studies, for example, that it can interact with fats such as
sodium dodecyl sulfate (SDS) in micelles. Further, Li and colleagues showed that the SAM
domain is not responsible for dimerization of DLC2 but reasoned that the SAM domain of DLC2
might have something to do with membrane binding (Li et al. 2007). At the C-terminus is the
well-conserved START domain, which is approximately 210 amino acids long and is known
primarily to bind lipids, including sterols. In mammals, 15 START domain-containing proteins
are known, among which steroidogenic acute regulatory protein (StAR) is one of the best-

characterized and plays a role in lipid transport to mitochondria. In general, these proteins
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with a start domain are involved in physiological processes such as lipid transfer between
intracellular compartments, lipid metabolism and regulation of cell signaling (Alpy et al. 2009;
Lukasik et al. 2011). For DLC2, it was shown by Ng and colleagues that the protein is localized
to mitochondria due to its START domain (Ng et al. 2006). Furthermore, a functional
interaction partner at the START domain of DLC1 was recently identified. This identified
protein is caveolin 1 (CAV-1), which has been reported to interfere with tumor progression
including metastasis and angiogenesis, may sometimes also be involved in tumorigenesis (Du
et al. 2012; Goetz et al. 2008). Here, authors Du and colleagues propose a RhoGAP-
independent mechanism of tumor suppression through complex formation of DLC1 and CAV-
1 by the START domain (Du et al. 2012). The extent to which the START domain of the DLC
proteins plays a role in mitochondrial lipid transport, their overall physiological function or
their interaction partners remains to be investigated. Between the SAM and RhoGAP domains
a long unstructured region called the "focal adhesion targeting" (FAT) domain exists (Kawai et
al. 2004). It has been shown that DLC1, DLC2 and DLC3 interact via their FAT region with SRC
Homology 2 (SH2) domain of tensin proteins and are thus localized at the focal adhesions
(Kawai et al. 2009; Liao et al. 2007; Qian et al. 2007). It is suggested that the localization of the
DLC proteins at the focal adhesions has something to do with their tumor suppressive

properties, but nevertheless, this also needs to be further explored.

2.2.2.4 Biological functions of DLC proteins and their prominent contribution to carcinogenesis

DLC1 proteins play an important role in the regulation of signal transduction, mainly as
RhoGAPs, but also through the fact that they interact with focal adhesions via the FAT domain.
Thus, they have important influence on cell proliferation, cell morphology and cell migration
(Kim et al. 2009; Liao and Lo 2008). Using a DLC1 knockout mouse model, Durkin and
colleagues found that DLC1 is mandatory for embryogenesis (Durkin et al. 2005). Histological
analysis showed that homozygous mutant embryos were absent or necrotic at 12.5-day
postcoital. The embryos showed severe abnormalities in brain, heart, placenta and neural
tube development and in the formation of blood vessels. Furthermore, by extracting DLC1
deficient fibroblasts from the knockout mice embryos, they found that the cytoskeletal

organization was altered. The cells formed fewer long stress fibers and less focal adhesion-like
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structures (Durkin et al. 2005; Petit and Thiery 2000). Since DLC1 affects phosphoinositide and
RhoGTPase signaling pathways, which in turn regulate stress fiber assembly and focal
adhesion, respectively, it can be concluded that DLC1 affects cell adhesion and migration.
Furthermore, the study also indicates that the loss of DLC1 cannot be compensated by DLC2
and/or DLC3. Several studies have shown that the re-expression of DLC1 inhibits not only the
growth of liver, lung and breast cancer cells in vitro, but also in vivo, confirming the importance
of DLC1 as a tumor suppressor (Goodison et al. 2005; Wong et al. 2005; Yuan et al. 2003b;
Yuan et al. 2004). In a report by Goodison, DLC1 was found to have metastasis suppressing
properties in addition to tumor suppressing properties. In breast cancer cells, re-expression
of DLC1 was observed to inhibit migration and invasion, as well as a significantly reduce
metastasis in nude mouse experiments (Goodison et al. 2005). Further studies confirmed the
inhibition of invasion and cell motility upon DLC1 reconstitution also in liver, ovarian and lung
cell lines (Qian et al. 2007; Syed et al. 2005; Wong et al. 2005; Yuan et al. 2004). In general, it
is assumed that the suppressive functions of DLC1 are based on several already known
regulatory roles of DLC1, such as regulation of the actin cytoskeleton, assembly of focal
adhesions, or cell shape (Sekimata et al. 1999). Also, induction of apoptosis was observed after
restoration of DLC1 gene expression in HCC cells, which may further inhibit cell proliferation
and prevent tumorigenesis (Zhou et al. 2004). Recently, Tripathi and colleagues found that
expression of DLC1 in metastatic prostate carcinoma increases the expression of E-cadherin.
E-cadherin acts as a cell-cell adhesion molecule to oppose cancer cell invasion and is
decreased expressed in many human cancers (Tripathi et al. 2014). By combining a novel
"mosaic" mouse model and RNA interference, Xue and colleagues were able to validate DLC1
as a potent tumor suppressor gene in HCC in vivo (Xue et al. 2008; Zender et al. 2005).
Furthermore, they were able to observe the tumorigenic effects of DLC1 loss in vivo. Besides,
Xie and colleagues focused on genetic variants in the DLC1 gene and the extent to which these
may be associated with the development of HCC (Xie et al. 2015). By exon sequencing of the
DLC1 gene in human HCC tissue samples, they identified, among others, a novel missense
mutation and several single nucleotide polymorphisms (SNPs), which they correlated with HCC
susceptibility and clinical prognosis. While they found no significant association of the DLC1
SNPs with patient prognosis, their results suggest that genetic variations in the DLC1 gene may

mediate an increased risk for HCC development (Xie et al. 2015). Due to the fact that in many
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tumors Myc oncogenes are overexpressed and p53 tumor suppressors are lacking, but this
combination alone had only a weak oncogenic effect, DLC1 was additionally knocked out in
the mouse model using shRNA (Staib et al. 2003; Xue et al. 2008; Zender et al. 2006). In this
context, formation of aggressive liver tumors was observed only in the case of additional DLC1
loss. Moreover, their data suggest that this occurs in dependence of the RhoA signaling
pathway, opening novel therapeutic targets (Xue et al. 2008). The therapeutic effects of stable
Myc knockdown with shRNA and re-expression of DLC1 via adenovirus transduction were
further investigated by Yang and colleagues (Yang et al. 2016). They found that a combination
of the two therapeutic approaches inhibited RhoA levels, cell proliferation, soft agar colony
forming, and cell invasion significantly more strongly and excessively than either Myc
knockdown or DLC1 re-expression alone. Using a subcutaneous mouse xenograft, they also
demonstrated that additional targeted liver cell delivery of DLC1 to Myc knockdown had
cooperative effects on xenograft tumor growth in vivo (Yang et al. 2016). Another therapeutic
approach for use in humans, instead of DLC1 re-expression via adenovirus transduction, would
be the administration of compounds that increase DLC1 expression itself or inhibit its
degradation. Here, Chung and colleagues first postulated promising results with the
compound ursodeoxycholic acid (UDCA). They demonstrated that UDCA may suppress HCC
growth by inhibiting DLC1 degradation and increasing DLC1 expression (Chung et al. 2011).

Studies have shown that in addition to RhoGAP activity and the START domain of DLC1, its
interaction with tensin itself is very important for tumor suppressive activity (Liao et al. 2008).
Mutations such as missense or nonsense mutations in the DLC1 gene can prevent interaction
to tensin and thus to focal adhesions leading to a loss of suppressor properties (Liao et al.
2008). In fact, there is also evidence that DLC1 without GAP function can inhibit cell growth.
For example, a GAP deficient DLC1 mutant hindered colony forming of small lung cancer cells
or reduced the migratory ability of NIH3T3 fibroblasts (Healy et al. 2008; Zhong et al. 2009). It
is conceivable that DLC1 functions as a tumor suppressor via GAP-dependent as well as GAP-
independent mechanisms. Recent studies by Wu and colleagues demonstrated that
downregulation of DLC1, which occurs very often in HCC tissue samples, is associated with
alpha-fetoprotein (AFP) levels, vascular invasion, low-level differentiation, and poor prognosis
for patients (Wu et al. 2018). Furthermore, functional assays revealed that DLC1 loss not only

promotes tumor growth, migration and invasion, but also autophagy of HCC cells via an
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increase in Rho-associated kinase 1 (Rock1) activity as well as an increased T-cell factor 4
(TCF4) expression affecting the WNT/R-Catenin pathway (Wu et al. 2018). Using bioinformatic
analysis, Wu and colleagues further confirmed that autophagic activity, which promotes HCC
progression, is enhanced, among other factors, by an altered DLC1 expression (Wu et al.
2020). Overall, it can be said that all three DLCs are downregulated in a wide range of
malignancies and that their loss promotes tumorigenesis. The Cancer Genome Atlas (TCGA)
database also confirms that DLC1 expression is downregulated not only in HCC, but also in
lung squamous cell carcinoma (LSC), lung adenocarcinoma (LAD) and breast cancer (Wang et
al. 2016a). In particular, a reduced number of DLC1 copies in HCC samples compared to
cancer-free samples is associated with a worse prognosis than if only DLC2 or DLC3 levels were
low. The worst prognosis is for patients with both low DLC1 and DLC2 levels (Wang et al.
2016a). When, where and why which form of the DLC1 gene predominates and which exact
processes are affected by changes in DLC1 expression and how these promote HCC

progression remains to be determined.
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2.3 SRF-/MKL1 signaling pathway

2.3.1 The transcription factor serum response factor (SRF)

The transcription of DNA segments into mRNA is an essential process for the function of a cell,
which must be extremely controlled and coordinated. This occurs in response to extracellular
and intracellular signals by transcription factors alone or in combination with co-regulators,
like coactivators and corepressors. Transcription factors are proteins that are able to bind to
DNA and thus have a positive or negative regulatory effect on the transcription of one or more
genes. The human serum response factor (SRF) is a ubiquitous and nuclear transcription factor
that belongs to the MADS-box family of proteins. The MADS-box motif is a conserved 56 amino
acids long region located in the DNA binding domain of numerous transcription factors. The
name of the MADS box can be attributed to its first found members MCM1, Agamous,
Deficiens and SRF (Pellegrini et al. 1995; Schwarz-Sommer et al. 1990; Shore and Sharrocks
1995). SRF forms homodimers via its C-terminus, which can then bind specifically to the serum
response element (SRE) via the N-terminus. The SRE is located upstream of all SRF-regulated
genes and contains a 10-base pair long consensus sequence CC(AT)sGG, also called CArG box
(Minty and Kedes 1986; Treisman 1986). By Sun and colleagues, more than 100 SRF-
dependent target genes were identified, remarkably many of which encode cytoskeletal,
contractile or adhesion proteins, suggesting that SRF is a master regulator of the actin
cytoskeleton (Miano et al. 2007; Sun et al. 2006). In addition, a majority of SRF target genes
are also so-called immediate early genes (IEG), which is due to the extremely rapid (within a
few minutes) transcriptional activation of the genes after stimulation of the cell e.g., by serum
or growth factors (Nurrish and Treisman 1995; Winkles 1998). Thus, SRF regulates essential
cellular processes such as cell proliferation, migration, differentiation, myogenesis and actin
cytoskeleton organization via expression of its target genes (Johansen and Prywes 1995; Kndll
and Nordheim 2009; Schratt et al. 2002; Treisman 1986; Treisman 1992). The fact, that SRF is
essential for embryogenesis was shown in SRF deficient mouse embryos, as they were unable
to form mesoderm and therefore died from gastrulation defects (Arsenian et al. 1998).
Furthermore, Parlakin and colleagues investigated the role of SRF in cardiac functions in
embryos and postnatal. They were able to show that cardiac-specific silencing of SRF leads to
cardiac defects that are lethal for the embryos between the embryonic day 10.5 and 13.5

(Parlakian et al. 2004). Similar studies with knockout mice have also highlighted the
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importance of SRF for the central nervous system, liver or skin development, and skeletal
muscle (Alberti et al. 2005; Li et al. 2005; Sun et al. 2009; Verdoni et al. 2010). Some of the
first discovered and already well characterized SRF target genes are c-fos, egr-1 or the srf gene
itself, who are all members of the immediate early genes and whose encoded proteins can act
as transcription factors again (Shaw et al. 1989; Treisman and Ammerer 1992). Other target
genes that have also been characterized in more detail include transgelin (TAGLN or SM22),
intergrin alpha-5 (Itga5) and connective tissue growth factor (CTGF) (Leitner et al. 2011; Mack
et al. 2001; Muehlich et al. 2007).

2.3.2 Signaling pathways of SRF activation

SRF can be activated in parallel by two independent signal pathways, on the one hand the
Ras/MPK/TCF cascade and on the other hand the Rho/actin signal pathway. Of these two, the

first is ternary complex factor (TCF) dependent and the second is TCF independent (Figure 4).
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Figure 4: Model of the two different signaling pathways leading to SRF activation. SRF is activated after serum
stimulation on the one hand via the Rho/actin/MRTF signaling pathway and on the other hand via the
RAS/MAPK/TCF cascade. This picture is taken from (Clark & Graves, 2014)
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The TCF-dependent activation of SRF is initiated by extracellular stimuli such as serum, growth
factors, or lysophosphatidic acid (LPA). Stimulation of the cell leads to immediate activation
of small GTPase Ras, which in turn activates mitogen activated protein kinase (MAPK) by
phosphorylation. In the following, the three TCFs Elk-1, SAP-1 and SAP-2/NET are also
phosphorylated by the three MAPK subfamilies “Extracellular signal regulated kinase” (ERK),
“c-Jun N-terminal kinase” (JNK) and p38 (Sharrocks 2001; Whitmarsh et al. 1997). The
phosphorylated TCFs, belonging to the subgroup of the Ets (erythroblast transformation
specific) family and acting as co-transcription factor, finally bind to the “Ets Binding Site” (EBS)
with the core sequence GGA(A/T), which is located in close proximity to the CARG box
(Janknecht and Nordheim 1993; Treisman 1994, 1995). In this way, the TCFs, SRF and the SRE
region form a ternary complex that finally induces target gene expression. An overview of the

TCF dependent activation of SRF is presented in Figure 5.
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Figure 5: Model of the TCF-dependent SRF activation. Via extracellular stimuli such as serum stimulation, the
TCFs Elk-1, SAP-1, and Net are phosphorylated via the Ras/Raf/Mek/Erk, thereby activating SRF and its target
gene expression. This picture is taken from (Mechanobiology Institute 2021).

Initial evidence for a TCF-independent activation pathway was provided by the finding that
even after mutation of the TCF-binding site, serum-induced activation of SRF and thus
transcription of e.g., c-fos was not completely abolished (Hill et al. 1994). The TCF independent
pathway was corroborated by the fact that Rho inhibition also hinders SRF activation and

microinjection of active RhoA activates SRF (Hill et al. 1995; Hill and Treisman 1995). It was
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finally revealed by Sotiropoulos and colleagues that actin dynamics of the cytoskeleton plays
an important part in the process of SRF activation (Posern et al. 2004; Sotiropoulos et al. 1999).
The second, TCF-independent signaling pathway for SRF stimulation can therefore be
described as follows (Figure 6): This signaling pathway is also triggered by extracellular stimuli
such as serum, LPA or growth factors, which in turn activate RhoA, a member of the Rho family
of small GTPases. It was elucidated that RhoA signaling leads by filament stabilization as well
as by de novo polymerization to an accumulation of filamentous actin (F-actin) and
simultaneously to a reduction of globular actin (G-actin) (Sotiropoulos et al. 1999). The
decrease in cytosolic G-actin caused by polymerization of monomeric G-actin to polymeric F-
actin, leads to a release of the bound and thus deactivated transcriptional coactivator
Megakaryoplastic Leukemia 1 (MKL1, also called Myocardin-Related Transcription Factor A
(MRTF-A)). Thus, the unbound MKL1 can translocate to the nucleus, bind to SRF, and activate
SRF-related target gene expression through its coactivator abilities (Miralles et al. 2003;
Muehlich et al. 2008). The phosphorylation status of MKL1 in the nucleus regulates further
SRF activity and associated gene expression. If MKL1 is phosphorylated by ERK1/2, it binds
again to G-actin and is thus shuttled out of the nucleus into the cytoplasm, whereby SRF is

again deactivated and gene expression is interrupted (Muehlich et al. 2008).
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Figure 6: Model of MRTF (MKL) regulation and consequent SRF activation. Extracellular stimuli lead to activation
of RhoGTPases, resulting in increased polymerization of monomeric G-actin to filamentous F-actin. MRTF (MKL),
previously bound to monomeric G-actin, is thus released, can shuttle into the nucleus and activates SRF target
gene expression by binding to SRF. Phosphorylation of MRTF (MKL1) consequently exports it from the nucleus to
the cytoplasm, thereby inhibiting target gene expression. This picture is taken from (Mechanobiology Institute
2021).
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2.3.3 The coactivators Megakaryoblastic Leukemia 1 and 2 (MKL1/MKL2)

2.3.3.1 Structure of the MKL proteins

MKL1 and 2 are coactivators of the transcription factor SRF. Originally, myocardin was first
discovered as a highly potent transcriptional coactivator for SRF in cardiac and smooth muscle
cells by Wang and colleagues, using bioinformatics-based screens to identify unknown
cardiac-specific genes (Wang et al. 2001). Since SRF regulates many genes inducible by growth
factors, which are also expressed in cells lacking myocardin, Wang and colleagues
subsequently investigated whether myocardin-related proteins can activate SRF outside the
cardiovascular system. They finally identified the two myocardin-related transcription factors
(MRTFs) A and B, also called Megakaryoblastic Leukemia 1 and 2 (MKL1/2), which are
ubiquitously expressed in embryonic and adult tissues (Guettler et al. 2008; Wang et al. 2002).
The proteins of the myocardin family show a certain similarity in their sequence, thus they all
contain the following functional domains, which are outlined using MKL1 (MRTF-A) as an

example (Figure 7):
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Figure 7: Structure of myocardin family members. The functional domains RPELs, ++, Q, SAP, Leuzipper as well
as the TAD domain are shown. In addition, the amino acid length of each myocardin family member and the
interaction domain of SRF are shown. This picture is taken from (Olson and Nordheim 2010).

Each member of the myocardin family has three Arg-Pro-X-X-Glu-Leu (RPEL) motifs at the N-
terminus called the RPEL domains. The RPEL domain can form a stable complex with three G-

actin molecules that keeps MKL1 in cytoplasm and thus inactive it in an unstimulated cell
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(Guettler et al. 2008). Stimulation with, for example, serum activates the RhoA signaling
pathway leading to polymerization of monomeric G-actin to F-actin (Sotiropoulos et al. 1999).
The (three) G-actins bound to RPEL release, thereby allowing translocation of MKL1 into the
nucleus (Miralles et al. 2003; Posern et al. 2004; Vartiainen et al. 2007). If MKL1 is located in
the nucleus, it interacts with the transcription factor SRF via its basic region (++) and the
adjacent glutamine-rich region (Q) and can thus activate it (Wang et al. 2001; Wang et al.
2002). Another important region is the so-called SAP domain, named after SAF-A/B, Acinus,
and PIAS, which is also present as a conserved motif in many other nuclear proteins. For
example, the SAP structure forms two amphipathic helices that are responsible for some DNA
binding activity. Furthermore, the SAP motif in nuclear proteins is probably also associated
with their function in transcription with splicing and regulation of apoptosis by chromatin
degradation (Aravind and Koonin 2000; Gohring et al. 1997). Nevertheless, the SAP domain of
MKL1 does not appear to be required for SRF activation, as deletions of the motif in MKL1 did
not affect SRF activation (Cen et al. 2003). The highly conserved leucine zipper structure
mediates homo- and heterodimerization of myocardin family proteins (Wang et al. 2001). At
the C-terminus of myocardin and myocardin-related proteins is the transcription activation
domain (TAD), the depletion of which causes MKL1 to extinguish its abilities as a coactivator
for SRF (Cen et al. 2003). In addition, MKL1 is known to be phosphorylated at amino acids 449,
450 and 454 by extracellular-signal regulated kinase 1/2 (ERK1/2), which promotes nuclear
export and thus inactivation of MKL1 (Muehlich et al. 2008). Recently, a new interaction
domain of MKL1 was identified that is able to interfere with the actin-binding protein filamin
A (FLNA), which turns out to be essential for the activity of MKL1 as a coactivator for the

transcription factor SRF (Kircher et al. 2015).

2.3.3.2 Biological activity and function of MKL1 and MKL2

As described above, MKL1 and MKL2 act as coactivators of the transcription factor SRF and
thus influence essential biological processes such as cell proliferation, migration,
differentiation and organization of the cytoskeleton (Pipes et al. 2006). Especially in the field
of skeletal muscle differentiation and muscle growth, MKL1/2 play an important role (Selvaraj

and Prywes 2003). To learn more about the influence of MKL1 and 2 in embryogenesis and
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embryo development, some MKL1 and/or MKL2 knockout studies were performed in mice.
Despite the fact that MKL1 is involved in numerous physiological cellular processes through
SRF activation, most MKL1 knockout mice are viable and fertile. However, some MKL1
knockout embryos died from cardiac defects and due to myoepithelial cell differentiation
defects of the mammary gland, female mice were unable to lactate their offspring with milk
(Li et al. 2006; Sun et al. 2006). Furthermore, MKL1/2 also play a prominent role in the
physiological maturation of megakaryocytes. Thus, in both MKL1 and MKL2 knockout mice, as
well as in MKL1 knockouts alone, a reduced number of platelets as well as a diminished
number of mature and differentiated megakaryocytes could be found (Cheng et al. 2009;
Smith et al. 2012). A study by Rahman and colleagues further outlined that knockout of either
MKL1 or SRF decreases megakaryocyte maturation, resulting in thrombocytopenia as well as
that MKL1 overexpression results in increased megakaryopoiesis (Rahman et al. 2018). In
addition to the SRF/TCF signaling axis, they suggested the MKL1/SRF signaling pathway as the
underlying mechanism in which MKI1 increases both genomic association and SRF activity,
which upregulates human megakaryopoiesis (Rahman et al. 2018). Besides, MKL1/2 and SRF
in macrophages are essential for cytoskeletal gene expression and promote their
proinflammatory specificity (Sullivan et al. 2011). Recent studies suggest that the requirement
of MKL1 for proinflammatory transcription in macrophages occurs because MKL1 is co-
responsible for the recruitment of members of the H3K4 methylation complex to the
inflammatory promoters (Xu et al. 2019). Unlike global MKL1 knockout mice, global MKL2
knockout mouse embryos are unable to develop and die during mid-gestation. The reasons
for this are a wide range of cardiovascular defects and also differentiation defects in the
smooth muscle, which show that MKL2 is essential for development of the mice embryos (Oh
et al. 2005). MKL1 is also implicated in Hutchinson-Gilford progeria syndrome (HGPS), a
disease characterized by premature and accelerated cardiovascular dysfunction with
extensive fibrosis (Osmanagic-Myers et al. 2019). Thus, the disease is caused by a mutation
that leads to increased expression of prelamin A (progerin). At the molecular level, the
increased progerin levels lead to increased F-actin/G-actin ratios and increased MKL1
expression in addition to mechanoresponsive changes in the nuclear envelope. The increased
MKL1 levels in turn lead to increased endothelial nitric oxide synthase (eNOS) expression in

fibroblasts, which ultimately triggers the profibrotic changes (Osmanagic-Myers et al. 2019).
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The RhoA/actin/MKL1 signaling cascade also plays a critical role in cellular differentiation of
adipocytes (Nobusue et al. 2014). Thus, Nobusue and colleagues showed that during
adipocyte differentiation, the RhoA/actin signaling pathway is inhibited, preventing nuclear
translocation of MKL1, which in turn leads to expression of the transcription factor
peroxisome proliferator-activated receptor y (PPARy), which enables adipocyte
differentiation. Moreover, they found that MKL1 and PPARy even act reciprocally
antagonistically in the adipocyte differentiation program (Nobusue et al. 2014). Interestingly,
McDonald and colleagues uncovered a new regulatory pathway that attenuates the anti-
adipogenic activity of MKL1/SRF (McDonald et al. 2015). They showed that loss of MKL1 in
MKL1-/- mice leads to increased formation of so-called beige adipocytes. These beige
adipocytes develop in response to physiological stimuli in white adipose tissue and, analogous
to brown adipose tissue, release their energy thermogenically as heat through expression of
the mitochondrial uncoupling protein UCP1. Due to the beige adipocytes, the MKL1 KO mice
show an improved metabolic profile, protection against diet-induced adiposity and insulin
resistance. This finding could be used to develop new therapeutics to combat obesity and

associated comorbidities (McDonald et al. 2015).

In recently published studies, Bian and colleagues identified that MKL1 acts as the effector of
RhoA to regulate the skeletal homeostasis by controlling the balance between adipogenic and
osteogenic differentiation in bone marrow stem cells (Bian et al. 2016; McDonald et al. 2015;
Nobusue et al. 2014). Using MKL1 KO mice, they demonstrated that MKL1 loss leads to lower
total body weight, shorter femoral and tibial lengths, as well as significantly decreased bone
mass in their femurs and the development of osteopenia with age (Bian et al. 2016). At the
molecular level, they hypothesize that, among other factors, the decrease in expression of the
MKL1/SRF target gene smooth muscle actin (SMA) plays an important role in the decreased

osteogenic differentiation of bone marrow mesenchymal stem cells (BMSCs) (Bian et al. 2016).

Due to the fact that MKL1/2 are translocated into the nucleus via an active RhoA (a potential
proto-oncogenic) signaling pathway as described above and thus lead to an increased target
gene expression of SRF, they may also be involved in tumorigenesis. Thus, MKL1 was first
described in megakaryoblastic leukemia as a fusion protein of MKL1 and RBM15 (RNA binding
motif protein 15), which is generated by translocation of chromosomes 1 and 22 (Mercher et

al. 2009). Due to the RBM15 moiety, MKL1 is deregulated, is permanently present in the
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nucleus, and thus ensures a constant expression of SRF-dependent target genes promoting
tumor progression (Cen et al. 2003; Descot et al. 2008). Mouse models were performed to
further investigate the RBM15-MKL1 fusion protein (Mercher et al. 2009). Homozygotes were
found to be embryonically lethal; heterozygotes were viable but showed an accumulation of
megakaryoblasts in the fetal liver and 5% of these transgenic mice developed leukemia (Lee
and Skalnik 2012; Mercher et al. 2009). RBM15-MKL1 causes the oncogenic effects in addition
to dysregulation of the Notch signaling pathway through altered SRF target gene expression
as the fusion protein is constitutively nuclear (Descot et al. 2008; Ma et al. 2007b; Mercher et
al. 2009). Experiments by Medjkane and colleagues, for example, showed that MKL1/2
knockdown via RNA interference in human breast cancer cell lines, as well as mouse
melanoma cells, diminished cell adhesion, spreading, motility and invasion. This suggests that
the presence of MKL1 and MKL2 are required for tumor invasion and metastasis (Medjkane et
al. 2009). Moreover, Hampl and colleagues demonstrated in an in vivo xenograft that tumor
growth could be completely abolished after systemic treatment with MKL1/2 siRNA
complexed in polyethyleneimine (PEI) (Hampl et al. 2013). In a recent study, Dong and
colleagues established a link between Rictor, a signaling molecule of the mTOR pathway, and
MKL1 localization (Dong et al. 2020). They postulate that overexpression of Rictor found in
HCC tissue samples leads to phosphorylation of actin-binding LIM protein 1 (ABLIM1), which
promotes actin polymerization and thus nuclear localization of MKL1. This results in increased
transcription of MKL1/SRF-dependent target genes such as c-fos, which promote HCC
migratory ability (Dong et al. 2020). Another current study reveals that the long non-coding
RNA PVT1 (plasma cell tumor heterotopic gene 1), which is aberrantly expressed in various
cancers, is associated with overexpressed MKL1 levels and thus promotes the migration of
HCC cells (Liu et al. 2021). Using bioinformatic analysis, the scientists found that this occurs
via the miRNA miR-3619-5p and that this miRNA itself can inhibit MKL1 expression by
degradation. However, if the miRNA is increasingly bound to the same protein by elevated
PVT1 levels, the degradation of MKL1 does not occur and its protein levels in the nucleus

increase (Liu et al. 2021).
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2.4 Tetraspanins (TSPANs)

2.4.1 Structure of the tetraspanin proteins

Tetraspanins (TSPANs) are a family of membrane proteins characterized by 4 transmembrane
(TM) helices. There are 34 different TSPANs known, 33 of which are found in humans. TSPANs
are abundant expressed in the plasma membrane, but also in membranes of intracellular

organelles and granules in almost all cells and tissue types (Charrin et al. 2009; Hemler 2005).
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Figure 8: The structure of tetraspanin proteins. Tetraspanin proteins are folded into 4 transmembrane (TM)
helices, a large and small extracellular and a small intracellular loop. This picture is taken from (Hemler 2014).

The intact protein is folded into a structure containing 4 TM helices (1-4) (Figure 8). A large
extracellular loop connects TM domains 3 and 4 and in turn contains a conserved region with
3 additional helices (A, B, E), as well as a variable region that plays an important role in
interaction with other proteins (Kitadokoro et al. 2001; Rajesh et al. 2012; Seigneuret 2006).
Typically, this variable region contains two to four disulfide bridges to stabilize the loop
structure. A second, smaller extracellular loop of approximately 13-30 amino acids connects
TM domains 1 and 2. The third loop of only about 4 amino acids, connecting helices 2 and 3,

is located in the cytoplasm. N- and C-termini also terminate in the cytoplasm as short 6-19

34



Introduction

amino acid long tails and may represent specific functional links to the cytoskeleton or
signaling proteins (Stipp et al. 2003). It is suggested that TSPANs are often present as
homodimers in the membrane; furthermore, palmitoylation of membrane-bound cysteines is
predicted to further facilitate the association of TSPANs with other proteins (Kovalenko et al.
2004; Stipp et al. 2003). The transmembrane regions themselves are also partly responsible
for the biosynthesis and assembly of the so-called "tetraspanin web", a network of
tetraspanin-linked membrane proteins, through intra- and intermolecular interactions (Stipp

et al. 2003).

2.4.2 Biological function of tetraspanin proteins

Unlike most other cell surface proteins, TSPANs have no obvious function as receptor
molecules. Sporadic reports assume that TSPANs can interact directly with cellular or soluble
ligands. For example, Waterhouse and colleagues have published that pregnancy-specific
glycoprotein 17, a protein secreted in the placenta of mice, binds to TSPAN29 (also known as
CD9) from macrophages, which then secrete anti-inflammatory cytokines (Waterhouse et al.
2002). Another group around Bandyopadhyay identified “duffy antigen receptor for
chemokines” (DRAK), an endothelial cell surface protein as an interaction partner of TSPAN27
(also called CD82), which is hypothesized to be essential for the function of CD82 as a
suppressor for metastases (Bandyopadhyay et al. 2006). However, it is very typical for TSPANs
to organize with other membrane proteins into so-called tetraspanin-enriched microdomains
(TEMs). These TEMs are in turn assembled into a larger network of secondary interactions,
also called "tetraspanin web" (Charrin et al. 2009; Hemler 2005). Due to the component of
TEMSs, TSPANs have a strong influence on cell adhesion, migration, invasion, signaling, cell-cell
fusion and also virus infections, all of which are important in cancer development (Hemler
2005, 2014; Peiias et al. 2000; Yafiez-M¢é et al. 2009). For example, some of the TSPANs such
as CD151 interact with different integrins and thus modulate cell adhesion to different lamins
of epithelial or endothelial cells influencing in turn cell morphology, migration and signaling
(Berditchevski 2001; Yauch et al. 1998). Physiologically important lamin-binding complexes
are formed by TSPAN CD151 with the integrins a381 and a6R1 in the kidney and with a3R1

and a6R4 in the skin. Furthermore, CD151 was discovered by Karamatic Crew and colleagues
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to be part of the MER2 antigen on erythrocytes. In rare cases, mutations of CD151 have been
detected in which the TSPAN protein is truncated and its integrin-binding domain is missing.
Patients with this mutation suffer from end-stage hereditary nephritis and a type of skin-
blistering disease known as pretibial epidermolysis bullosa. These findings suggest that TSPAN
CD151 is essential for the correct assembly of the glomerular and tubular basement

membrane in the kidney and is also of importance for the skin (Karamatic Crew et al. 2004).

Other studies show the importance of TSPAN28 (CD81) in T-cell development. Interaction
between immature thymocytes and stromal cells expressing CD81 is necessary for their
development. Thus, a specific CD81 mouse antibody suppressed T-cell development in fetal
organ cultures (Boismenu et al. 1996). Furthermore, TSPAN26 (referred to as CD37) plays a
critical role in the interaction of T-cells and B-cells in the humoral immune response. Thus, in
CD37 knockout mice, only strongly reduced IgG1l levels and alterations in the immune
response to T-cell dependent antigens could be observed (Knobeloch et al. 2000). One of the
first discovered interactions of TSPANs and integrins was the interaction of CD9 with allb33
integrin at the glycoprotein Hb-llla complex, which stimulates thrombocyte activation
(Slupsky, JR et al. 1989). Moreover, the importance of CD9 for successful fertilization was
demonstrated in a mouse model. Here, CD9 knockout mice showed reduced fertility because
sperm did not fuse with ovulated oocytes. CD9 seems to be essential for sperm-egg fusion, in
which CD9 associated integrin a6R1 is involved (Le Naour et al. 2000). Another TSPAN22 (also
called peripherin-2 or tetraspanin RDS) is essential for the visual process. More than 70
different mutations are known in this protein, which leads to retinal dystrophies by disturbing
the parallel layer structure of the outer segments of the photoreceptor cells (Hemler 2005;
Kohl et al. 1998). Studies by Berditchevsky and Odintsova show that TSPANs are colocalized
with "myristolated alanine-rich C kinase substrates" (MARCKS), which are prominent
substrates for various members of the protein kinase C (PKC) family and probably influence
cell migration by regulating the dynamics of the cortical cytoskeleton (Berditchevski and
Odintsova 1999; Wiederkehr et al. 1997). In addition, certain TSPANs themselves such as CD9,
CD81, CD82, or CD151 can also associate with PKC, making it probable that the TSPANs are
involved in actin organization through their interaction with PKCs and MARCKs (Zhang et al.
2001). Several of the TSPANs interact with and regulate the ADAM metalloproteases (a

disintegrin and metalloproteinase). For example, TSPAN5 has a regulatory effect on the exit
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of ADAM10 from the endoplasmic reticulum and its transport to the plasma membrane,
where ADAM10 interacts with TSPAN15. ADAM10 is responsible for the cleavage of various
substrates such as cadherins, growth factors or chemokines and activation of signaling
pathways through its proteolytic capabilities. Dysregulation of this interplay can be linked to
disorders that lead to cancer, Alzheimer’s disease or inflammation (Koo et al. 2020; Saint-Pol

et al. 2017).

2.4.3 Tetraspanins and their role in viral infections

It is also known that TSPANs as a component of TEMs, located in the plasma membrane, assist
some viruses such as HPV16, coronaviruses, influenza viruses or hepatitis viruses in virus-cell
fusion and thus virus entry (Earnest et al. 2015; Harris et al. 2010; Mikulici¢ et al. 2020). Several
proteases are bundled in the TEMs, which, for example, cleave the viral glycoproteins from
coronavirus or influenza A virus, which is essential for virus-cell fusion. Thus, TEMs are
particularly suitable virus entry portals (Earnest et al. 2015). In the case of human
papillomavirus (HPV16), which also acts as an agent for various cancers such as cervical cancer,
it has been determined that endocytosis of the virus in keratinocytes occurs through
interaction with TEMs. More specifically, CD9, also known as TSPAN29, interacts with ADAM17
and capsid proteins of the virus, triggers an ADAM17-dependent ERK1/2 signal transduction
and sets up the entry platform for the viral particles. Interestingly, both increased and
decreased CD9 levels seem to inhibit virus uptake and thus infection rates. This suggests that
a specific CD9 optimum promotes ADAM and ERK-1/2 activity and associated viral infection
(Mikulici¢ et al. 2020). In the case of hepatitis C virus (HCV), which can lead to progressive liver
disease and hepatocellular carcinoma, Harris and colleagues found that CD81 (TSPAN28), the
scavanger receptor class B member | (SR-B1), the tight junction proteins Claudin-1 (CLDN1)
and Occludin play a significant role (Figure 9). After circulating HCV particles come into contact
with the cell's low density lipoprotein receptor (LDLR) and glycosaminoglycans (GAG) via their
low and very low density lipoprotein (LP), virus entry can begin. Here, CD81 and the SR-BI are
suggested to mediate viral attachment to the host cell through interaction with HCV-encoded
glycoproteins (Moradpour et al. 2007). Furthermore, the complex of CD81 and CLDN1 is

essential for viral infection, since after mutations in CLDN1 there is no interaction between
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the two proteins and no viral entry (Harris et al. 2010). Moreover, HCV infection could be
inhibited by the application of anti-CD81 antibodies even after viral internalization, leading to
the assumption that intracellular CD81 also contributes to HCV infection (Farquhar et al.

2012).

coated pit

Acidified m——=
endosome

Nature Reviews | Microbiology

Figure 9: The involvement of TSPAN CD81 in hepatitis C virus particle uptake. Circulating HCV particles
presumably associate with the cell's low density lipoprotein receptor (LDLR) and glycosaminoglycans (GAG) via
their low and very low-density lipoprotein (LP), which can initiate virus uptake. The surface proteins CD81
(TSPANSs 28), SR-BI, as well as claudin 1 (CLDN1) are assumed to promote further viral attachment. Internalization
of the virus occurs via clathrin-mediated endocytosis. This picture is taken from (Moradpour et al. 2007).

2.4.4 Tetraspanins and cancers

Through various studies, some TSPANs are known to promote tumorigenesis, development
and metastasis, as well as TSPANs, which counteract it and prevent tumor progression. For
example, the TSPANs CD9 and CD81, just described above, contribute to possible developing
tumor disease by their involvement in the uptake of HPV16 and HCV particles (Harris et al.
2010; Mikulici¢ et al. 2020). For TSPAN CD37, which is expressed on mature B-cells and to a
lesser extent on T-cells, high levels of CD37 expression have been identified in non-Hodgkin
lymphoma (NHL) or chronic lymphocytic leukemia (CLL) (Krause et al. 2012). Since then, there

have been some attempts to use CD37 as a therapeutic target, for example with specific anti-
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CD37 antibodies or with CD37 specific “small modular immunopharmaceuticals” (CD37-SMIP)
(Krause et al. 2012; Zhao et al. 2007). In the presence of a crosslinker CD37-SMIP molecules
induce potent apoptosis and antibody-dependent cellular cytotoxicity against corresponding
NHL and CLL cell models. Moreover, significant therapeutic efficacy has been demonstrated
in a severe combined immunodeficiency (SCID) mouse xenograft leukemia/lymphoma model
(Zhao et al. 2007). High CD151 expression is also associated with increased tumor progression,
larger tumor size, and poorer survival in various cancer types (Kwon et al. 2012; Zoller 2009).
For example, in liver cancer, the expression of CD151 is elevated compared to healthy cells
and could be correlated with an increased metastatic tendency in the HCC cell model and thus
a poor prognosis (Ke et al. 2009). TSPAN CD9 (TSPAN29) is considered a surface marker of
acute lymphoblastic leukemia, expressed in 90 % of cases, as well as in acute myeloid
leukemias and acute promyelocytic leukemia (Boucheix et al. 1985). Analogous to CD151, CD9
is associated with tumor cell migration and metastasis, whereas CD9 expression is associated
with less aggressive potential compared to CD151 expression. In fact, it appears that CD9
effects may be progressive or suppressive, depending on the type of cancer. Thus, in lung or
fibrosarcoma cell lines as well as in colon carcinoma cells, CD9 has an inhibitory role on motility
and proliferation, whereas low CD9 expression promotes ovarian carcinoma progression
(Chen et al. 2011; Furuya et al. 2005; Ikeyama et al. 1993; Ovalle et al. 2007). Both siRNA and
CD9 antibodies have been used to target CD9 in tumors. Experiments here even showed that
anti-CD9 antibodies stimulated the invasion of endometrial cancer cell lines, indicating an
inhibitory effect of CD9 on invasion (Park et al. 2000). In contrast, increased levels of CD9 are
expressed in end-stage head and neck squamous cancer and in gastric cancer (Erovic et al.
2003; Nakamoto et al. 2009). Here, anti-CD9 antibody treatment of gastric cancer cell
xenografts showed antitumor effects (Nakamoto et al. 2009). Also, TSPANS8 (also Co-029) is
known to be increasingly expressed in tumor tissues of gastric, colon, rectal, pancreatic or
hepatocellular carcinoma (Zoller 2009). Since it is also present in metastases from melanoma,
liver or colon cancer, it is thought to contribute to tumor progression and metastasis (Berthier-
Vergnes et al. 2011; Greco et al. 2010; Kanetaka et al. 2003). TSPAN CD82 (also TSPAN27 or
KAI1) is usually found widespread in human tissues, but its expression in invasive or metastatic

tumor tissues is significantly reduced or even lost. This in turn leads to the assumption that
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CD82 plays a metastatic suppressor role in many different tissues and its absence correlates

with a poor clinical outcome (Tonoli and Barrett 2005; Zoller 2009).

In summary, the TSPAN family is a very large and widespread protein family in human tissues
that has a significant impact on the biological activity of a cell but also on its pathogenesis
through interaction with a wide variety of proteins in the context of TEMs. Because of this
enormous importance and the fact that TSPANs have often been neglected in research, it is
an important task to find out more about their function and how they interact with other

proteins.

2.5 Senescence in aging and cancer

2.5.1 Cellular senescence

The term cellular senescence originates from Hayflick and Moorhead, who discovered that
normal human fibroblasts no longer replicate after a certain number of cell doublings in
culture and enter a kind of irreversible growth arrest (Hayflick and Moorhead 1961). In
contrast, cancer cells do not enter a state of growth arrest but continue to proliferate
indefinitely (Hayflick and Moorhead 1961). The Hayflick limit, named after its discoverer,
states that normal mitotic cells can replicate about 50 times before they eventually become
senescent and undergo permanent growth arrest. They also showed that the senescent cells
no longer proliferate, but nevertheless remain viable and metabolically active (Hayflick and
Moorhead 1961; Sherwood et al. 1988). Furthermore, senescent cells also undergo structural
and morphological changes, such as having an enlarged, circular and flat shape and a vacuole-
rich cytoplasm (Sikora et al. 2016). Also very characteristic is an increased lysosomal activity
of senescence associated R-galactosidase, a cytoplasmic enzyme which, due to its pH optimum
of 4, can only be active in senescent cells with a pH of 6 and not in normal cells (Dimri et al.
1995; Morreau et al. 1989). With initially colorless substrates such as 5-bromo-4-chloro-3-
indolyl-R-D-galactopyranoside (X-Gal) cleaved by B-galactosidase into colored products, the 8-
galactosidase senescence assay became the gold standard for histochemical detection of
senescence in vitro or in vivo (Dimri et al. 1995; Lee et al. 2006). In 1990, Harley and colleagues
confirmed that the cellular senescence model was due to a loss of telomeric DNA. Telomeres,

which are a repetitive sequence of TTAGGG, are located at the ends of the chromosomes and
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are shortened by each cell cycle until they exceed a certain threshold that forces the cells into
senescence (Harley 1991). This natural type of senescence is therefore also called replicative
senescence. The reason for the progressive shortening of the telomeres is that the DNA
synthesis by DNA polymerase always takes place only from the 5' to the 3' end. Thus, the end
of the lagging strand from the 3' to the 5' end cannot be duplicated and is therefore shortened
by one section after each cell division (Harley et al. 1990; Olovnikov 1971). The process of
telomere shortening can be stopped efficiently by the reverse transcriptase activity of the
enzyme telomerase (Greider and Blackburn 1985, 1987). However, telomerase activity is
absent or very low in most normal somatic cells, whereas it is significantly abundant in
germline tissues, stem cells or in cancer cells (Shay and Bacchetti 1997; Wright et al. 1996).
Harley and colleagues already correctly observed that the older the tissue donor, the shorter
the telomere length, and thus the cells are more likely to convert to senescent cells (Harley et
al. 1990). For example, senescent cells have been found to be more abundant in aging skin as
well as in liver tissue or the retina, thus establishing a link between senescent cells and the
process of aging (Dimri et al. 1995; Mishima et al. 1999; Paradis et al. 2001). Furthermore,
senescence can contribute to the aging process not only by accumulation of senescent cells in
tissues, but also by limiting stem cell function (Collado et al. 2007). In addition to the
progressive shortening of telomeres, other independent senescence-triggering factors have
been identified in recent years (Figure 10). These different stress stimuli for cells can be, for
example, oxidative stress, DNA damage, telomeric dysfunction or several chemotherapeutic

agents such as cisplatin or doxorubicin (Collado and Serrano 2006).
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Figure 10: Various factors leading to senescence. Due to various stresses such as oxidative stress, telomere
dysfunction, DNA damage or several chemotherapy drugs, cells go into irreversible proliferation arrest of
senescence. This picture is taken from (Collado and Serrano 2006).

2.5.2 Oncogene-induced senescence

In addition to the previously known replicative senescence, a new form of senescence, the so-
called oncogene-induced senescence (OIS), was described by Serrano and colleagues in 1997
(Serrano et al. 1997). As just described, various stress stimuli can induce senescence. Since
cancer cells are exposed to many types of stress, here senescence induction could counteract
tumor progression. Thus, Serrano and colleagues were able to show for the first time that the
expression of the oncogene H-Ras (H-Ras®V!?) leads to a permanent G1 arrest accompanied
by upregulation of p53 and p16'Nk42 and p21C"/WAFL ‘which is indistinguishable from the state
of cellular senescence (Serrano et al. 1997). Their findings suggest that senescence not only
occurs after an accumulation of natural cell divisions, but can be activated prematurely in the
early stages of tumorigenesis in response to oncogenes (Serrano et al. 1997). Studies based
on this finding showed that, in addition to overexpression of the oncogenic H-Ras, the
individual oncogenic variants of the Ras signal cascade, such as Raf, Mek, or Braf, also trigger
an OIS response (Lin et al. 1998; Michaloglou et al. 2005; Zhu et al. 1998). Meanwhile, many
oncogenes are known to induce OIS, such as the mentioned oncogene Braf, EGFR, HER2 or
PI3K (Angelini et al. 2013; Garbers et al. 2013). Braf for example, a protein kinase and effector
of Ras, which is often expressed as an oncogene Braf'®®t in human naevi, induces a
senescence-induced arrest of the cell cycle in human melanocytes and can thus often prevent

the development of a malignant tumor (melanoma) in vivo (Gorgoulis and Halazonetis 2010;
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Michaloglou et al. 2005). As OIS emerged as an effective tumor suppressor mechanism, it has
become an important area of tumor research where much remains to be explored due to the

multifaceted processes and multiple effector mechanisms.

2.5.3 Signaling pathways inducing senescence

Investigations revealed that two signaling pathways in particular, firstly the p16'N*43/Rb and
secondly the ARF/p53 signaling pathway, play a significant role in the execution of the
proliferation arrest characteristic of senescence (Campisi 2005). Since these two signaling
pathways are thought to be responsible for tumor suppression through OIS and they
frequently mutate in formed tumors, they are of great importance in the field of research and
alterations in the individual proteins are often detected as senescence markers (Hollstein et
al. 1991; Sharpless and DePinho 1999). As shown in Figure 11, the two most important

signaling cascades for OIS development are described here:

| Senescence signals |

o

6
-

Cell |
. proliferation

Figure 11: Senescence induction by the ARF/p53 and p16'™**2/pRb signaling pathways. Left panel: Senescence-
inducing signals activate ARF, which consequently activates p53 via inactivation of HDM2. Active p53 induces the
expression of the cyclin-dependent inhibitor p21, which ultimately executes the senescence response. Right
panel: senescence triggers induce expression of CDK inhibitor p16'42, which disrupts phosphorylation of Rb by
inhibiting CDK4/6. Inactivation of Rb stops transcription factor E2F and thus transcription of genes essential for
cell proliferation and induces senescence with growth arrest. This picture is taken from (Campisi and Di d'Adda
Fagagna 2007).
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First, the most important signaling pathway for senescence induction, p16'N43/Rb, which was
already described by Serrano and colleagues in 1997 and is also known as the Raf/Mek/ERK
pathway (Lin et al. 1998; Serrano et al. 1997; Zhu et al. 1998). p16'Nk*? js downstream of the
small RhoGTPase Ras and, as a CDK inhibitor protein, p16'N** inhibits CDK4/6 by binding (Zhu
et al. 1998). By inhibiting the kinase activity of CDK4/6, p16'N¥42 prevents the phosphorylation
of Rb and the active hypophosphorylated Rb associates with the transcription factor E2F
(Chicas et al. 2010; Futreal and Barrett 1991; Hara et al. 1996; Serrano et al. 1997). This
complex formation between hypophosphorylated Rb and the transcription factor E2F in turn
inhibits the transcription of the target genes cyclin A and cyclin E, which are ultimately
essential for the transition of G1 phase to S phase (Riley et al. 1994; Serrano et al. 1997;
Weinberg 1995). In summary, p16'N%42 regulates the transition from G1 to S phase by inhibiting
the CDK4/6 kinases. Indeed, increased p16'*42 protein and mRNA levels can be detected, for
example, in senescent fibroblasts compared to normal control cells (Hara et al. 1996; Serrano
et al. 1997). Second, the Arf/p53/p21 signaling pathway (ARF stands for alternate reading
frame) plays a significant role in the senescence response. Again, Serrano and colleagues
published in 1997 that the activity of the tumor suppressor p53 is increased upon
accumulation of cell doublings and cells exposed to stress stimuli (Serrano et al. 1997). The
expression of the tumor suppressor p53 is regulated by ARF by binding to and thus inactivating
the E3 ubiquitin protein ligase Mdm2/Hdm2. Thereby ARF refrains the ubiquitination of p53
and thus forcing p53 activity (Kim and Sharpless 2006). Subsequently, p53 itself leads to
transcription and translation of p21, a CDK inhibitor protein, which induces a senescence
response by accumulating in the cells (Brown et al. 1997). In addition to p21-induced
senescence induction and accumulation of p21 in senile cells, it has been shown that loss of
p21 leads to increased longevity (Brown et al. 1997; Tahara et al. 1995). Furthermore, the
ARF/p53 and the p16'N*4 /Rb signaling pathways are interconnected via p21. Thus, p21 was
found to additionally inhibit the cyclin/CDK2 complex, so that p21 also ultimately inhibits the
phosphorylation of Rb in addition to p16'N*42 (Serrano et al. 1997). In murine tissues, as well
as in human premalignant neoplastic lesions, increased expression levels of p16'Nk4a ARF, and
p53 were found as markers that the cells were undergoing oncogene-induced senescence

(Braig et al. 2005; Chen et al. 2005; Collado et al. 2005; Lazzerini Denchi et al. 2005;
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Michaloglou et al. 2005). This demonstrates that the p53, p16'N43, and ARF proteins play

crucial roles in the activation of senescence in vitro as well as in vivo.

In summary, both pathways, either alone or in combination, can control and interrupt cell
cycle steps, leading to senescence induction and preventing tumorigenesis. This suggests that

senescence induction is also a promising strategy in the field of tumor therapy.
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Aim of the thesis

3 Aim of the thesis

Previous studies by our group have revealed that loss of the tumor suppressor Deleted in Liver
Cancer 1 (DLC1) promotes a persistently active RhoA signaling cascade. This results in MKL1,
a coactivator of the transcription factor serum response factor (SRF), being permanently
translocated into the nucleus, leading to increased expression of MKL1/SRF target genes that
exhibit tumor-promoting effects. Further, our group recently described that restoration of
DLC1 expression can prevent tumorigenic effects by senescence induction. However, since
this principle is not amenable to therapeutic application, gene expression profiling was
performed in HepG2 cells depleted of DLC1 to identify druggable gene targets mediating the
effects of DLC1 on senescence induction. Above the threshold of 3.0-fold increased expression
in the DLC1 knockdown cells compared to the control cells, five novel DLC1 dependent genes
were identified: Versican (VCAN), Tetraspanin 5 (TSPAN5), Meprin 1A (MEP1A), Histon cluster
1 H2B family member K (HIST1H2BK) and N-Cadherin (CDH2).

Given the existing preliminary data, the following three main issues will be addressed within

this thesis:

I.  Validation of upregulation of newly identified gene targets after DLC1 loss
II. Investigation of the newly found DLC1 dependent genes target for MKL1 and FLNA
dependency
lll.  Determination of the functional effects of the newly identified DLC1 dependent gene
targets on HCC development and progression
IV.  Uncovering the molecular mechanism underlying the HCC growth arrest upon TSPAN5
depletion
V. Revealing the effects of TSPANS depletion on the MKL1/SRF signaling pathway and its
target gene expression
VI.  Confirming the in vitro results revealing TSPAN5 as a potential therapeutic target in

HCC by different in vivo models
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4 Materials

4.1 Cell culture

4.1.1 Celllines

Table 1: Cell lines and their culture medium

Materials

Culture
Il igi ! Provi
Cell line Origin and cell type medium rovider
3T3 murine fibroblast cell ine DMEM ATCC, Manassas, VA, USA
A7 human melanoma cell line MEM ATCC, Manassas, VA, USA
Hep3B human hepatoc'ellular DMEM Prof. Claus Hellerbrand, FAU
carcinoma cell line Erlangen, Germany
HepG2 human hepatoc'ellular RPMI Prof‘.. Qr. Stephfm'Smger, University
carcinoma cell line of Tubingen, Tlibingen, Germany
HepG2 DLC1
ep human hepatocellular Synthego Corporation, Menlo Park,
CRISP Cas9 . . RPMI
carcinoma cell line CA, USA
KO
human hepatocellular .
. . . Dr. Scott Lowe, Cold Spring Harbor,
HepG2 MLC  carcinoma cell line with RPMI New York, NY, USA
empty vector
h hepatocellul
HepG2 uman epa oc.e ! a.r Dr. Scott Lowe, Cold Spring Harbor,
ShRNA DLC carcinoma cell line with RPMI New York NY. USA
stable DLC1 knockdown T
human hepatocellular Prof. Dr. Stephan Singer, Ernst-
HLF . P . RPMI Moritz-Arndt-Universitat Greifswald,
carcinoma cell line .
Greifswald, Germany
HuH6 human hepatoc.ellular DMEM Prof‘.. Qr. Stephfm.Smger, University
carcinoma cell line of Tubingen, Tlbingen, Germany
HuH7 human hepatocellular RPMI ATCC, Manassas, VA, USA
carcinoma cell line
M2 human FLNA-deficient MEM ATCC, Manassas, VA, USA
melanoma cell line
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4.1.2 Cell culture media

Table 2: Cell culture media and their supplements

Medium or supplement Manufacturer

DMEM (Dulbecco’s Modified

Merck KGaA, D
Eagle Medium) erck KGaA, Darmstadt, Germany

Opti-MEM Merck KGaA, Darmstadt, Germany

RPMI (RPMI 1640 medium) Merck KGaA, Darmstadt, Germany

Thermo Fisher Scientific, Waltham, MA,

S e .
Gibco® Fetal Bovine Serum (FBS) USA

Thermo Fisher Scientific, Waltham, MA,

Penicillin-Streptomycin (5000 U/mL) USA

4.1.3 Transfection reagents

Table 3: Transfection reagents

Reagent Manufacturer

GenlJet™ DNA In Vitro Transfection SignaGen Laboratories, Rockville,
Reagent MD, USA

Thermo Fisher Scientific, Waltham, MA,

. . e
Lipofectamine® 2000 Reagent USA

Thermo Fisher Scientific, Waltham, MA,

Lipofectamine®RNAiIMAX™ Reagent USA

4.2 Nucleic acids

4.2.1 Plasmid constructs

Table 4: Plasmid constructs used for transient plasmid transfection

Plasmid construct Vector Manufacturer

p3xFlag- - . ind gift of Prof. Ron Prywes, Columbia
3xFlag-MKL1-N100 Cina Kind gift of Prof. Ron P Columbi
(MKL1N100) P University, NY, USA
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p3xFlag 7.1
(empty vector)

pCind Merck KGaA, Darmstadt, Germany

pCMV-AC-GFP-TSPANS
(GFP-TSPANS)

OriGene Technologies, Inc., Rockville, MD,

pCMV6-AC-GFP USA

pEGFP-N1
(empty vector)

pCMV6-AC-GFP  Merck KGaA, Darmstadt, Germany

4.2.2 Primers

Target gene specific primers were custom-synthesized and delivered as lyophilisates (Merck

KGaA, Darmstadt, Germany). Before use, they were dissolved with nuclease free H,0 to a final

concentration of 50 nM.

Table 5: Human primers for gRT-PCR and their sequences

Primer Sequence

185 Fw 5’-TCG AGG CCC TGT AAT TGG AAT-3’
185 Rv 5’-CCC TCC AAT GGA TCC TCG TTA-3'
Catenin Fw 5’'-CACAAGCAGAGTGCTGAAGGTG-3’
Catenin Rv 5’- GATTCCTGAGAGTCCAAAGACAG-3’
CDH2 Fw 5-CTCCATGTGCCGGATAGC-3’

CDH2 Rv 5’-CGATTTCACCAGAAGCCTCTAC-3’
CNN1 Fw 5-GCT GTC AGC CGA GGT TAA GA-3’
CNN1Rv 5’-CCC TCG ATC CAC TCT CTC AG-3’
CTGF Fw 5’-TTG GCA GGC TGA TTT CTA GG-3’
CTGF Rv 5’-GGT GCA AAC ATG TAA CTT TTG G-3’
CXCL10 Fw 5’-CCC CAC GTT TTC TGA GAC AT-3’
CXCL10 Rv 5’-TGG CAG TTT GAT TCA TGG TG-3’
DLC1 Fw 5'-GAGCAGTGTCATGCCTTGG-3’

DLC1 Rv 5’-GCGAATGAGTTCTGTCATTTCA-3’
FLNA Fw 5’-TCG CTC TCA GGA ACA GCA-3’

FLNA Rv 5’-TTA ATT AAA GTC GCA GGC ACC TA-3’
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GLIPR1 Fw 5’-TCT TTC CAATGG AGC ACATTT-3’
GLIPR1 Rv 5’-TCT TAT ATG GCC AAG TTG GGT AA-3’
HIST1H2KB Fw 5’-ACC TCC AGG GAG ATC CAG AC -3’
HIST1H2KB Rv 5°- TCC AGA GAA AGT CCCTCCTGG -3°
Ki67 Fw 5'-TCA AGG ACCTGA TTC AGG AGA AG -3’
Ki67 Rv 5°- GTG CAC TGA AGA ACA CAT TCC -3°
MEP1A Fw 5'-CTTGTTGGGACAATGCACAG-3’
MEP1A Rv 5’-GGGTAAAGAATCCGAGACTCC-3’
MKL1 Fw 5’-CCC AAT TTG CCT CCA CTT AG-3’
MKL1 Rv 5’-CCT TGG CTC ACC AGT TCT TC-3’
SM22 Fw 5’-GGC CAA GGC TCT ACT GTC TG-3’
SM22 Rv 5’-CCCTTG TTG GCC ATG TCT-3’

SRF Fw 5’-AGC ACA GAC CTC ACG CAG A-3’

SRF Rv 5’-GTT GTG GGC ACG GAT GAC-3’
TGFB1 Fw 5’-ACT ACT ACG CCA AGG AGG TCA C-3’
TGFB1 Rv 5'-TGC TTG AACTTG TCA TAG ATT TCG-3’
TNFSF 10 Fw 5’-TTC ACA GTG CTC CTG CAG TC-3’
TNFSF 10 Rv 5’-GCC ACT TTT GGA GTA CTT GTC C-3’
TSPANS5 Fw 5’-ATGCAAGTCGAGAGCGATGT-3’
TSPANS5 Rv 5’-GGCATCATAGCCACACTGAG-3’

VCAN Fw 5’-GCACCTGTGTGCCAGGATA-3’

VCAN Rv 5’-CAGGGATTAGAGTGACATTCATCA-3’
Random Hexamers 5’-NNN NNN-Wobbles-3’

Table 6: Human primers for ChIP qRT-PCR and their sequences

Primer Sequence

CDH2 Fw 5°-ACCCAGAGATCAAGGAGGTG-3’
CDH2 Rv 5°-CTCCACTTCCACCTCCACAT-3’
TSPANS Fw 5°-GCTCATCAATCCCGGTCA-3’
TSPANS Rv 5'-GGCGAGAGGGAGAAGGAA-3’
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VCAN Fw 5°-ACCTCTTGGCGTTTCTTCCT-3’
VCAN Rv 5°-CTCCTTTCCCCTAACCCAGA-3’
4.2.3 siRNAs

All siRNA oligonucleotides were custom-synthesized (Merck KGaA, Darmstadt, Germany). The

lyophilized siRNAs were dissolved in nuclease free H,O to a final concentration of 50 uM.

Table 7: Human siRNAs and their sequences

siRNA Sequence of sense and antisense

sictrl 5'-CGUACGCGGAAUACUUCGA[T][dT]-3’
5’-UCGAAGUAUUCCGCGUACG[dT][dT]-3’
GiCDH2 5'-AAAGTGGCAAGTGGCAGTAAA[AT][dT]-3'
5’-UUUACUGCCACUUGCCACUUU[AT][dT]-3’
GiDLCL 5’-UUAAGAACCUGGAGGACUA[AT][dT]-3’
5’-UAGUCCUCCAGGUUCUUAA[AT][dT]-3’
GFLNA 5’-GCACAUGUUCCGUGUCCUA[dT][dT]-3’
5’-UAGGACACGGAACAUGUGC[dT][dT]-3’
SIMKLL/2 5’-AUGGAGCUGGUGGAGAAGAA[AT][dT]-3’
5’-UUCUUCUCCACCAGCUCCAU[dT][dT]-3’
GiSRE 5’-GUGAGACAGGCCAUGUGUA[AT][AT]-3’
5’-UACACAUGGCCUGUCUCAC[AT][dT]-3’

. 5 -GAGCAUAUCGGGAUGACAU[T][dT]-3’
SITSPANS V1 5'-AUGUCAUCCCGAUAUGCUC[AT][dT]-3’

. 5'-GACCAGCUGUAUUUCUUUA[AT][dT]-3’
SITSPANS V2 5’-UAAAGAAAUACAGCUGGUC[dT][dT]-3’
GVCAN 5 -GAGGCUGGAACUGUUAUUA[AT][dT]-3’

5 -UAAUAACAGUUCCAGCCUC[AT][dT]-3’
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4.3 Antibodies

4.3.1 Primary antibodies for immunoblotting

Primary antibodies used for immunoblotting were diluted in 10 ml Tris-buffered saline with
Tween 20 supplemented with a spatula tip bovine serum albumin (BSA) and 100 pl of a 2 %

sodium azide solution to get a final concentration of 0.02 % for conservation.

Table 8: Primary antibodies and their indicated dilution for immunoblotting

Antibody (host) Dilution Manufacturer
anti-Actin (rabbit) 1:1000 Merck KGaA, Darmstadt, Germany
anti-DLC1 (mouse) 1:1000 BD Bioscience, San Jose, CA, USA
anti-E-Cadherin (rabbit) 1:1000 Cell Signaling Technology, Danvers, MA,
USA
anti-Erk1/2 (p44/42 MAPK) Cell Signaling Technology, Danvers, MA,
. 1:10000
(rabbit) USA
Th Fish ientific, Walth MA
anti-GLIPR1 (rabbit) 1:500 ermo Fisher Scientific, Waltham, MA,
USA
anti-H3K9me3 (rabbit) 1:500 Actif Motif, Carlsbad, USA
. _ Santa Cruz Biotechnology, Inc., Dallas,
anti-HSP90 (mouse) 1:1000 X, USA
. ] _ Santa Cruz Biotechnology, Inc., Dallas,
anti-Myoferlin (mouse) 1:250 X, USA
anti-N-Cadherin (rabbit) 1:500 Cell Signaling Technology, Danvers, MA,
USA
D ., Mi i
anti-p16™<* (goat) 1:250 R&D Systems, Inc., Minneapolis, MN,
USA
anti-phospho-p44/42 MAPK Cell Signaling Technology, Danvers, MA,
. 1:1000
(Erk1/2) (Thr202/Tyr204) (rabbit) USA
anti-pRb (mouse) 1:500 BD Bioscience, San Jose, CA, USA
anti-SLUG (rabbit) 1:1000 SEILSlgnalmg Technology, Danvers, MA,
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anti-SMA (rabbit) 1:500 Abcam, Cambridge, UK

. . ) Santa Cruz Biotechnology, Inc., Dallas,
anti-SRF (rabbit) 1:500 TX, USA
anti-Transgelin (SM22) (mouse) 1:1000 Merck KGaA, Darmstadt, Germany
anti-TSPANS (rabbit) 1:500 Merck KGaA, Darmstadt, Germany

. . ) Santa Cruz Biotechnology, Inc., Dallas,
anti-Versican (mouse) 1:500 TX, USA
anti-Vimentin (rabbit) 1:1000 Cell Signaling Technology, Danvers, MA,

USA

anti-Vincullin (mouse) 1:1000 Merck KGaA, Darmstadt, Germany
anti-Z0-1 (rabbit) 1:1000 Cell Signaling Technology, Danvers, MA,

USA

4.3.2 Secondary antibodies for immunoblotting

Secondary antibodies were diluted as indicated in TBS-T immediately prior to use.

Table 9: Secondary antibodies and their indicated dilution for immunoblotting

Antibody

Dilution

Manufacturer

anti-goat IgG,

Santa Cruz Biotechnology, Inc., Dallas,

HRP-linked antibody 1:50000 TX, USA

anti-mouse IgG, 1:10000 Cell Signaling Technology, Danvers,
HRP-linked antibody ' MA, USA

anti-rabbit IgG, 1:10000 Cell Signaling Technology, Danvers,

HRP-linked antibody

MA, USA
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4.3.3 Antibodies for RhoA assay

Table 10: Antibodies used for RhoA assay

Antibody Manufacturer
anti-active RhoA (mouse) NewEast Bioscience, Malvern, USA
anti-RhoA (rabbit) NewEast Bioscience, Malvern, USA

4.3.4 Antibodies for chromatin immunoprecipitation (ChIP)

Table 11: Antibodies used for pulldown

Antibody Volume Manufacturer

. . Cell Signaling Technology, Danvers,
anti-IgG Normal (rabbit) 5 ul MA, USA

. Santa Cruz Biotechnology, Inc.,
anti-MKL1 (mouse) 75 ul Dallas, TX, USA

4.3.5 Primary antibodies used for immunofluorescence and proximity ligation

assay (Duolink®)

Table 12: Primary antibodies and their dilution for immunofluorescence or proximity ligation assay

Antibody Dilution Manufacturer
anti-DLC1 (mouse) 1:100 BD Bioscience, San Jose, CA, USA
anti-Filamin A (mouse) 1:100 Merck KGaA, Darmstadt, Germany

C o . ) Santa Cruz Biotechnology, Inc., Dallas,
anti-Filamin A (rabbit) 1:100 TX, USA

. ) Santa Cruz Biotechnology, Inc., Dallas,
anti-MKL1 (goat) 1:100 TX, USA

. . ) Santa Cruz Biotechnology, Inc., Dallas,
anti-MKL1 (rabbit) 1:100 TX, USA

. ) Santa Cruz Biotechnology, Inc., Dallas,
anti-PML (mouse) 1:100 TX, USA
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4.3.6 Secondary antibodies used for immunofluorescence

Table 13: Secondary antibodies and their dilution for immunofluorescence

Antibody Dilution Manufacturer

Thermo Fisher Scientific, Waltham,

donkey anti-mouse, ALEXA 488 1:500 MA, USA

Thermo Fisher Scientific, Waltham,

donkey anti-mouse, ALEXA 555 1:500 MA, USA

Thermo Fisher Scientific, Waltham,

donkey anti-rabbit, ALEXA 488  1:500 MA, USA

Thermo Fisher Scientific, Waltham,

donkey anti-rabbit, ALEXA 555  1:500 MA, USA

4.3.7 Antibodies used for immunohistochemistry of CAM-Assay

Table 14: Primary and secondary antibodies and their dilution used for immunohistochemistry

Antibody Dilution Manufacturer

anti-E-Cadherin, polyclonal -, BD Bioscience, San Jose, CA, USA
(mouse)

antl-l-'I3K9me3, polyclonal 1:200 Merck, Darmstadt, Germany
(rabbit)

anti-Ki-67, monoclonal 1:100 Dako/Agilent, Santa Clara, CA, USA
(mouse)

anti-MKL1, polyclonal (rabbit) 1:200 Merck, Darmstadt, Germany
anti-p16, monoclonal (mouse) 1:20 BD Bioscience, San Jose, CA, USA

anti-rabbit, biotinylated Vector-Laboratories, Burlingame, CA,

(goat) 1:100 USA
anti-TSPANS, polyclonal 1:200 OriGene Technologies, Rockville, MD,
(rabbit) ) USA
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4.4 Antibiotics

For each batch of plasmid preparation, 50 ul of the specified antibiotics were used in a stock

solution of 50 mg/ml.

Table 15: Antibiotics

Antibiotic Manufacturer

Thermo Fisher Scientific, Waltham, MA,

4 e -~
Gibco® Ampicillin USA

Thermo Fisher Scientific, Waltham, MA,

4 e .
Gibco® Kanamycin USA

4.5 Enzymes

Table 16: Enzymes

Enzyme Manufacturer

Duolink® Ligase Merck KGaA, Darmstadt, Germany
Duolink® Polymerase Merck KGaA, Darmstadt, Germany
Proteinase K Merck KGaA, Darmstadt, Germany

Thermo Fisher Scientific, Waltham, MA,

RNase A USA

Thermo Fisher Scientific, Waltham, MA,

SuperScript® Il Reverse Transcriptase USA

Trypsin-EDTA solution 0.05 % Merck KGaA, Darmstadt, Germany
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4.6 Stimulants and inhibitors

Stimulants and inhibitors were used as sterile solutions in cell culture with following final

working concentrations:

Table 17: Stimulants and inhibitors with final working concentration

Reagent Final . Manufacturer
concentration
Fetale bovine serum (FBS) 20 % Thermo Fisher Scientific, Waltham, MA,
USA
Human recombinant
epidermal growth factor 10 uM Merck KGaA, Darmstadt, Germany
(EGF)
Latrunculin B (LatB) 0.3 uM Merck KGaA, Darmstadt, Germany
Lysophosphatidic acid (LPA) 10 uM Merck KGaA, Darmstadt, Germany
NS8593 30 uM Alomone Labs, Jerusalem, Israel
Y27632 10 uM Merck KGaA, Darmstadt, Germany
4.7 Ladders

12 ul of protein ladder was used for SDS-PAGE and 1 ul DNA ladder was used for agarose gel

electrophoresis.

Table 18: DNA and protein ladders

Ladder Manufacturer

Thermo Fisher Scientific, Waltham, MA,

100 bp DNA ladder USA

Spectra™ Multicolor Broad Range Protein Thermo Fisher Scientific, Waltham, MA,
Ladder USA

Spectra™ Multicolor High Range Protein Thermo Fisher Scientific, Waltham, MA,
Ladder USA
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4.8 Kits

Materials

Kits were used according to the manufacturer’s instruction.

Table 19: Kits
Kit

AllPrep DNA/RNA/Protein Mini Kit

Manufacturer

Qiagen GmbH, Hilden, Germany

Duolink® In Situ Red Starter Kit

Merck KGaA, Darmstadt, Germany

Epithelial-Mesenchymal Transition (EMT)
Antibody Sampler Kit

Cell Signaling Technology, Danvers, MA,
USA

GenElute™ HP Plasmid Midiprep Kit

Merck KGaA, Darmstadt, Germany

MinElute PCR Purification Kit

Qiagen GmbH, Hilden, Germany

QlAquick PCR Purification Kit

Qiagen GmbH, Hilden, Germany

Senescence B-Galactosidase Staining Kit

Cell Signaling Technology, Danvers, MA, USA

4.9 Buffers and solutions

4.9.1 Agarose gel electrophoresis

Table 20: Buffers used for agarose gel electrophoresis

50x TAE buffer

100 ml

242.0g Tris
57.1 ml Acetic acid (100 %)
100.0 ml 0.5 M EDTA, pH 8.0
ad 11 H0, ultrapure

50x TAE buffer

50 x TAE buffer

ad5|

H,0, ultrapure
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4.9.2 Bacteria cultivation

After compounding lysogeny broth (LB) agar and LB medium, the preparations were
autoclaved at 121°C and 2 bar for 20 min. Optionally LB agar was supplemented with 100 pl

antibiotic for bacteria selection.

Table 21: Quantities of corresponding components for the preparation of LB agar and LB medium

LB agar

10g Tryptone

5g Yeastextract

10g Nadl

15g Agar

ad 11 H0, ultrapure, pH 7.5

LB medium

10g Tryptone

5g Yeastextract

10g Nadl

ad 11 H0, ultrapure, pH 7.5

4.9.3 cDNA synthesis and gRT-PCR

Table 22: Reagents used for cDNA synthesis and qRT-PCR

Reagent Manufacturer

Thermo Fisher Scientific, Waltham, MA,

5x First-Strand Buffer USA

Deoxynucleoside triphosphates (dNTPs) Thermo Fisher Scientific, Waltham, MA,
(10 mM) USA

LightCycler® 480 SYBR Green | Master Roche, Basel, Switzerland
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4.9.4 Chromatin immunoprecipitation (ChIP) assay

Table 23: Buffers and their composition used for ChIP assay

Farnham Lysis buffer

0.76 g (5 mM) PIPES, pH 8.0

3.17 g (85 mM) KCl

2.50 ml (0.5 %) NP-40

ad 500 ml  H;O, ultrapure

Lysis buffer 0.1%

5.00 ml (10 mM) 1M Tris, pH 7.5

1.00 ml (1 mM) 0.5 M EDTA

5.00 ml (0.1%) 10 % SDS

ad 500 ml  H;O, ultrapure

LiCl Wash buffer

50.0 ml (100 mM) 1 M Tris, pH 7.5

10.60 g (500 mM) LiCl

5.00ml (1%) NP-40

5.00g (1 %) Sodium deoxycholate

ad 500 ml H,O, ultrapure

IP buffer

6.70 g (56.25 mM) HEPES

4.60 g (157.5 mM) NaCl

1.00 ml (1mM) 0.5 M EDTA

5.625 ml (1.125 %) Triton X-100

0.5625 g (0.1125 %) Sodium deoxycholate

ad 500 ml H0, ultrapure
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IP Elution buffer

50.00 ml (1%) 10 % SDS

4.20 g (100 mM) NaHCOs3

ad 500 ml H0, ultrapure

TE buffer

5.00 ml (10 mM) 1 M Tris, pH 7.5

1.00 ml (1 mM) 0.5 M EDTA

ad 500 ml H;O, ultrapure

Sonication buffer

5.00 ml (10 mM) 1M Tris, pH 7.5

1.00 ml (1 mM) 0.5 M EDTA

20.00 ml (0.4 %) 10 % SDS

ad 500 ml HO, ultrapure

4.9.5 Duolink® in situ solutions and wash buffers

Table 24: Solutions and buffers used for Duolink®

Duolink® in situ amplification solution

8.0 il 5x Duolink® in situ amplification buffer

31.5ul HyO, ultrapure

0.5 pl  Duolink® in situ polymerase
Duolink® in situ ligation solution

8.0 ul 5x Duolink® in situ ligation buffer

31.0 ul H;0, ultrapure

1.0 Il Duolink® in situ ligase
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Duolink® in situ wash buffer A

8.8g NaCl

1.2 g Tris base

0.5ml Tween 20

ad 1000 ml  H;O0, ultrapure, pH 7.4 adjusted with HCI

Duolink® in situ wash buffer B

5.84g NaCl

4.24¢g Tris base

26.0 ml Tris HCI

ad 1000 ml  H;O0, ultrapure, pH 7.5 adjusted with HCI

Duolink® in situ wash buffers were sterilized by filtration and stored at 4°C.

4.9.6 Buffers for RhoA activation assay

Table 25: Buffers used for RhoA activation assay

IP lysis buffer

5ml 1MTris, pH 8.0

0.876 g NaCl

1 ml Triton X-100

10 ml Glycerol

ad 100 ml  H;O, ultrapure

IP washing buffer

25ml 1 M Tris-HCI, pH 8.0

15 ml 5 M NaCl

5ml 1M MgCl

1ml 0.5MEDTA
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S5ml Triton X-100

ad 500 ml  H;O, ultrapure

4.9.7 Buffer for determination of the F-actin to the G-actin ratio

Table 26: Buffer used for lysis of cells during actin fractionation

F-actin/G-actin lysis buffer

10 ml 0.5 M MES, pH 6.8

5ml 1MKCI

0.4ml 0.25EGTA

0.1ml 1M MgCl

0.5ml Triton X-100

ad 100 ml  H;O, ultrapure

To the F-actin / G-actin lysis buffer, 10 pl Pl per 1000 pl lysis buffer was added immediately

before use.

4.9.8 Immunoblotting and detection

Table 27: Buffers used for immunoblotting

10x Transfer buffer

7.25g Tris base

3.65g Glycine

0.47g SDS

200 ml Methanol

ad 1000 ml  HO, ultrapure

60.55 g Tris base
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85.20g NaCl

ad 1000 ml  H,O, ultrapure, pH 7.6 with HCI

1x TBS-T

500 ml 10 x TBS

5ml Tween 20

ad 5000 ml  H;0, ultrapure

Table 28: Reagents used for detecting blots

Reagent Manufacturer
Clarity ECL Western Substrate Bio-Rad Laboratories, Inc., Hercules, CA, USA
Clarity Max ECL Western Blotting Bio-Rad Laboratories, Inc., Hercules, CA, USA

SuperSignal™ West Femto Maximum

e s Thermo Fisher Scientific, Waltham, MA, USA
Sensitivity Substrate

4.9.9 Immunofluorescence

Table 29: Fixing solution used for immunofluorescence

4 % Paraformaldehyde (PFA)

250 ml H;O, ultrapure, 60°C

20g PFA

50l 10 M NaOH

50 ml 10 x PBS

ad 500 ml H;O, ultrapure
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4.9.10 Invasion assay

Table 30: Solutions used for invasion assay

Staining solution

16 ml 1xPBS

4 ml (20 %) Methanol

0.02 g (0.1 %) Crystal violet

Destaining solution

16 ml 1xPBS

4 ml Methanol

4.9.11 Protein isolation

Table 31: Solution and buffer used for protein isolation

0.25 M Phenylmethanesulfonyl fluoride (PMSF)

435.5 mg PMSF

10 ml Isopropanol

Kralewski lysis buffer

5ml 1MHEPES,pH7.4

3ml 5 M NaCl

1 ml Triton X-100

0.2ml 0.5 M EDTA, pH 8.0

10 ml Glycerine

ad 100 ml  H;0, ultrapure

Before starting protein isolation, 2 ul 0.25 M PMSF, 4 ul 0.25 DTT and 10 ul Protease Inhibitor

Cocktail were added freshly to 1 ml Kralewski lysis buffer.
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4.9.12 Sodium dodecyl! sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

Table 32: Buffers and their composition used for SDS-PAGE

10x SDS-PAGE running buffer

10.26 g Tris

10.00g SDS

143.20g Glycine

ad 1000 ml  HO, ultrapure

4x SDS loading sample buffer (stock solution)

8ml 1MTris, pH 8.8

16 ml 20 % SDS

16 ml Glycerine

320l 0.5 M EDTA

4 mg Bromphenol blue

For ready-to-use 4x SDS loading sample buffer (Laemmli buffer), 960 pl of the stock solution

were mixed with 40 pl B-mercaptoethanol and shaken vigorously.

4.9.13 Universal solutions for washing and dissolving

Table 33: PBS solutions

10x Phosphate-buffered saline (PBS)

2g Kcl

2g KHyPOq4

80g NadCl

21.6 g NaxHPO4x7 H0

ad 1000 ml  H;O, ultrapure, pH 7.4
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1x PBS

100 ml 10 x PBS

ad 1000 ml  HO, ultrapure

1 x PBS solutions were autoclaved at 121°C and 2 bar for 20 min prior to use.

Table 34: Composition of DEPC H20

Diethyl pyrocarbonate H,0 (DEPC H;0)

0.5g DEPC

500 ml H;O, ultrapure

After mixing ultrapure H,O with the required amount of DEPC, mixture was heated at 37°C for

1 h to completely dissolve and finally autoclaved at 121°C and 2 bar for 20 min.

4.10 SDS-Gels

The gels were each cast with the corresponding Biorad apparatus according to the
manufacturer’s instruction. First the specified running gel was produced and polymerized for

20 min, then the 5 % stacking gel was added and polymerized again for 20 min.

Table 35: Compound of running and stacking gels used for SDS-PAGE

5 % running gel

8.50 ml H;0, ultrapure

2.50 ml 30 % acrylamide

3.75ml 1.5 M Tris, pH 8.8

0.150 ml 10 % SDS

0.200 ml 10 % APS

0.012 ml TEMED
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10 % running gel

Materials

3.97 ml

H,O, ultrapure

3.33 ml

30 % acrylamide

2.50 ml

1.5 M Tris, pH 8.8

0.100 ml

10 % SDS

0.100 ml

10 % APS

12 % running gel

0.004 ml

TEMED

4.8 ml

H20, ultrapure

6.00 ml

30 % acrylamide

3.90 ml

1.5 M Tris, pH 8.8

0.150 ml

10 % SDS

0.150 ml

10 % APS

15 % running gel

0.006 ml

3.30ml

TEMED

H>0, ultrapure

7.50 ml

30 % acrylamide

3.90 ml

1.5 M Tris, pH 8.8

0.150 ml

10 % SDS

0.150 ml

10 % APS

5 % stacking gel

0.006 ml

5.40 ml

TEMED

H,O, ultrapure

1.34 ml

30 % acrylamide

2.00 ml

1.5 M Tris, pH 6.8
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0.080 ml 10 % SDS

0.080 ml 10 % APS

0.008 ml TEMED

Table 36: Tris buffers used for SDS-gels

1.5 M Tris pH 6.8

121.1g Tris base

ad 1000 ml  H;O0, ultrapure, pH 6.8 adjusted with HCI

1.5 M Tris pH 8.8

121.1g Tris base

ad 1000 ml  H;O0, ultrapure, pH 8.8 adjusted with HCI

4.11 Bacterial strains

Table 37: Bacterial strains

Bacterial strains Manufacturer

E. coli DH5a Takara Bio, Kyoto, Japan

New England Biolabs GmbH, Frankfurt am

EB® 5- E. coli .
N 5-alpha competent E. coli Main, Germany

4.12 Chemicals

Table 38: Chemicals

Chemical Manufacturer

16 % Formaldehyde (w/v), methanol-free Thermo Fisher Scientific, Waltham, MA, USA

6x DNA loading dye Thermo Fisher Scientific, Waltham, MA, USA

B-Mercaptoethanol Merck KGaA, Darmstadt, Germany




Agar

Ammonium peroxodisulfate (APS)
Bovine Serum Albumin (BSA)
Chloroform

Crystal violet

Diethyl dicarbonate (DEPC)

Dimethyl sulfoxide (DMSO)
Dithiothreitol (DTT)

Dynabeads® Protein G

Matrigel® Basement Membrane Matrix
Ethanol

Ethylenediaminetetraacetic acid (EDTA)
FBS (Fetal Bovine Serum)

Fluoromount

Glycerol

Glycine

4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES)

Hydrochloric acid (HCI)
Immersion oil Immersol 518 F
Isopropyl alcohol

Lithium chloride (LiCl)

Low fat milk powder
Methanol

N,N-Dimethylformamide (DMF)

Materials

Carl Roth GmbH, Karlsruhe, Germany

Carl Roth GmbH, Karlsruhe, Germany

Carl Roth GmbH, Karlsruhe, Germany

Merck KGaA, Darmstadt, Germany

Merck KGaA, Darmstadt, Germany

Carl Roth GmbH, Karlsruhe, Germany

Carl Roth GmbH, Karlsruhe, Germany
Thermo Fisher Scientific, Waltham, MA, USA
Thermo Fisher Scientific, Waltham, MA, USA
Corning Incorporated, Corning, NY, USA
Merck KGaA, Darmstadt, Germany

Carl Roth GmbH, Karlsruhe, Germany
Thermo Fisher Scientific, Waltham, MA, USA
Merck KGaA, Darmstadt, Germany

Carl Roth GmbH, Karlsruhe, Germany

Carl Roth GmbH, Karlsruhe, Germany

Carl Roth GmbH, Karlsruhe, Germany

Merck KGaA, Darmstadt, Germany
Carl Zeiss AG, Oberkochen, Germany
Carl Roth GmbH, Karlsruhe, Germany
Merck KGaA, Darmstadt, Germany
Heirler, Radolfzell, Germany

Carl Roth GmbH, Karlsruhe, Germany

Merck KGaA, Darmstadt, Germany
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N,N,N’,N’-Tetramethylethylenediamine
(TEMED)

Nonidet P-40 (NP-40)
Nuclease free H,0

Paraformaldehyde (PFA)

peqGold universal agarose

Phenylmethylsulfonyl fluoride (PMSF)

Piperazine-N,N’-bis(2-ethanesulfonic
acid) (PIPES)

Potassium chloride (KCI)

Potassium dehydrogen phosphatase
(KH2PO4)

Protease Inhibitor Cocktail Set llI,
Animal-Free

Roti®-Quant
Roti®-Safe GelStain

Rotiphorese®Gel 30 (37.5:1)
(30 % acrylamide)

Sodium azide (NaN3)

Sodium chloride (NaCl)

Sodium deoxycholate

Sodium dodecyl sulfate (SDS)

Sodium hydrogen carbonate (NaHCO:s)
Sodium hydrogen phosphate (NazHPOa)
Sodium hydroxide (NaOH)

Tris base

Tris hydrochloride

Materials

Carl Roth GmbH, Karlsruhe, Germany

Merck KGaA, Darmstadt, Germany

Thermo Fisher Scientific, Waltham, MA, USA

Carl Roth GmbH, Karlsruhe, Germany

VWR International GmbH, Darmstadt,
Germany

Merck KGaA, Darmstadt, Germany

Carl Roth GmbH, Karlsruhe, Germany

Carl Roth GmbH, Karlsruhe, Germany

Carl Roth GmbH, Karlsruhe, Germany

Merck KGaA, Darmstadt, Germany

Carl Roth GmbH, Karlsruhe, Germany

Carl Roth GmbH, Karlsruhe, Germany

Carl Roth GmbH, Karlsruhe, Germany

Carl Roth GmbH, Karlsruhe, Germany
Carl Roth GmbH, Karlsruhe, Germany
Carl Roth GmbH, Karlsruhe, Germany
Carl Roth GmbH, Karlsruhe, Germany
Carl Roth GmbH, Karlsruhe, Germany
Carl Roth GmbH, Karlsruhe, Germany
Carl Roth GmbH, Karlsruhe, Germany
Carl Roth GmbH, Karlsruhe, Germany

Carl Roth GmbH, Karlsruhe, Germany
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Triton X-100 Carl Roth GmbH, Karlsruhe, Germany
TRIzol® Reagent Thermo Fisher Scientific, Waltham, MA, USA
Tryptone Carl Roth GmbH, Karlsruhe, Germany
Tween® 20 Carl Roth GmbH, Karlsruhe, Germany
Urea Carl Roth GmbH, Karlsruhe, Germany
Yeast extract Carl Roth GmbH, Karlsruhe, Germany

4.13 Consumable supplies

Table 39: Consumables

Consumable Manufacturer

Cell culture 6 well and 12 well plate Sarstedt AG, Niirnbrecht, Germany
Cell culture dishes, 6 cm and 10 cm Sarstedt AG, Niirnbrecht, Germany
Cell culture TC-flasks, 125 ml Sarstedt AG, Niirnbrecht, Germany
Cell scraper Sarstedt AG, Niirnbrecht, Germany
Cover slips 20x20 mm Carl Roth GmbH, Karlsruhe, Germany
Cryovials CryoPure 1.6 mL Sarstedt AG, Niirnbrecht, Germany

Eppendorf tubes 0.5 ml, 1.5 ml, 2 ml and

5 ml Eppendorf AG, Hamburg, Germany

Eppendorf low binding tube 1.5 ml and Eppendorf AG, Hamburg, Germany

2ml

Falcon tubes, 15 mL and 50 ml Sarstedt AG, Niirnbrecht, Germany
LightCycler® 480 Multiwell Plate 96 Roche, Basel, Switzerland
LightCycler® 480 Sealing Foil Roche, Basel, Switzerland
Microscope slides 76x26 mm Carl Roth GmbH, Karlsruhe, Germany
Pasteur pipettes, 230 mm Carl Roth GmbH, Karlsruhe, Germany
Pipette tips 10 ul, 200 pl and 1000 pl Sarstedt AG, Niirnbrecht, Germany
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PVDF membrane Merck KGaA, Darmstadt, Germany

Serological pipettes, 2 ml, 5 ml, 10 ml

and 25 ml and 50 ml Sarstedt AG, Nirnbrecht, Germany

Tube with ventilation cap, 13 mi Sarstedt AG, Nirnbrecht, Germany
UV-transparent cuvettes Sarstedt AG, Nirnbrecht, Germany
Whatman Blotting Papers® Merck KGaA, Darmstadt, Germany

4.14 Technical devices and other equipment

Table 40: Technical devices

Apparatus Manufacturer

Biological Safety Cabinet, PHCBI

MHE-N400A2 PHC Europe B.V,, Etten-Leur, Netherlands

BioPhotometer plus Eppendorf AG, Hamburg, Germany

. . . . ®
Blotting equipment Mini Protean Bio-Rad Laboratories, Inc., Hercules, CA, USA

Tetra Cell

Centrifuge 5424 Eppendorf AG, Hamburg, Germany
Centrifuge 5424R Eppendorf AG, Hamburg, Germany
Centrifuge 5810R Eppendorf AG, Hamburg, Germany
Chemi-Smart™ 5100 VWR International GmbH, Darmstadt,
(chemiluminescent imager) Germany

ChemiDoc Imaging System Bio-Rad Laboratories, Inc., Hercules, CA, USA
Confocal microscope LSM 980 Carl Zeiss AG, Oberkochen, Germany
Confocal microscope Leica SP5 I Leica Microsystems GmbH, Wetzlar, Germany

Heidolph Instruments GmbH & Co. KG,

Duomax 1030 Schwabach, Germany

DynaMag™-2 magnet Thermo Fisher Scientific, Waltham, MA, USA

FlexCycler? Analytik Jena AG, Jena, Germany
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Freezer, -20°C

Freeze, -80°C, HS1286-A
Fridge 4°C

HERAcell® 240 incubator
Heraeus™ Biofuge™ Stratos
Heraeus™Labofuge™400
Incubator MaxQ 6000
Incu-Shaker 10l

Inversion microscope AE2000
Laminar flow HERASafe KS18
Loopster basic

LightCycler® 480 II
LightCycler® 96

Microscope Axiovert135M/
Microscope Axiovert 40 CFL

Mini Star

Neubauer cell counting chamber

(0.1 mm)
pH-meter Lab 555
Pipetus

Power Supply PowerPac HC

Precision balance, ABS-220 4N

Rotiphorese® Chamber PROfessional IV

SDS-PAGE equipment

Materials

Liebherr GmbH, Ochsenhausen, Germany
Hettich AG, Bach, Switzerland

Liebherr GmbH, Ochsenhausen, Germany
Thermo Fisher Scientific, Waltham, MA, USA
Thermo Fisher Scientific, Waltham, MA, USA
Thermo Fisher Scientific, Waltham, MA, USA
Thermo Fisher Scientific, Waltham, MA, USA
Benchmark Scientific, Sayreville, NJ, USA
MoticEurope, Barcelona, Spain

Thermo Fisher Scientific, Waltham, MA, USA
IKA-Werke GmbH & Co. KG, Staufen, Germany
Roche, Basel, Switzerland

Roche, Basel, Switzerland

Carl Zeiss AG, Oberkochen, Germany

VWR International GmbH, Darmstadt,
Germany

Paul Marienfeld GmbH, Lauda Koénigshofen,
Germany

Schott AG, Mainz, Germany
Hirschmann, Eberstadt, Germany
Bio-Rad Laboratories, Inc., Hercules, CA,USA

Kern & Sohn GmbH, Balingen-Frommern,
Germany

Carl Roth GmbH, Karlsruhe, Germany

Bio-Rad Laboratories, Inc., Hercules, CA,USA

74



Sonopuls GM mini 20

Thermomixer compact
Thermostatic Cabinet, Lovibond
TissueRuptur I

Vortex-Genie™

Water bath WNB14

Weighing scales

Materials

Bandelin electronic GmbH & Co. KG, Berlin,
Germany

Eppendorf AG, Hamburg, Germany
Tintometer GmbH, Dortmund, Germany
Thermo Fisher Scientific, Waltham, MA, USA
Bender & Hobein AG, Zirich, Switzerland

Memmert GmbH & Co. KG, Schwabach,
Germany

Kern & Sohn GmbH, Balingen-Frommern,
Germany
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5 Methods

5.1 Cell culture methods

5.1.1 Cultivation of mammalian cell lines

Sterile work with cells was carried out in a biosafety level S1 laboratory using a laminar flow
cabinet and 70 % Ethanol for sterilisation. All cell lines were cultured in appropriate medium
(listed in Table 1) containing 10 % (v/v) heat inactivated fetal bovine serum (FBS) and
1 % (v/v) penicillin/streptomycin. Cells were maintained as a monolayer in 10 cm cell culture
dishes in a humidified atmosphere containing 5 % CO; at 37°C until they reached a confluence
about 90 %. For passaging they were splitted twice a week by aspirating the old medium,
washing once with 5 ml sterile phosphate buffered saline (PBS) and detaching with 2 ml room
tempered Trypsin-EDTA. After an incubation for 4 minutes at 37°C, cells were carefully
resuspended with 8 ml 37°C warm medium. A suitable volume of the cell suspension was
transferred to a new 10cm cell culture dish containing fresh medium with FBS and
penicillin/streptomycin. The cell dilution was typically in the range from 1:5 to 1:10 and a

confluence of about 90 % was aspired for experiments.

5.1.2 Thawing cells

For thawing long-term stored cells, frozen in cryovials in -196°C liquid nitrogen, were gently
shaked in 37°C warm water bath. Cell suspension was transferred to 5 ml of prewarmed
medium in a 15 ml falcon tube and centrifuged for 5 min at 1000 rpm at room temperature.
After aspirating the old medium, cell pellets were resuspended in 1 ml of new medium and
transferred to 6cm dishes with appropriated medium containing FBS and

penicillin/streptomycin.

5.1.3 Freezing cells

For long term storage, the cells were frozen in liquid nitrogen at a temperature of - 196°C in
cryovials. For this purpose, confluent cell dishes were aspirated from old medium, washed

with 5 ml sterile PBS and trypsinized with 2 ml Trypsin-EDTA for 4 min in an incubator at 37°C.
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After adding 3 ml new medium and resuspending the cells, the cell suspension was transferred
to a 15 ml falcon tube and centrifuged for 5 min at 1000 rpm at room temperature. The
pelleted cells were resuspended in 900 ul of ice cold FBS and 100 ul of Dimethylsulfoxamid
(DMSQ). Cell suspension was aliquoted in 3 cryogenic vials, which were placed into a
cryofreezing container filled with isopropanol for a slow cooling rate to -80°C. After 30 days

the cryovials were relocated in liquid nitrogen with -156°C.

5.1.4 Serum starvation

For serum starvation cells were washed two times with sterile PBS and cultured in appropriate
medium containing only 0.2 % FBS for 16 hours (h) in incubator with 37°C and 5% CO;

atmosphere.

5.1.5 Serum stimulation

Before serum stimulation, serum starvation with 0.2 % FBS (see chapter 5.1.4) is carried out.
After 16 h the serum-starved medium was aspirated, the cells were washed twice with sterile

PBS and medium with 20 % FBS was added for experimental indicated time intervals.

5.1.6 Drug treatment

Cells were washed twice with sterile PBS and new suitable medium with the diluted stimulants
or inhibitors in the required working concentration was added. Cells were cultured common

at 37°Cand 5 % CO2 atmosphere for attended time.

5.1.7 Transient transfection with siRNA by Lipofectamine RNAiMax

Transient knockdown of target genes expression was carried out by RNA interference with
small-interfering RNA (siRNA), (listed in Table 7). Reverse transfection of the cells was
performed with Lipofectamine RNAiMax according to the manufacturer’s script. 1 ml

OptiMEM was placed in a 6 cm cell culture dish and successively 50 nM scrambled siRNA for
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control or 50 nM gene specific siRNA and 10 pl Lipofectamine RNAiMax added, carefully mixed
by slow pipetting and incubated for 20 min at room temperature. Simultaneously the cells to
be transfected were washed with sterile PBS, trypsinized with 2 ml for 4 min at 37°C and
resuspended with 8 ml prewarmed medium. The cell suspension was then transferred into
falcon tubes and centrifuged for 5 min at 1000 rpm and room temperature. After aspirating
the supernatant, the pelleted cells were resuspended in 10 ml OptiMEM and counted with a
Neubauer counting chamber. The desired number of cells was diluted in 3 ml OptiMEM and
finally dropwise added to the cell culture dish with the provided siRNA/Lipofectamine
RNAiMax mix. These dishes were cultured for 16 h in an incubator with 37°C and 5 % CO>
atmosphere. Afterwards the transfected cells were washed once with sterile PBS to remove
transfection medium and subsequently cultured in suitable medium with 10 % FBS and 1 %
penicillin/streptomycin. Knockdown efficiency of the target gene was proved after 48 h after

transfection by quantitative real-time PCR (qPCR) or Western Blot.

5.1.8 Transient transfection of DNA plasmids by Lipofectamine 2000

For all cell lines except HepG2, Lipofectamine 2000 was used for transient overexpression of
plasmids. Transfection was carried out according to the manufacturer’s instructions.
Confluent cell dishes were washed once with sterile PBS, cells were detached with 2 ml
Trypsin-EDTA for 4 min at 37°C, resuspended with 8 ml convenient medium and then counted
in a Neubauer counting chamber. The required quantity of cells was set to new 6 cm cell
culture dish with medium containing 10 % FBS and 1 % penicillin/streptomycin. The next
morning, after washing twice with sterile PBS, the medium was changed to medium without
any additives. For the actual transfection, two 1.5 ml Eppendorf tubes were prepared with
500 pl OptiMEM each and then 10 ul Lipofectamine 2000 pipetted into one tube and 4 ug of
indicated DNA plasmids into the other, mixed gently and incubated for 5 min at room
temperature. Afterwards the Lipofectamine 2000/0ptiMEM mix was transferred to the DNA
plasmid/OptiMEM mix, flicked carefully and incubated for a further 20 min at room
temperature. Finally, the whole mix was distributed in droplets on the seeding cells. After 4 h-

6 h, the transfection medium was aspirated, the cells were washed with sterile PBS and fresh
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medium with growth factors and antibiotics was added. Transfection efficiency was proved

after 48 h after transfection by Western Blot or quantitative real-time PCR (qPCR).

5.1.9 Transient transfection of DNA plasmids by GenlJet transfection reagent

For transient overexpression of DNA plasmids in HepG2, the transfection reagent Genlet was
used according to the manufacturer’s instructions. 24 h before transfection, confluent cell
dishes were washed once with sterile PBS, trypsinized, resuspended with prewarmed medium
and counted in a Neubauer counting chamber. Finally, the required amount of HepG2 was
transferred to new 6 cm dishes that already contained medium. The medium was replaced
with new medium without antibiotics one hour before transfection. 4 ug DNA plasmid and
12 ul Genlet reagent were each diluted in one Eppendorf tube containing 200 pul medium
without any additions. Subsequently the Genlet solution was transferred into the DNA
plasmid solution, mixed gently and incubated for 20 min at room temperature. The
transfection cocktail was next pipetted drop by drop onto the seeded cells and incubated at
37°C and 5% CO; atmosphere. Finally, the medium was replaced again by fresh medium
containing growth factors and penicillin/streptomycin after 16 h. Transfection efficiency was

proved after 48 h after transfection by quantitative real-time PCR (qPCR).

5.1.10 Cell proliferation assay

For cell proliferation assays 80 % to 90 % confluent cell dishes were aspirated from old
medium, washed with sterile PBS, trypsinized for 4 min at 37°C and resuspended with 8 ml of
appropriated medium. After counting the cells in the Neubauer counting chamber, the
required amount of cell suspension to get 1.2 x 10° cells per well was transferred in each well
of a 6 well plate where already an indicated volume of medium was placed. For 5 days at 24 h
intervals the cell count of one well was determined by Neubauer counting chamber after

detaching cells with 500 pl Trypsin-EDTA and resuspending with 500 pl medium.
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5.1.11 Scratch-wound assay

A necessary amount of cells was seeded and transfected to obtain a confluent monolayer after
an incubation for 24 h at 37°Cand 5 % CO,. Next, a uniform wound was scratched with the tip
of a pipette. The migrated cells were counted at regular intervals and the width of the wound
was measured until that of the control sample was closed. Images were taken with a Zeiss

optical microscope.

5.1.12 Cell invasion assay

To perform a cell invasion assay, the Corning BioCoat Matrigel invasion chambers were used
and the manufacturer’s instructions were followed. After rehydration of the Matrigel inserts
of the provided 24 well plate, the required volume of transfected cells suspension containing
only 5 % FBS was transferred in the inserts. The wells were filled with 2 ml medium with 20 %
FBS as chemoattractant. The invasion chambers were incubated for 22 h at 37°C and 5 % CO>
atmosphere. Cells were allowed to invade trough the three-dimensional Matrigel that
revetted the surface of the insert due to the concentration gradient of growth factors. To
remove the non-invading cells after incubation time and carefully aspirate the medium, the
upper surface of the membrane at the bottom of the inserts was gently scrubbed with a cotton
swab. The cells on the lower surface of the membrane were fixed with 100 % methanol for
2 min and subsequently stained with 0.1 % crystal violet solution (Table 30) for 5 min. This was
followed by an incubation with destaining solution (Table 30) for further 5 min. Excess of
staining and destaining solution were removed by washing twice with distilled water. After
drying of the inserts, the immigrated cells were counted under the light microscope and

images were acquired.

5.1.13 Spheroid assay

Spheroid assays were performed by using Kugelmeiers Sphericalplate 5D® according to the
manufacturer’s instructions. In order to pre-wet the functionalized wells of
Sphericalplate 5D®, they were each rinsed with 1 ml of medium. Afterwards the functionalized

wells were prepared with 500 ul of fresh medium with 10 % FBS and antibiotics. The desired
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number of cells was added as a single cell suspension in volume of 500 ul into the wells already
containing 500 ul of medium. Cells were sunk by gravity into the microwells at the conical
bottom of the wells. Sphericalplate 5D® was incubated for 11 days at 37°C and CO;
atmosphere. Each day, the spheroid formation and growth were monitored and images were

captured using an optical microscope with an integrated camera.

5.1.14 Senescence associated [3-galactosidase staining

The senescence R-galactosidase staining kit was used to determine cellular senescence
according to the manufacturer’s instructions. After washing with sterile PBS, trypsinizing,
resuspending with appropriate medium and counting the cells, the indicated volume of cell
suspension was transferred in 6 well plate wells. Cells were incubated at 37°C and 5 % CO;
atmosphere for 5 days. Ensuing the growth medium was aspirated, cells were washed with
sterile PBS and then fixed with fixative solution for 15 min. After rinsing the plate twice with
sterile PBS, the B-galactosidase staining solution was added and the 6 well plate was incubated
in a dry incubator without C0O; at 37°C overnight. While the R-galactosidase staining solution
was still on the plate, it was investigated whether the development of a blue coloration could
be detected. The blue colored cells were counted under magnification by a light microscope
and proportioned to the total number of cells. For long-term storage, the staining solution

was aspirated, 70 % glycerol overlaid and stored at 4°C.

5.2 Methods of nucleic acids analyses

5.2.1 RNA isolation

For RNA isolation first of all, cells grown in a monolayer were washed twice with PBS and
500 pl TRIzol reagent per 6 cm dish was directly added to lyse the cells. Then cells were
scraped off the plate with a cell scraper and the cell suspension was transferred to an
Eppendorf tube after first homogenization by pipetting up and down. After an incubation for
5 min at room temperature, 200 pl of chloroform was added, the tube was shaken vigorously
for 15 secs and incubated again for 3 min at room temperature. Thereafter the sample was

centrifuged at 13000 rpm for 15 min at 4°C, the clear RNA containing phase was translocated
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into a new Eppendorf tube and 250 ul isopropanol 70 % was added to precipitate RNA. The
gently mixed suspension was incubated for 15 min at room temperature and centrifuged at
13000 rpm for 15 min at 4°C. Afterwards the supernatant was removed and the pellet was
washed with 1 ml ethanol 75 % by centrifugation at 12000 rpom for 5 min at 4°C. The
supernatant was again discarded completely and the RNA pellet was air dried for 10 min at
room temperature. To solubilize the RNA pellet, it was resuspended in 20 pl DEPC-H,0 by
pipetting up and down and afterwards heated to 55°C for 10 min. Concentration and purity of
isolated RNA were determined using a photometer, measuring the absorbance at 260 nm and

280 nm. RNA was stored at -80°C.

5.2.2 cDNA synthesis

For cDNA synthesis, RNA was transcribed to cDNA by using the enzyme SuperScript Il Reverse
Transcriptase. Therefor 1 ug RNA was mixed with 1 ul Random Hexamer (50 uM) and filled up
to 5 ul with nuclease free H;0. This mixture was heated to 70°C for 5 min in a thermocycler to
denature the template and subsequently incubated on ice for 5 min. Afterwards the reverse
transcriptase mix (Table 41) was added to the RNA solution and cDNA synthesis was started
in the thermocycler at 25°C for 5 min and operated at 42°C for 60 min. Finally, reverse
transcriptase was inactivated by heating to 70°C for 15 min and the reaction was stopped by

cooling down to 4°C. The cDNA was stored at -20°C.

Table 41: Mixture with reverse transcriptase for cDNA synthesis

Reverse transcriptase mix

4 ul 5x First Strand Buffer

2pul DTT (0.1 M)

1l dNTPs (10 mM)

1l SuperScript Il Reverse Transcriptase

ad 15 pl  Nuclease free H;0
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5.2.3 Quantitative real-time polymerase chain reaction (QRT-PCR)

Amplification and quantification of nucleic acids was performed by quantitative real-time
polymerase chain reaction (qRT-PCR). For this purpose, 14 ul of the qRT-PCR mix (Table 42)
containing the target gene primers to be examined (Table 5) were placed in each required well
of a 96 well plate. 6 ul cDNA in a dilution of 1:10 for respective target genes and 6 pl cDNA in
a dilution of 1:100 for the endogenous housekeeping control gene 18S were added to the gRT-

PCR mix in the multiwell plate.

Table 42: Primer mix for qRT-PCR

gRT-PCR mix

10 ul LightCycler® 480 SYBR Green | Master

1l Primer forward (10 uM)

1l Primer reverse (10 uM)

ad 14 pl  Nuclease free H,0

The gRT-PCR was performed with the LightCycler® 480 Il according to the temperature

program listed below (Table 43).

Table 43: Temperature program used for gRT-PCR

Step Temperature Time Cycles

Preincubation 42°C 300 sec 1
Denaturation 95°C 10 sec

Amplification 55°C 10 sec 50
Elongation 72°C 10 sec
95°C 30 sec

Melting curve 60°C 60 sec 1

analysis

95°C 10 sec

Cooling 4°C 30 sec 1
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Measurements were analyzed by the LightCycler® 480 Il Software. Gene expression was
normalized to the endogenous housekeeping gene 18S, which is not significantly changed
under different experimental conditions. The relative expression of the genes was calculated

by the AACT method.

5.2.4 Microarray analysis

DNA GeneChip Array analysis was performed by isolating total cellular RNA from stable shRNA
and shDLC1 expressing HepG2. Therefore, the RNaesy Mini Kit was used according to the
manufacturer’s instruction. Next, for synthesizing sense-strand cDNA from total RNA the
Ambion WT Expression Kit was used, which allows specific priming of non-ribosomal RNA.
After fragmenting the sense-strand cDNA, it was biotin-labelled by Affymetrix GeneChip® WT
Terminal Labelling Kit according to the manufacturer’s instruction. Hybridization was
performed by incubation of the fragmented cRNA on the Human Gene 1.0 ST array at 45°C for
17 h. On a microfluidic workstation the array was washed and stained by streptavidin-
phycoerythrin solution and finally scanned by a laser scanner (Affymetrix). Analysis of gene

expression profiling was done using Partek Microarray Analysis software.

5.2.5 Transformation of DNA into competent E. coli DH5alpha bacteria

Transformation of DNA was performed via heat shock method. Therefore, an aliquot of
competent bacteria stored at -80°C was thawed on ice for 15 min. Next, 50 ul of the bacteria
suspension was pipetted into a cooled Eppendorf tube and 1 pl of DNA plasmid was added.
This mixture was incubated for 30 min on ice while snapping the tube every 5 min. Afterwards,
to initiate the DNA uptake, the heat shock was carried out by slewing the tube in a 42°C water
bath for exactly 90 secs and then immediately cooling down on ice for 2 min. 900 pl
prewarmed LB medium was added to the suspension, everything was transferred into a tube
with ventilation cap and incubated at 150 rom and 37°C for 1 h. Thereafter 150 ul of this
bacteria suspension was distributed on agar plates containing the appropriate antibiotic for
selection. Finally, to allow the colonies to grow, the plates were incubated at 37°C overnight.

Until use, the plates could be stored at 4°C for a week, sealed with parafilm.
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5.2.6 Midi scale plasmid preparation

For plasmid preparation 50 ml LB medium, containing 50 pl of the respective selection
antibiotic, was prepared in a sterile Erlenmeyer flask. A single bacterial colony grown on an
agar plate was picked up with a sterile pipette tip, transferred into the Erlenmeyer flask and
incubated at 37°C overnight with gentle agitation. Next day the plasmid DNA isolation was
performed by using the GenElute™ HP Plasmid Midiprep Kit according to the manufacturer’s
instructions. Therefore, the bacterial suspension was centrifuged at 3500 rpm for 10 min at
4°C, the supernatant was discarded and the pellet was resuspended, lysed and neutralized
with respective solutions relating to the kit. In the following the suspension was put on the
prewashed binding column, washed and then eluted with 800 ul elution solution. Finally, the

plasmid DNA was relocated into a new Eppendorf tube on ice and stored at -20°C.

5.3 Methods of protein analyses

5.3.1 Protein isolation

Adherent cells, grown in a monolayer on a 6 cm plate, were aspirated of old medium and
washed twice with 2 ml ice cold PBS. For harvesting the cells, the cell density appropriate
volume of Kralewski lysis buffer, supplemented with protease inhibitor cocktail (PI) 1:100,
dithiothreitol (DTT) 1:250 and phenylmethylsulfonyl fluoride (PMSF) 1:500, was added.
Subsequently the cells were scraped with a cell scraper, transferred to an Eppendorf tube and
incubated on ice for 15 min to lyse. Afterwards the lysed cells were pelleted by centrifugation
at 12.700 rpm and 4°C for 15 min and finally the clear supernatant containing the proteins was

transferred to a new Eppendorf tube. Isolated proteins were stored at -20°C.

5.3.2 Measurement of total protein concentration

Measurement of protein concentration was determined by Bradford protein assay. Therefore
2 ul of the relevant cell lysates or Kralewski buffer as control were diluted in 1000 pl of
1x Roti®-Quant Bradford reagent, which was used according to the manufacturer’s
instruction. The solutions were mixed thoroughly and incubated for 10 min at room

temperature. Finally, for analyzing the protein concentration, the mixtures were transferred
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into UV-transparent cuvettes and the absorbance was measured at 595 nm by
BioPhotometer. Usually an amount of 10-40 ug of protein was calculated and applied for

immunoblot analysis.

5.3.3 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

Proteins were separated according to their molecular weight and electrophoretic mobility in
an electric field by SDS-PAGE. Firstly, the indicated amount of cell lysates was mixed with % of
the volume of 4x Laemmli SDS sample buffer and boiled at 95°C for 10 min to denature the
proteins. After centrifugation at 12.000 rpm for 1 min, the samples and a molecular weight
marker were loaded onto a polyacrylamide gel with respective separation capacity regulated
by the polyacrylamide content used (Table 18, Table 35). Previously, the polymerized gel was
placed in the appropriated electrophoresis apparatus that was filled up with running buffer.
Following, the protein separation was done by electrophoresis run at a constant voltage of

100 V for around 1:50 h until the dye front almost reached the end of the running gel.

5.3.4 Immunoblotting

After separating the proteins by gel electrophoresis, the proteins were transferred from SDS
gel to a polyvinylidene fluoride (PVDF) membrane. First of all, the PVDF membrane was
activated in 100 % methanol and equilibrated for 5 min with gentle shaking in transfer buffer.
Immunoblot was performed by using the wet blotting method. For this purpose, the blotting
chamber was filled up with blotting buffer and cooled with ice, while a constant current of
350 mA for 1:15 h ensured that proteins were completely blotted onto the membrane.
Afterwards the PVDF membrane was blocked in 5 % milk powder in tris-buffered saline with
Tween 20 (TBS-T, Table 27) for 1 h at room temperature and gently shaken to prevent
unspecific bindings. The primary antibody (Table 8), appropriately diluted in 10 ml TBS-T
containing 5% bovine serum albumin (BSA) and 0.1 % sodium azide, was added to the
membrane after it was washed three times with TBS-T for 5 min. Then the membrane was
incubated with the specific antibody overnight at 4°C with gentle agitation. The next day, the

membrane was washed three times with TBS-T for 15 min, thereafter incubated with the
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secondary antibody (Table 9) for 1 h at room temperature and washed again three times with
TBS-T for 5 min. Subsequently the TBS-T was removed and the membrane was swivelled in
TBS for 5 min. To detect the protein bands, the membrane was incubated with 1.5 ml of each
Biorad detection reagent for 3 min. Finally, to visualize the protein bands, the

chemiluminescence was performed at the luminescent imager ChemiDoc.

5.3.5 Agarose gel electrophoresis

Agarose gel electrophoresis was used to separate DNA fragments by size in an electric field.
To produce an agarose gel, 1.5 g agarose was dissolved in 150 ml 1x tris-acetate-EDTA buffer
(1x TAE-buffer, Table 20) in an Erlenmeyer flask. Gel-solution was boiled in a microwave until
all streaks had disappeared, then transferred into the electrophoresis chamber, 7.5 ul Roti®-
Safe GelStain was added and the curing of the gel was awaited. Thereafter the apparatus was
filled with 1x TAE buffer and both 1 pg of DNA and appropriate ladder were mixed with an
adequate amount of 6x DNA loading dye and pipetted into the slots. The gel run was
performed at a constant voltage of 100 V for 1 h. For imaging the DNA bands, the agarose gel

was photographed with the Infinity gel documentation imager.

5.3.6 Chromatin immunoprecipitation (ChlP)

Chromatin immunoprecipitation (ChIP) assays were used to evaluate protein-DNA
interactions in nucleus. 30 X 10° cells per ChIP were seeded in cell culture flasks and incubated
at 37°Cand 5 % CO, atmosphere. For cross-linking of protein and associated chromatin, 16 %
methanol-free formaldehyde was added directly to growth medium on the cells to a final
concentration of 1 % for 7.5 min. Afterwards sterile glycine in a total concentration of 0.125 M
was used for quenching for 5 min at room temperature. Cells were detached and transferred
to 50 ml falcon tubes, pelleted by centrifugation at 1000 g and 4°C for 5 min and washed twice
with cold PBS. Lysis of the cells was carried out by incubation with Farnham lysis buffer (Table
23) on ice for 10 min. After washings with PBS and lysis buffer (Table 23), lysates were
sonicated six times for respectively 1 min to generate DNA fragments of 200-2000 bp, which

were controlled via agarose gel electrophoresis. Following, 100 pg of the sheared chromatin

87



Methods

was immunoprecipitated with 15 pg anti-MKL1 or anti-lgG as control overnight at 4°C with
continuous slow rotation. Prior each antibody was coupled to 50 ul Dynabeads Protein G per
IP by rotating for 30 min at room temperature. Additionally, 1 % of the used, sonicated
chromatin was set aside without antibody as input. Next day the immune complexes were
washed with lithium chloride buffer (LiCl buffer, Table 23) and Tris-EDTA buffer (TE-buffer,
Table 23) and DNA was eluted in input and ChIP samples by shaking vigorously with elution
buffer (Table 23) and heating to 70°C for 10 min. DNA was purified using the MinElute PCR
Purification Kit according to the manufacturer’s instruction. QRT-PCR was performed with
specific primers for target gene promoters (Table 6) and the evaluation was made according

to the % input method.

5.3.7 RhoA activation assay

Immunoprecipitation (IP) of the GTP-bound form of RhoA was used to determine active, GTP-
bound RhoA levels. Therefore, cells were plated out in a 10 cm plate, incubated at 37°C and
5 % CO; atmosphere and should have reached a confluence of 80-90 % by harvest time. Cells
were serum-starved for 16 h and stimulated with 10 um lysophosphatidic acid (LPA) for
exactly 2 min to activate RhoA. Immediately, cells were washed twice with 5 ml ice cold PBS
and lysed in 500 pl lysis buffer (Table 25) on ice for 45 min, after being scraped from dishes
and transferred to Eppendorf tubes. Lysates were pelleted by centrifugation at 12.000 rpm at
4°Cfor 15 min, supernatant was removed to a new Eppendorf tube onice and the total protein
content was calculated by measuring absorbance at 595 nm. For determination of total
cellular RhoA levels, 20 ug protein amount was used and mixed with % of the volume of 4x
Laemmli SDS sample buffer. To perform the IP, 500 ug protein was incubated with 1 ul anti
active RhoA mouse antibody by rotating head-over-end at 4°C overnight. To generate a
negative beads-only control, another equally volume of the sample was treated in parallel,
but no antibody was added. The next day, 50 pl ProteinG-Sepharose beads were mixed with
50 ul IP washing buffer (Table 25), washed three times with ice cold IP washing buffer, added
to the lysates and incubated by slowly rotating head-over-end at 4°C for 3 h. Afterwards the
supernatant was discarded and to dissolve the proteins from the Sepharose beads, 15 ul 4x

Laemmli was added, shaken vigorously and boiled at 95°C for 3 min. After spinning down by
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centrifugation at 12.700 rpm for 30 secs, the supernatant as well as the lysates for total
cellular RhoA levels were loaded onto a 12 % polyacrylamide gel and SDS-PAGE followed by
immunoblotting was performed. Analysis of immunoblot was done by using the anti-RhoA

polyclonal antibody and detection of the protein bands via ChemiDoc.

5.3.8 Immunofluorescence

Cells were seeded and grown on glass coverslips placed in 6 well plates. For immunostaining,
cells were first washed three times with 2 ml PBS, fixed in 4 % paraformaldehyde (PFA) for
10 min at room temperature, washed again three times with PBS and permeabilized with
0.1 % TritonX-100 in PBS for 7 min (in case of HepG2 for 10 min). In a next step coverslips were
washed again three times with PBS, 2 ml of 1 % BSA in PBS was added and incubated at 37°C
for 1 h to block nonspecific binding sites. Further cells were incubated with the primary
antibody (usually 1:100 dilutions in PBS) at room temperature for 1 h, washed three times
with PBS and then incubated with fluorescently labelled ALEXA conjugated secondary
antibody (1:500 dilutions in PBS) at room temperature for 1 h in the dark. F-actin staining was
performed by using Phallotoxin A555 diluted 1:250 in PBS at room temperature for 20 min in
the dark. For nuclei staining, the cells on coverslips were incubated with 4’6-diamidion-2-
phenylindole (DAPI) diluted 1:1000 in PBS at room temperature for 30 min also in the dark.
After last staining step, the cell-coated coverslips were washed three times with PBS,
embedded with mounting medium Fluoromount® and placed on slides. After drying,
coverslips were sealed with nail polish and stored at 4°C in the dark until images were taken

at the confocal microscope.

5.3.9 Proximity ligation assay by Duolink®

Proximity ligation assay was performed using the Duolink® kit according to the manufacturer’s
instructions to investigate whether two proteins interact with each other. For this purpose,
cells were seeded and grown in a 1 cm? ring drawn with a grease pencil on glass coverslip in 6
well plates to delimit the reaction area. Before starting the Duolink® kit, cells were washed

three times with PBS, fixed in 4 % paraformaldehyde (PFA) for 10 min at room temperature,
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washed again three times with PBS, and permeabilized with 0.1 % TritonX-100 in PBS for 7 min
(in case of HepG2 for 10 min). For blocking, one drop of Blocking Solution included in the kit
was added to the reaction area of the glass coverslip and the 6 well plate was incubated in a
humidity chamber for 30 min at 37°C. After removing the Blocking Solution, the coverslips
were incubated with the primary antibody, diluted in Antibody Diluent 1:100, at 37°C for 1 h.
Samples were washed twice with 1x wash buffer A (Table 24) for 5 min with gentle shaking,
then the respectively PLA probe, diluted in Antibody Diluent 1:5, was added and the coverslips
were incubated again at 37°C for 1 h. After removing the unlinked PLA probes by washing the
cells twice with 1x wash buffer A for 5 min, ligation was started by adding diluted Ligase (1:40)
and incubated at 37°C for 30 min. To continue with amplification, the coverslips were washed
twice with 1x wash buffer A for 2 min under gentle agitation, the polymerase diluted 1:80 was
added onto reaction area and plate was incubated at 37°C for 100 min in the dark.
Subsequently, the coverslips were washed twice with 1x wash buffer A for 10 min and with
1x wash buffer B (Table 24) for 1 min with cautious shaking in the dark. After drying the
coverslips, the cells were mounted with Duolink® In Situ Mounting Medium already containing
DAPI. Finally, the coverslips were placed on slides and sealed with nail polish. Slides were

stored at -20°C in the dark until images were taken at the confocal microscope.

5.3.10 Determination of the F-actin to G-actin ratio

Cells were cultured as adherent monolayers in 6 cm cell culture dishes at 37°C and 5 % CO;
atmosphere. For determination of the F-actin to G-actin ratio the cell fractionation was
performed on the plate. The plate to be harvested was put on ice and washed two times with
2 ml ice cold PBS. Subsequently, 1000 pl lysis buffer (Table 26) was added and plate was
shaken gently for 2 min at room temperature. The supernatant, Triton-soluble and containing
the G-actin fraction, was carefully removed directly into 2-4 x SDS loading buffer. Thereafter,
another 1000 ul of lysis buffer was pipetted onto the plate, the Triton-insoluble fraction
containing the F-actin fraction was scraped off the plate by a cell scraper and transferred into
a further tube containing 2-4 x SDS loading buffer. The cytoskeletal fraction was sonicated for

10 secs to shear the DNA. The samples were boiled at 95°C for 10 min and further loaded on
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a 10 % polyacrylamide gel for SDS-PAGE and immunoblotting. Finally, protein bands were

analyzed and quantified by the ImagelLab Software of BioRad®.

5.4 Chorio-allantoic-membrane assay (CAM assay)

5.4.1 General implementation of CAM assay

Using fertilized chicken eggs, the chorio-allantoic membrane (CAM) assay enabled the in vivo
investigation of tumor cell growth, migration, and invasion ability. It has been performed as
described in literature by Ribatti (Ribatti 2014, 2017). For the on ovo experiment, specific
pathogen free (SPE) eggs were bred in a 70-80 % humidity chamber at 37°C. On the 8th day of
embryo development, a window of approximately 1-2 cm? was cut into the flatter pole of the
chicken’s eggshell and subsequently sealed by silk tape. Eggs were incubated for another day
and ensuing 1x 108 cells in 20 pl medium, embedded in 20 pl Matrigel (Corning® Matrigel®
Basement Membrane Matrix), were placed on the chicken embryos CAM. Breeding of the eggs
was continued until day 14 of embryo development. Thereafter the grown micro-tumors with
their surrounding CAM were isolated, fixed in 4 % PFA for 24 h and embedded in paraffin. In
parallel, some tumor pellets were removed without CAM and frozen in liquid nitrogen for later
RNA or protein isolation. Embryos were decapitated, liver, heart and brain extracted and
frozen in liquid nitrogen. Previously volume of tumor pellet was determined by using a
mathematical formula for ellipse calculation: tumor volume = pellet length * width *

height * 0.52 (Feldman et al. 2009).

5.4.2 RNA, DNA and protein isolation of CAM tumors

RNA, DNA and proteins were isolated parallel by AllPrep® DNA/RNA/Protein Mini Kit of
Qiagen. First of all, tumor samples were thawed on ice and RPE lysis Buffer included in the kit
was added. To homogenize the lysate, the tip of the TissueRuptor® was placed in the
Eppendorf tube with the tumor pellet suspension and operated at full speed (usually 30 secs)
until the lysate was homogenous. In the following, RNA, DNA and proteins were successively

isolated, purified and highly concentrated via columns according to the manufacturer’s
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instruction. DNA and protein samples were stored at -20°C and RNA samples at -80°C until

further use.

5.4.3 Immunohistochemistry (IHC) of CAM tumors

Formalin-fixed and paraffin-embedded sections (1-3 um) of excised CAM tumors were
deparaffinized with xylene. Afterwards sections were rehydrated with graded ethanol
according to standard procedures. Validated immunohistochemistry (IHC) protocols
established at the Institute of Pathology of FAU Erlangen were applied for hematoxylin and
eosin (HE), Ki67 and p16'N*42 staining. For this purpose, an IHC automat “Ventana BenchMark
Ultra instrument” (Ventana Medical Systems, part of Roche Diagnostics, Oro Valley, Arizona,
USA) and detection kit “UltraView Universal DAB Detection Kit“ (Ventana Medical Systems,
part of Roche Diagnostics, Oro Valley, Arizona, USA) were used according to the
manufacturer’s instructions. TSPAN5, MKL1, and H3K9me3 were stained manually. For
antigen-specific heat-induced antigen retrieval, endogenous peroxidases were first blocked,
slides were incubated with the primary antibody (Table 14) overnight at RT and then incubated
with the biotinylated secondary antibody. Sections were detected with VECTASTAIN® Elite®
ABC Kit (Vector Laboratories, Burlingame, CA, USA) and DAB substrate (Dako, part of Agilent,

Santa Clara, CA, USA) and counterstained with hematoxylin.

5.4.4 Scanning of IHC sections

Prepared and stained IHC sections of CAM tumors were scanned by anoramic MIDI system
(Camera type: CIS VCCFC60FR19CL; objective: Plan-Apochromat; magnification: 40x; Camera
adapter (PanoramicMidi and Panoramic Flash 250, 3D-Histech) magnification: x1, 3DHISTECH,
Budapest Hungary). The scans were viewed and analyzed using CaseViewer software

(3DHISTECH, Budapest, Hungary).
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5.5 Subcutaneous tumor xenograft

The subcutaneous tumor xenograft model to study the in vivo effects of TSPAN5 knockdown
by systemic injection of siRNA complexed with polyethylenimine (PEI) was performed as
previously described (Aigner 2006; Borchardt et al. 2019; Borchardt et al. 2021; Hampl et al.
2013; Ibrahim et al. 2011; Schéfer et al. 2010). The experiments were approved by the local
authorities (Landesdirektion Sachsen), performed in accordance with the EU Directive
2010/63/EU for animal experiments and the national regulations, and complied with the
ARRIVE guidelines. Athymic nude mice (Crl:CD1-Foxnlnu, Charles River Laboratories, Sulzfeld,
Germany) were kept under special pathogen free conditions in cages with rodent chow and
with unrestricted access to water (ssniff, Soest, Germany). In both flanks of 6-week-old female
mice, 2*10° HuH7 cells in 150 pl PBS were injected subcutaneously to generate tumors. After
solid tumors had formed after 2.5 weeks, the mice were randomized into control and
treatment group with 6 animals per group. Mice were intraperitoneally (i.p.) injected with PEI
F25-LMW/siRNA complexes containing 10 pg nonspecific or specific siRNA in 150 ul HN buffer
3x per week. Tumor volume has measured daily and calculated according to the formula
length * width * width/2. By day 10, some of the tumors were already so large that the
experiment had to be terminated. The mice were sacrificed, the tumors were excised and

subsequently shock frozen in liquid nitrogen for subsequent RNA and protein preparation.

5.6 Statistical analysis

Unless otherwise indicated, data were analyzed from at least three independent experiments
and expressed as mean + standard deviation (SD). All statistical analyses among two groups
were accomplished by using Student’s unpaired t-test and among three or more groups by

using One Way Anova test. P-values are *p<0.05, **p<0.01, ***p<0.001.

5.7 Software and databases

GraphPad Prism® (GraphPad Software, La Jolla, CA, USA) was used for calculations and
statistical analysis. Imagelab® BioRad (Imagelab Software, Bio-Rad Laboratories, Inc.,

Hercules, CA, USA) was used to evaluate and quantify the Western blot detections. Research
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publications were retrieved from the online database NCBI PubMed

(http://www.ncbi.mIm.nih.gov/pubmed) and managed with Citavi 6.0.
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6 Results

6.1 Novel target genes induced by DLC1 loss in HCC

6.1.1 Gene expression profiling identifies genes induced by DLC1 loss

To identify novel gene targets induced by DLC1 loss, microarray experiments using Affymetrix
oligonucleotide arrays in HepG2 transduced with DLC1 shRNA were performed by C.
Mittermeier. The top 5 genes from the list of genes that were upregulated in HepG2 DLC1
knockdown cells were selected and thus Versican (VCAN), Tetraspanin 5 (TSPAN5), Meprin 1A
(MEP1A), Histon cluster 1 H2B family member K (HIST1H2BK) and N-Cadherin (CDH2) were
identified (Table 44).

Table 44: Selected top 5 genes that were upregulated in performed microarray experiments after DLC1 loss

Gene Symbol (HepG2 szﬁi\hgtﬁi vs. ctrl)

VCAN 6.32 0.001515
TSPANS 4.96 0.001795
MEP1A 4.16 0.002295

HIST1H2BK 3.24 0.003902

CDH2 3.21 0.00091

The upregulation of the DLC1 dependent genes in the HepG2 shDLC1 were already verified by
gRT-PCR.

6.1.2 Validation of gene expression profiling via transient knockdown of DLC1

6.1.2.1 Transient knockdown of DLC1 in HepG2 cells

First aim of this thesis was the further validation of an already performed and basically
validated microarray. By transfecting HepG2 HCC cells with DLC1 siRNA, we obtained a
knockdown efficiency of about 75 % after 48 h. We determined the mRNA expression of the

newly identified target genes after 48 h, 72 h and 96 h. As a result, we could show that in
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HepG2 cells with transient knockdown of DLC1, CDH2 was most overexpressed after 48 h,

TSPANS after 72 h and VCAN, MEP1A and HIST1H2KB after 96 h (Figure 12).
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Figure 12: DLC1 knockdown efficiency and DLC1 dependent target gene expression in HepG2 cells. mRNA
expression of the indicated target genes in HepG2 cells either expressing control siRNA (sictrl) or DLC1 siRNA
(siDLC1) (CDH2 after 48 h, TSPANS after 72 h and VCAN, MEP1A and HIST1H2KB after 96 h) as well as knockdown
efficiency of DLC1 after 48 h were measured by qRT-PCR. Values are mean + SD (n=3); *p<0.05, **p<0.01,
**%*p<0.001.

On protein level, loss of DLC1 after RNA interference and consequent overexpression of VCAN,

TSPANS5, and CDH2 were confirmed (Figure 13).

380 kDa| ™ s |(VCAN 36 kDa TSPAN5 140kDa| # % ssssss |CDH2

123kDa| (N DLC1 123 kDa| s s DLC1 123 kDa| s DLC1

90 kDa| e S | HSPO() 90 kDa| s W |HSP90 90 kDa| SN SN | SPO0

sictrl siDLC1 sictrl siDLC1 sictrl siDLC1

Figure 13: Protein overexpression of DLC1 dependent target genes in HepG2 cells. Inmunoblotting of lysates
of HepG2 cells either expressing control siRNA (sictrl) or TSPAN5 siRNA (siTSPAN5) with anti-Versican, anti-n-
Cadherin, anti-Tetraspanin5 and anti-HSP90 antibody. Lysates were prepared 96 h after siRNA transfection. The
blots are representative for three individual experiments.

6.1.2.2 Transient knockdown of DLC1 in Hep3B cells

The same transient knockdown using DLC1 siRNA was performed in Hep3B HCC cells and the

MRNA expression was analyzed at equal intervals (Figure 14). The DLC1 expression was
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reduced by approximately 75 % in the DLC1 knockdown cells compared to the control cells.
The new gene targets TSPAN5, MEP1A and CDH2 were significantly upregulated upon DLC1
loss. TSPANS5 and MEP1A reached the highest upregulation after 96 h, contrary to CDH2, which
was already upregulated after 48 h to 72 h and came down to basic level after 96 h again.
Thereby, we could show that the upregulation of the gene targets like TSPAN5 or MEP1A
determined by microarray analysis is also DLC1 dependent in Hep3B cells. The findings lead to

the conclusion that this dependency is a general finding in HCC cell lines and not only cell line

specific.
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Figure 14: DLC1 knockdown efficiency and target gene upregulation upon DLC1 depletion in Hep3B cells.
Expression of the indicated target genes mRNA in Hep3B cells either expressing control siRNA (sictrl) or DLC1
siRNA (siDLC1) was measured by qRT-PCR. Statistical analysis was performed using one-way ANOVA, followed by
Tukey’s multiple comparison test. Values are mean + SD (n=3); *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
SD of the 48 h, 72 h and 96 h value is always in comparison to the control value.

Analogous to HepG2 cells, protein levels of VCAN, TSPAN5, and CDH2 were each increased in
Hep3B cells after DLC1 loss for 96 h (Figure 15).
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Figure 15: Protein overexpression of DLC1 dependent target genes in HepG2 cells. Immunoblotting of lysates
of HepG2 cells either expressing control siRNA (sictrl) or TSPAN5 siRNA (siTSPAN5) with anti-Versican, anti-n-
Cadherin, anti-Tetraspanin 5 and anti-HSP90 antibody. Lysates were prepared 96 h after siRNA transfection. The
blots are representative for three individual experiments.

6.2 MKL1, FLNA and SRF dependence of novel gene targets

6.2.1 MKL1 and FLNA dependence of the newly identified gene targets

We next investigated whether silencing MKL1/2 or Filamin A (FLNA) expression prevents
upregulation of the genes identified by DLC1 loss. Therefore, HepG2 cells were transfected on
the one hand only with DLC1 siRNA and on the other hand with DLC1 siRNA and MKL1/2 or
FLNA siRNA. Hereby we could show that the knockdown-mediated upregulation of VCAN,
TSPAN5 and CDH2 was significantly impaired by additional MKL1/2 siRNA and FLNA siRNA

transfection (Figure 16).
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Figure 16: MKL1/2 and FLNA dependence of newly identified target genes upon DLC1 loss. mRNA expression
of TSPANS5, VCAN and CDH2 in HepG2 cells, after transfection with control siRNA (sictrl), DLC1 siRNA (siDLC1) and
the combination of DLC1 siRNA and MKL1/2 siRNA (siDLC1 + siMKL1/2) or the combination of DLC1 siRNA and
FLNA siRNA (siDLC1 + siFLNA) was assessed by qRT-PCR. The respective gene specific primers were used and
normalization to the 18S was rRNA carried out. Statistical analysis was performed using one-way ANOVA,
followed by Tukey’s multiple comparison test. Values are mean * SD (n=3); **p<0.01, ***p<0.001.
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To validate the assumption of MKL1 and FLNA dependence of the newly found gene targets
VCAN, TSPAN5, and CDH2, we performed a chromatin immunoprecipitation (ChlP) assay. For
this purpose, we used FLNA positive A7 cells and FLNA negative M2 cells. To activate the co-
transcription factor MKL1 and recruit at the transcription factor SRF, we stimulated the cells
exactly for 20 min in 20% FBS. To directly analyze the recruitment of MKL1 for the VCAN,
TSPAN5 and CDH2 promoters, we performed an MKL1 pulldown on the one hand and
additionally an IgG pulldown as a control. We were able to amplify the VCAN, TSPAN5 and
CDH2 promoters from MKL1 immunoprecipitates in A7 cells, but not from IgG
immunoprecipitates. Additionally, the VCAN, TSPAN5 and CDH2 promoters were enriched
only in FLNA-positive (A7) cells, but not in FLNA negative (M2) cells (Figure 17). Based on this
experiment we could demonstrate the direct recruitment of MKL1 to the promoters of VCAN,
TSPAN5 and CDH2 and therefore the direct transcriptional regulation of the newly identified
gene targets upon DLC1 loss. Further, we revealed that the presence of FLNA is indispensable

for this process.
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Figure 17: MKL1 recruitment to the VCAN, TSPAN5 and CDH2 promoters. For ChIP assay, A7 and M2 cells were
stimulated with 20 % FBS for 20 min, crosslinked with formaldehyde, and quenched with glycine. Finally, the
sheared chromatin was immunoprecipitated with a specific MKL1- or IgG-antibody. For qRT-PCR analysis
respectively primers for VCAN, TSPAN5 and CDH2 promotors were used. Values are mean + SD (n=3); *p<0.05,
**p<0.01.
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6.2.2 MKL1 dependence in DLC1 deficient cell line

Furthermore, we were interested in the extent to which the expression of the newly identified
target genes can be regulated by MKL1 alone without primary DLC1 effects. Therefore, we
used DLC1 deficient HCC cell line HuH7 and performed MKL1 knockdown and overexpression
experiments. The knockdown efficiency of MKL1 was about 80 %, with the additional
transfection of the constitutively active MKL1IN100 variant we reached basic level of MKL1
MRNA expression again. By overexpressing MKL1IN100, we were able to increase MKL1 levels
100-fold (Figure 18). After transient MKL1/2 knockdown via siRNA interference, we
demonstrated significant downregulation of newly identified target genes using TSPANS or
VCAN as examples (Figure 18). The combination of transfecting firstly siMKL1/2 and
afterwards MKLIN100 for reconstitution resulted in recovery of gene expression. We
detected a strong upregulation of TSPAN5 after MKL1 overexpression via MKL1IN100 plasmid
transfection. The already known MKL1/2 target gene SM22 behaved analogously as a positive

control.
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Figure 18: MKL1 dependence of novel target genes compared with known MKL1 dependent target gene SM22.
Expression of MKL1, SM22, TSPANS5 and VCAN mRNA in HuH7 cells after MKL1/2 knockdown via RNA interference
alone, a followed reconstitution of MKL1IN100 and overexpression of MKL1IN100 alone, determined by qRT-PCR.
The appropriate gene specific primers were used and normalized to 18S primers. Statistical analysis was
performed using one-way ANOVA, followed by Tukey’s multiple comparison test. Values are mean + SD (n=3);
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

6.2.3 SRF dependence of newly identified target genes in HCC cells

Next, we sought to investigate whether there is a SRF dependency besides the MKL1
dependency. For this reason, we used HuH7 cells and transfected them with SRF siRNA for
48 h and achieved a knockdown efficiency of 80 %. Thereby we could show evidence, that the
mMRNA expression of the novel target genes like TSPAN5, VCAN or CDH2 has clearly decreased
after silencing SRF gene (Figure 19).
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Figure 19: SRF dependence of novel target genes. mRNA expression of SRF and novel target genes in HuH7 cells
either expressing control siRNA (sictrl) or SRF siRNA (siSRF) was measured by gRT-PCR using the respective gene
specific primers and normalizing to 18S. Values are mean £ SD (n=3); *p<0.05, ***p<0.001, ****p<0.0001.

6.3 Regulation of the target gene TSPANS upon inhibitor or stimulant treatment

After pointing out the MKI1/2 and SRF dependency of the newly found target gene TSPANS,
we were interested in whether we could modify the expression level of TSPAN5 by affecting
the MKL1/2 signal pathway. Since translocation of MKL1 into the nucleus and thus the
activation of MKI1 and SRF is triggered via the RhoA signaling pathway, in our next experiment
we wanted to investigate to what extent therefor known inhibitors or stimulants influence the

TSPANS protein levels (Miralles et al. 2003; Muehlich et al. 2008).

6.3.1 Inhibition of TSPANS5 expression upon Latrunculin B und Y-27632 treatment

The extracellular inhibitor Latrunculin B (LatB) tested by us is known as an inhibitor of actin
polymerization and prevents filamentous F-actin polymerization from monomeric G-actin by
binding to G-actin monomers (Yarmola et al, 2000). Another inhibitor whose role on TSPAN5
expression we analyzed was Y-27632, which inhibits the Rho associated protein kinase (Rock).
We found out that upon LatB and Y-27632 treatment of HuH7 cells, the protein levels of

TSPANS were reduced compared to the negative control sample (Figure 20).
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Figure 20: Downregulation of TSPAN5 upon LatB and Y-27632 treatment. Protein level of TSPAN5 was analyzed
in lysates of HUH7 cells treated with 0.3 uM LatB (+LatB), 10 uM Y-27632 (+y-27632) or DMSO as control (ctrl)
for 45 min each. Equal amounts of total protein were immunoblotted with anti-TSPAN5 antibody and anti-HSP90
antibody was used as loading control. The blots are representative for three individual experiments.

6.3.2 Stimulation of TSPANS protein level upon LPA treatment

Contrary to inhibitors inducing downregulation of TSPAN5 levels, we next assessed to what
extent substances stimulating the RhoA/actin signal axis can increase the TSPAN5 protein
levels. To this end, we treated initially serum-starved HepG2 cells for 2 h with lysophosphatidic
acid (LPA), which is an active component of serum and stimulates the RhoA/actin pathway.
LPA is a potent signaling molecule that is involved in many cellular processes and regarding to
the RhoA/actin signaling pathway it enhances the actin polymerization into F-actin filaments
(Lin et al. 2010; Muehlich et al. 2004). In this experiment, HepG2 cells were used because their
DLC1 expression negatively regulates RhoA activity. We could demonstrate an upregulation

of TSPAN5 expression upon LPA treatment in HepG2 cells (Figure 21).
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Figure 21: Upregulation of TSPAN5 protein level upon LPA treatment. HepG2 cells were serum-starved for 16 h
and subsequently stimulated with either 10 uM LPA (+LPA) or PBS as control (ctrl) for 2 h. Afterwards HepG2 cell
lysates were purified and same amounts of total protein content were immunoblotted with anti-TSPAN5S
antibody. For loading control anti-HSP90 antibody was used. The blots are representative for three individual
experiments.

The results of this chapter proof evidence that the TSPAN5 protein expression can be

modulated by activating or inhibiting the RhoA/actin signal axis. This confirms the assumption
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that the TSPANS expression is also MKL1/SRF dependent, making TSPANS itself a MKL1 target

gene.

6.4 Effects of novel target genes on HCC growth and tumorigenesis

Because of the dependency of the novel target genes TSPAN5, VCAN and CDH2 on MKL1, FLNA
and SRF, we were interested in whether the target genes are able to be transducer of MKL1/2
effects on tumorigenic process. So we next investigated the role of the newly identified target
genes for different characteristic tumorigenic properties, like proliferation, migration and

invasion of cells or the ability to form spheroids.

6.4.1 TSPANS is required for proliferation in HCC cells

One essential property of tumor cells is their tremendous proliferation rate. Therefore, a
correlation between proliferation and upregulation of the gene targets upon DLC1 depletion

needs to be investigated.

6.4.1.1 TSPANS5 leads to proliferation arrest in DLC1 deficient cells

To search for the target gene(s) that is responsible for HCC growth, we depleted VCAN,
TSPAN5 and CDH2 by RNA interference in HuH7 cells with an efficiency of 60 %— 80 % (Figure
22A) and performed proliferation assays for 5 days. By monitoring the HCC proliferation rate
we found out that silencing VCAN and CDH2 did not affect HuH7 cell proliferation, but
knockdown of TSPAN5 provoked a strong growth arrest (Figure 22B). Already on the third day
of counting, the difference between the cell number of HuH7 siTSPAN5 cells and the control
cells was significant. In contrast, the numbers of siVCAN and siCDH2 cells were at no time

significantly lower than those of the control cells.
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Figure 22: TSPANS is required for cell proliferation. (A) HuH7 cells were expressing control siRNA (sictrl) or
TSPANS5, CDH2 or VCAN siRNA (siTSPANS5, siCDH2 or siVCAN). Knockdown efficiency of mRNA expression was
determined by gRT-PCR at 48 h after transfection. Therefore, the appropriate rRNA primers and 18S rRNA
primers for normalization were used. (B) Cells were counted daily for 5 days with a Neubauer counting chamber.
Values are mean + SD (n=3); *p<0.05, ***p<0.001.

Furthermore, we were able to reproduce the necessity of TSPANS for proliferation in HuH6
cells, another DLC1 deficient cell line. Transient transfection with TSPANS5 siRNA and counting
of cells was performed analogously to the experimental setup with HuH7 cells. Only about
10 % of the cells expressed TSPAN5 mRNA after siRNA transfection (Figure 23A). Knockdown
of TSPANS was arresting the proliferation rate strongly compared to the uninhibited growth

of the control cells (Figure 23B). From day three a significant growth arrest could be observed.
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Figure 23: TSPAN5 depletion provoked growth arrest in HuH6 cells. (A) HuH6 cells were transfected with
TSPANS siRNA (siTSPAN5) and scrambled RNA for control (sictrl). At 48 h post transfection, knockdown efficiency
was assessed by gRT-PCR using the gene specific primers and 18S primers for normalization. (B) HuH6
proliferation was monitored daily for 5 days by counting with Neubauer counting chamber. Values are mean +
SD (n=3); **p<0.01, ***p<0.001.
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To further validate the proliferation arrest due to TSPANGS loss, we performed the proliferation
assay using an alternative TSPANS siRNA (siTSPAN5_V2) in addition to another cell line. Again,
we observed reasonable knockdown efficiency and strong growth arrest of HuH7 cells with

TSPANS depletion (Figure 24).
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Figure 24: TSPAN5 depletion provokes growth arrest. (A) HuH7 cells were transfected with an alternative
TSPANS5 siRNA (siTSPAN5_V2) and scrambled RNA for control (sictrl). At 48 h post transfection, knockdown
efficiency was assessed by qRT-PCR using the gene specific primers and 18S primers for normalization. (B) HuH7
proliferation was monitored daily for 5 days by counting the cells with Neubauer counting chamber. Values are
mean + SD (n=3); **p<0.01, ***p<0.001.

6.4.1.2 Overexpression of the MKLIN100 mutant attenuates the proliferation arrest

To gain deeper insight into the significance and implications of MKL1 dependence on TSPANS5,
we examined in subsequent experiments whether the proliferation arrest caused by TSPAN5S
loss could be reduced by overexpression of the constitutively active MKL1 variant
(MKLIN100). The MKLIN100 mutant, due to defective actin binding, represents a
permanently active MKL1 variant that cannot be shuttled out of the nucleus and thus
continuously activates SRF. For this purpose, we used HuH7 cells which were transfected with
the plasmid of the MKLIN100 variant or an empty vector after transient TSPAN5 silencing on
the following day. By counting the cells daily, we observed that overexpression of the
constitutively active MKLIN100 variant could not completely abolish the TSPAN5-induced

proliferation arrest, but it mitigated the proliferation rate (Figure 25).
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Figure 25: Overexpression of the constitutively active MKL1 variant (MKL1N100) attenuates the proliferation
arrest. (A) HuH7 cells were first transiently transfected with TSPAN5 siRNA (siTSPAN5) or scrambled siRNA as
control (sictrl) and then subjected to plasmid transfection with MKL1N100 mutant (MKL1N100) or empty vector
(EV) the next day. After 48 h transfection efficiency was assessed by qRT-PCR using the gene specific primers and
18S primers for normalization. (B) HuH7 proliferation was monitored daily for 5 days by counting the cells with
Neubauer counting chamber. Values are mean + SD (n=3); **p<0.01, ***p<0.001.

6.4.1.3 TSPANS is essential in general for proliferation of HCC cell lines

Another point for us was to check whether TSPAN5 depletion also causes a growth arrest in
HCC cells with normal physiological DLC1 expression. In this context we additionally wanted
to find out to what extent DLC1 itself influences the proliferation behavior of the cells.
Therefore, we used HepG2 cells in which TSPAN5 expression was silenced via RNA
interference. In further approaches, DLC1 and also the combination DLC1 and TSPANS5 were
switched off by transfecting appropriate siRNAs. Cells after DLC1 knockdown grew
significantly faster than control cells from day 5 onward (Figure 26). After TSPAN5 depletion

the proliferation of HepG2 cells was prevented both with and without DLC1 expression.
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Figure 26: TSPAN5 knockdown via RNA interference provokes a growth arrest of HepG2 DLC1 KD cells. Genes
were silenced with appropriate DLC1 or/and TSPANS5 siRNA (siDLC1, siTSPAN5) and scrambled RNA (sictrl) was
used for control cells, each transfected with Lipofectamin RNAIMAX. Cell proliferation was monitored by
counting the cells daily for 5 days with Neubauer counting chamber. Values are mean = SD (n=3); *p<0.05,
***p<0.001.

As a next step, we were interested in how the proliferation rates after complete and
permanent DLC1 knockout via CRISPR Cas9 (HepG2 DLC1 KO) differ from those with only
transient knockdown via RNA interference. TSPAN5 was still switched off by siRNA
transfection. Cell proliferation was determined by counting the cells daily for 6 days with a
Neubauer counting chamber. HepG2 DLC1 KO cells proliferated analogous to the transient
knockdown HepG2 cells significantly faster than the corresponding control cells (Figure 27).
The remaining proliferation behavior of the CRISPR Cas9 KO cells was also very consistent to
the transient knockdown cells. In particular, the knockdown of TSPANS5 by siRNA was able to

arrest the proliferation of DLC1 positive as well as DLC1 negative cells.
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Figure 27: TSPANS depletion leads to proliferation arrest in DLC1 positive and negative HepG2 CRISP Cas9 KO
cells. The proliferation rate of HepG2 DLC1 KO and wild type (wt) cells either expressing control siRNA (sictrl) or
TSPANS siRNA (siTSPAN5) was monitored by counting the cells daily with Neubauer counting chamber for 6 days.
Values are mean * SD (n=3); *p<0.05, **p<0.01.

6.4.2 TSPANS depletion leads to decreased migration

In addition to proliferation, migration also plays an important role in tumorigenesis. Against
this background, we analyzed the migration behavior of DLC1 deficient HCC cells after
depletion of TSPAN5, VCAN or CDH2 compared to control cells. Knockdown of the different
target genes was carried out via RNA interference with the respectively siRNA. The ability of
cell migration after loss of the several genes was determined by scratch-wound assay (Figure
28). We could show that HuH7 control cells closed the wound gap 48 h post scratch
generation, analogous behavior could be detected after VCAN depletion. The situation was
completely different after TSPANS5 knockdown, since not a single cell was able to migrate into
scratched gap. Silencing of CDH2 slowed down the migration, as the gap was not completely
closed after 48 h. Evaluation by counting the migrated cells showed that the migration ability

decreased significantly after TSPANS depletion, but also after CDH2 depletion.
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Figure 28: TSPANS5 and CDH2 depletion inhibits cell migration assessed by scratch-wound assay. HuH7 cells
were transfected with indicated siRNAs (siTSPANS, siCDH2 or siVCAN) and scrambled RNA (sictrl) was used for
HuH7 control cells. 48 h post scratch creation, progress in closing the gap by migrated cells has been determined
microscopically, recorded on images (A) and migrated cells per part of scratch were counted (B). Values are mean
+SD (n=3); *p<0.05, ***p<0.001.

Consistent results were obtained after TSPAN5 knockdown for 48 h in HuH6 cells. Cell

migration was reduced again in a statistically significant manner (Figure 29).
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Figure 29: TSPANS5 depletion provokes migration stop in HuH®6 cells. Silencing of TSPAN5 was performed by RNA
interference (siTSPAN5) and scrambled RNA (sictrl) was used for control cells. Cell migration was determined by
using the scratch-wound assay, in which cells migrating into the gap were monitored and counted. Values are
mean * SD (n=3); ***p<0.001.

6.4.3 TSPANS depletion results in decreased invasion

A further meaningful property of tumor cells is their ability to invade. Therefore, we analyzed
the invasive behavior of HuH7 cells after TSPANS5 depletion compared to control cells. Cells
were transfected with negative control or TSPANS siRNA, where we obtained a knockdown
efficiency of about 75 % (Figure 30A). A Matrigel invasion assay was performed and we
observed a significant decrease of invasive cells due to TSPANS silencing by counting the
invaded cells after 48 h (Figure 30B). These findings suggest that TSPANS is not only required

for proliferation and migration, but also for invasion.
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Figure 30: Decreased invasion of HuH7 cells upon TSPAN5 depletion. (A) HuH7 cells were transfected with
TSPANS siRNA (siTSPANS5) and scrambled RNA (sictrl). Knockdown efficiency was determined by qRT-PCR with
TSPAN5 and 18S rRNA primers for normalization at 48 h post transfection. (B) Transfected HuH7 cells were
subjected to Matrigel invasion assay chambers and invaded cells were stained by crystal violet and counted after
48 h. Values are mean + SD (n=3); ***p<0.001.

6.4.4 TSPANS depletion prevents spheroid formation

As another important property of tumorigenesis, we investigated to what extent HCC cells are
able to form spheroids after TSPAN5, CDH2 or VCAN loss. Therefore, the respective gene was
silenced by RNA interference in HuH7 cells and knockdown efficiencies between 60-80 % were
reached (Figure 31A). Knockdown and control cells were transduced to a dedicated spheroid
assay plate and spheroid formation was monitored daily for 11 days. Two days after seeding
the cells an onset of small cell formations could be observed in each experimental set. A
maximum spheroid formation was noted in HuH7 control cells on day 11 (Figure 31B). These
control spheroids have significantly grown to a size of about 160 um. While silencing of VCAN
and CDH2 did not affect HuH7 spheroid formation, knockdown of TSPAN5 provoked the

building of spheroids completely (Figure 31C).
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Figure 31: Inhibited spheroid formation upon TSPAN5 depletion. (A) Spheroid assay was performed in HuH7
control (sictrl) and knockdown cells in which CDH2, VCAN or TSPAN5 were switched off in single approaches
using RNA interference (siCDH2, siVCAN, siTSPANS5). For knockdown efficiency mRNA expression of the silenced
gene was assessed by gRT-PCR and normalized to 18S. (B) Transfected HuH7 cells were transduced to a special
spheroid plate and incubated for 11 days at 37°C. Spheroid formation was monitored daily and pictures were
taken with an optical microscope at the beginning and the end of spheroid building. (C) The spheroid averages
were measured every day and those of day two and day 11 were compared to the same condition. Values are
mean * SD (n=3); ***p<0.001.
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All these results show that the expression of the novel target gene TSPANS is required for
characteristic properties of a tumor cell such as proliferation, migration, invasion and the
ability to form spheroids. While silencing of CDH2 and VCAN did not affect the features of a
tumor cell, TSPANS depletion was able to inhibit tumorigenic properties. Taking into account
these results, it can be hypothesized that TSPAN5 is able to be a transducer of the MKL1/2

effects regarding tumorigenesis and tumor growth.

6.5 Tumorigenic characteristics of TSPAN5

Due to the findings above that TSPANS is required for cell proliferation, migration and
invasion, we selected TSPANS as the target gene of interest and wanted to learn more about
its tumorigenic characteristics. Therefore, we wanted to investigate the influence of TSPAN5

on hallmarks for cancer cells and induction of senescence.

6.5.1 TSPANS depletion induces senescence

Based on the fact that MKL1/2 loss inhibits HCC xenograft growth by inducing senescence
(Hampl et al. 2013), we determined the possibility of senescence induction upon TSPAN5
depletion. Therefore, we performed a senescence-associated R-galactosidase (SA-R-gal)
staining in DLC1 deficient HuH7 cells, transfected with TSPAN5 siRNA and scrambled RNA for
control. The blue colored cells in each experimental approach were counted and compared
(Figure 32). In doing so we noticed a significant induction of senescence in cells with TSPAN5

loss.
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Figure 32: Induction of cellular senescence upon TSPAN5 depletion. Senescence-associated R-galactosidase
staining was performed in HuH7 cells 5 days after transfection with TSPAN5 siRNA (siTSPAN5) or scrambled RNA
(sictrl). SA-B-gal positive and thereby blue colored cells were counted and put into relation. Values are mean +
SD (n=3); ***p<0.001.

We succeeded in reproducing the results of senescence induction in HuH6 cells. Again, a

significant increase in senescence induction was observed after TSPANS loss (Figure 33).
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Figure 33: Induction of cellular senescence upon TSPAN5 loss. Senescence evidence in HuH6 cells either
expressing control siRNA (sictrl) or TSPAN5 siRNA (siTSPAN5) was carried out by senescence associated R-
galactosidase staining. The blue colored SA-R-gal positive cells were counted and compared. Values are mean +
SD (n=3); ***p<0.001.

We obtained further evidence of senescence induction through the evaluation of senescence-
associated heterochromatin foci (SAHF) (Di Micco et al. 2011; Narita et al. 2003). Therefore,
we performed immunoblotting in HuH7 cells previously transfected with TSPANS5 siRNA and
subsequently incubated for 6 days. We could observe an accumulation of Histone H3

methylated on lysine 9 (H3K9me3) in SAHF upon TSPANS depletion (Figure 34A). We also
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detected a slight increase in levels of H3K9me3 after TSPAN5 knockdown in HuUHG6 cells (Figure
34B).
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Figure 34: Accumulation of Histone H3 methylated on Lysine 9 upon TSPAN5 depletion. Lysates of (A) HuH7
and (B) HuH®6 cells either expressing negative control RNA (sictrl) or TSPAN5 siRNA (siTSPANS5) for 6 days were
immunoblotted with anti-H3K9me3 and anti-HSP90 antibodies as loading control.

6.5.2 TSPANS depletion induces oncogene-induced senescence

After demonstrating a senescence-inducing effect after TSPAN5 depletion revealed by B-
galactosidase staining and accumulation of methylated Histone H3, we sought to find out
whether TSPAN5 loss also leads to oncogene-induced senescence (OIS) as knockdown of
MKL1/2 does (Hampl et al. 2013). To figure out the contribution of TSPAN5 depletion to the
induction of OIS, we examined established markers for OIS such as phosphorylation of ERK1/2,
accumulation of p16'N%4  hypophosphorylation of retinoblastoma protein (Rb), an
accumulation of nuclear promyelocytic leukemia (PML) protein bodies and expression of

CXCL10 or TNFSF10 upon silencing TSPANS.

6.5.2.1 Activation of ERK1/2 upon TSPANS5 depletion

Due to the fact that ERK is a downstream effector of Ras and OIS is induced via Ras, we were
interested in whether loss of TSPANS could also activate ERK1/2 (Hampl et al. 2013). To finally
test the activation of ERK, we determined the phosphorylation status of ERK1/2 by
immunoblotting (Crews and Erikson 1993). Thereby we could show a strong increase of
phosphorylated ERK1/2 in DLC1 deficient HuH7 cells as well as in HuH6 cells after TSPAN5S
knockdown by siRNA (Figure 35).
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Figure 35: Activation of ERK1/2 by phosphorylation upon TSPANS5 loss. Protein lysates of (A) HuH7 cells and (B)
HuH®6 cells transfected with scrambled RNA (sictrl) or TSPAN5 siRNA (siTSPAN5) were prepared and measured.
Same amounts of total protein were subjected to immunoblotting. pERK was detected by using anti-ERKPT202/pY204
antibody and afterwards total anti-ERK antibody. For loading control anti-HSP90 antibody was used.

6.5.2.2 Accumulation of p16"“? expression in HCC cells after TSPANS5 depletion

It is a well-established fact that p16'N43, operating as a tumor suppressor, is enhanced
expressed in senescent cells (Alcorta et al. 1996; Hara et al. 1996; Sherr and Roberts 1999).
We determined the expression levels of p16'N42 in lysates of HuH7 cells after TSPAN5 was
silenced via RNA interference by immunoblotting. We found out that the protein expression

of p16'Nk42 was accumulated in DLC1 deficient HuH7 cells upon TSPANS depletion (Figure 36).
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Figure 36: Accumulation of p16'™%* protein expression upon TSPAN5 depletion. Immunoblotting of lysates of
HuH7 cells either expressing control siRNA (sictrl) or TSPANS5 siRNA (siTSPANS5) for 6 days. Equal amounts of total
protein were applied to immunoblotting and anti-p16'N%*? and anti-HSP90 antibodies were used for detection.

6.5.2.3 Hypophosphorylation of the retinoblastoma protein upon TSPAN5 knockdown

In order to obtain more information about the induction of oncogene-induced senescence
after TSPANS loss, we tested further characteristic OIS markers such as retinoblastoma protein

(Rb), which is converted to the active state by downregulation of the phosphorylation status.
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Immunoblotting was determining a strong decrease of phosphorylated Rb expression in HuH7

(Figure 37A) und HuH6 (Figure 37B) cells after TSPANS5 knockdown. This in turn indicated a

strong hypophosphorylation of Rb providing evidence for OIS upon TSPANS5 depletion.
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Figure 37: Hypophosphorylation of retinoblastoma protein after TSPAN5 depletion. Lysates of HuH7 (A) and
HuH6 (B) cells either expressing control siRNA (sictrl) or TSPAN5 siRNA (siTSPAN5) were immunoblotted with
anti-pRb antibody. For loading control anti-HSP90 (A) or anti-Vinculin (B) antibodies were used.

6.5.2.4 Accumulation of nuclear PML bodies upon TSPAN5S depletion

We next wanted to examine whether there is an accumulation of promyelocytic leukemia

(PML) protein bodies in the nucleus after TSPANS loss. Increased expression of PML leads to

cell cycle arrest and is therefore important for a senescent response (Bischof et al. 2002;

Ferbeyre et al. 2000; Pearson et al. 2000). Further, PML expression is often lost in human

cancers (Gurrieri et al. 2004). Using immunofluorescence, we demonstrated that there is

significant accumulation of PML nuclear bodies in HuH7 cells after 72 h of TSPAN5S loss

(Figure 38).
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Figure 38: Accumulation of PML nuclear bodies after TSPAN5 depletion. Inmunofluorescence of HuH7 cells
after silencing TSPANS5 by RNA interference (siTSPAN5) for 72 h. Cells were fixed and followed immunostained
with anti-PML antibody for 1 h. Nuclei were counterstained with DAPI. Three independent experiments were
performed, and representative images are shown. Scale bar, 8 um. Quantification of PML nuclear body
accumulation by counting the red spots in 50 cells per condition. Data are means + SD (n=3); ***p<0.001.

6.5.2.5 Induction of CXCL10 and TNFSF10 expression upon TSPAN5 loss

To investigate further OIS markers like C-X-C motif chemokine 10 (CXCL10) and tumor necrosis
factor superfamily member 10 (TNFSF10), both senescence messaging secretome (SMS)
factors, we silenced TSPANS via RNA interference in HuH7 cells (Braumdiller et al. 2013; Coppé
et al. 2010; Kuilman and Peeper 2009). We reached a knockdown efficiency of 60 %
(Figure 39A), and after 6 days of incubation to enable senescence induction, the expression
levels of the senescence markers were analyzed. We found a significant upregulation of the
CXCL10 and TNFSF10 mRNA expression upon TSPAN5 depletion compared to the negative
control cells. The result of increased CXCL10 mRNA expression after TSPANS loss could be

reproduced in HUH6 cells with an 80 % TSPANS5 knockdown rate (Figure 39B).
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Figure 39: Induction of CXCL10 and TNFSF10 expression upon TSPAN5 depletion. (A) HuH7 cells were
transfected with negative control RNA (sictrl) or TSPAN5 siRNA (siTSPAN5). Knockdown efficiency was
determined by qRT-PCR after 48 h with TSPAN5 and 18S primers for normalization. CXCL10 and TNFSF10 mRNA
expression were subjected by qRT-PCR with respective CXCL10, TNFSF10 and 18S primers for normalization 6
days after transfection. (B) HuH6 cells were transfected with negative control RNA (sictrl) or TSPAN5 siRNA
(siTSPAN5). Knockdown efficiency was determined by gRT-PCR after 48 h with TSPAN5 and 18S primers for
normalization. CXCL10 and TNFSF10 mRNA expressions were subjected by qRT-PCR with respective CXCL10,
TNFSF10 and 18S primers for normalization 4 days after transfection. Values are mean + SD (n=3); **p<0.01,
**%*p<0.001.

Summarizing the results in this chapter, we could demonstrate that established OIS markers
like phosphorylation of ERK1/2, accumulation of p16'™* hypophosphorylation of Rb,
accumulation of nuclear PML bodies and elevation of CXCL10 and TNFSF10 were confirmed
after knocking down TSPANS. All these facts are indicating that TSPAN5 depletion mediates
the reduced tumorigenic cell properties like proliferation arrest or invasion stop by inducing

oncogene-induced senescence.
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6.5.3 TSPANS depletion inhibits epithelial-mesenchymal transition

Since the multistep process of epithelial to mesenchymal transition (EMT) plays a fundamental
role in tumor progression and especially in the early stages of metastasis, we were interested
in a possible role of TSPANS in this process (Giannelli et al. 2016). Precisely because TSPANs,
as transmembrane proteins and in the context of TEMs, have a strong influence on cell
adhesion, migration and invasion, we hypothesized that a TSPAN5 knockdown would affect
specific EMT markers (Hemler 2005; Peiias et al. 2000; Yafiez-M¢ et al. 2009). Regarding this,
we examined different EMT markers in dependence of TSPANS loss by RNA interference using
an epithelial-mesenchymal transition sampler kit according to the manufacturer's
instructions. We found that as early as 24 h after transient siTSPANS transfection, there is an
increase in epithelial-cadherin (E-Cadherin) and Zonula occludens-1 (ZO-1) protein levels in
HuH7 cells compared to control cells. This increase continues until 72 h for E-Cadherin and
48 h for ZO-1 after transfection (Figure 40). E-Cadherin and ZO-1 are both very characteristic
markers. E-Cadherin has been shown to have tumor suppressive properties and its loss has
been associated with increased metastasis and a worsened prognosis for patients in many
studies (Derycke and Bracke 2004; Gan et al. 2016; Li and Herlyn 2000; Mareel and Leroy 2003;
Tomita et al. 2000). ZO-1 is linked to the function of tight and adherens junctions and is
thought to play a critical role in prevention of HCC progression by inhibiting migration and
invasion (Gonzalez-Mariscal et al. 2000; Nagai et al. 2016). Further, after a 24 h knockdown of
TSPANS, we detected a sustained decrease in vimentin protein levels (Figure 40). Vimentin
has been recognized as an EMT marker in recent years, and its overexpression in cancers is
associated with tumor growth and metastasis (Satelli and Li 2011). 72 h after TSPAN5
silencing, we also observed a decrease in SLUG proteins, a zinc-finger transcription factor that

is overexpressed in various cancers (Figure 40) (Meng et al. 2019).
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Figure 40: TSPANS5 loss inhibits EMT. HuH7 cells were either expressing control siRNA (sictrl) or TSPAN5 siRNA
(siTSPAN5). Cell lysates were generated after 24 h, 48 h, 72 h and 96 h and afterwards immunoblotted with anti-
E-Cadherin, anti-ZO-1, anti-Vimentin, anti-SLUG and anti-HSP90 antibodies as loading control.
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6.6 Effects of TSPAN5 depletion on MKL1/SRF signaling pathway

Our next point of interest was the consideration whether TSPANS itself has a role in the
MKL1/SRF signaling pathway and can affect it. For this study, we silenced TSPAN5 transient in
HuH7 cells, which possess a permanently active RhoA/actin signaling pathway and thus active

MKL1/SRF gene expression, and investigated several aspects of this pathway.

6.6.1 Depletion of TSPANS reduces RhoA activity

As an initiating step in the RhoA pathway, we first tested the activity of RhoA itself for changes
regarding a TSPAN5 knockdown. For this reason, we performed a RhoA assay in
HepG2 DLC1 CRISP Cas9 KO cells that have a permanently active RhoA due to the DLC1 loss.
Additional silencing of TSPAN5 by RNA interference resulted in a reduced amount of GTP-
loaded and thus active RhoA, which we found out by immunoprecipitation with an antibody

that specifically recognizes GTP-loaded RhoA (Figure 41).
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Figure 41: Inactivation of RhoA upon TSPAN5 depletion. HepG2 DLC1 CRISP Cas9 KO cells were additionally
transfected with TSPANS5 siRNA (siTSPAN5) and scrambled RNA (sictrl) for control. Lysed cells were
immunoprecipitated with anti-active RhoA antibody. The magnetic-beads only control (BO) was prepared
analogously, but no antibody was added. Lysates with equal amount of total protein were directly
immunoblotted with anti-RhoA antibody.

6.6.2 Downregulation of F-actin upon TSPANS depletion

We were next interested in whether there were also alterations in the cytoskeleton due to
the reduced activity of RhoA upon TSPANS loss. Especially we hypothesized changes in the
polymerization of monomeric G-actin to filamentous F-actin, since this is induced by activation
of RhoA via Rho Kinase and mDia (Copeland and Treisman 2002; Sotiropoulos et al. 1999).

Therefore, we analyzed the actin cytoskeleton by F- and G-actin fractionation in HuH7 (Figure
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42A) and HuH®6 (Figure 42B) cells with each silenced transiently TSPAN5. We were able to show
that the ratio of F-actin to G-actin became smaller compared to the control cells after TSPAN5S

was silenced. This indicates a strong decrease in the mean cellular content of F-actin.
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Figure 42: Decrease in cellular F-actin upon TSPAN5 depletion. TSPAN5 was transient depleted by RNA
interference (siTSPAN5) in HuH7 (A) and HuH6 (B) cells. F- and G-actin fractions were separated and
immunoblotted using anti-Actin antibody. Quantification was done with BioRad ImageLab software. Values are
mean * SD (n=3); *p<0.05; ***p<0.001.

6.6.3 Reduced actin stress fibers upon TSPANS depletion

Taking into account the results of the actin fractionation, it was in our interest to investigate
the cytoskeleton in more detail after the loss of TSPANS. In the course of this we transfected
HuH7 cells with control siRNA (sictrl) and TSPANS5 siRNA (siTSPAN5) and performed an
immunofluorescence analysis using a fluorescent a-Phalloidin conjugate for actin staining. By
fluorescence microscopy we observed a reduction in the actin stress fibers after TSPANS loss.
The a-Phalloidin staining also showed that after TSPAN5S silencing the actin network was

increasingly reorganized from the nucleus and the perinuclear region towards the cell
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membrane (Figure 43, left panel). Analyzing the MKL1 staining in the control cells compared
to TSPANS knockdown cells, it is at least partially noticeable that in some cells upon TSPANS
depletion MKL1 is not as strongly localized in the nucleus as it is usual for untreated HuH7

(Figure 43, middle panel).

siTSPANS5 siTSPAN5 siTSPANS siTSPANS

Figure 43: Reduced and reorganized actin skeleton upon TSPAN5 knockdown. Immunofluorescence analysis of
HuH7 cells either expressing control siRNA (sictrl) or TSPANS5 siRNA (siTSPAN5). Cells were fixed, subsequently
Phalloidin was stained by a-Phallotoxin A555 and MKL1 was immunostained with anti-MKL1 antibody. Nuclei
were counterstained with DAPI. Three independent experiments were performed, and representative images
are shown. Scale bar, 10 um.

6.6.4 Abrogation of MKL1-FLNA interaction upon TSPAN5 knockdown

The finding that loss of TSPANS results in a percentage decrease in F-actin may indicate that
there is now relatively more G-actin in the cell. This could prevent MKL1 from translocating
into the nucleus as a complex with Filamin A (FLNA) and F-actin that could be reflected by an
increased complexation of MKL1 with G-actin (Kircher et al. 2015). This allows us to theorize
whether the FLNA-MKL1 complex, which is important for the activation of MKL1/SRF, also
decreases if MKL1 is complexed to monomeric G-actin. Accordingly, we analyzed the
interaction between endogenous MKL1 and FLNA by proximity ligation assay (PLA) in HuH7
cells after TSPAN5 knockdown compared to negative control cells. We could determine an
abrogation of MKL1-FLNA complexes upon TSPANS5 depletion in HuH7 cells (Figure 44A) as
well asin 3T3 cells (Figure 44B). Murine 3T3 cells were used to visualize the interactions before

and after TSPAN elimination particularly well under the confocal microscope.
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Figure 44: Abrogation of MKL1-FLNA interactions upon TSPAN5 knockdown. Immunofluorescence analysis and
quantification of proximity ligation assay (PLA) for endogenous MKL1 and FLNA in HuH7 (A) and 3T3 (B) cells
either expressing control siRNA (sictrl) or TSPAN5 siRNA (siTSPANS5). Proximity ligation assay was performed by
using anti-Filamin A antibody (Millipore) and anti-MKL1 antibody (SantaCruz). Scale bar, 10 um. PLA signals were
counted in 8 cells per condition.

6.6.5 Decreased expression of MKL1/SRF target genes upon TSPANS depletion

As shown in the upper chapters, TSPAN5 elimination leads to a significantly reduced number
of MKL1-FLNA interactions. Considering that the MKL1-FLNA complex is a prerequisite for the

translocation of MKL1 into the nucleus, and has been shown to be essential for the expression
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of MKL1/SRF dependent target genes, we sought to determine whether depletion of TSPAN5
also decreases MKL1/SRF target gene expression (Kircher et al. 2015). To figure this out, we
transfected HuH7 and HuH6 cells with scrambled or TSPANS siRNA with knockdown efficiency
of 80 % and determined the MKL1/SRF target gene mRNA expression via qRT-PCR. It was
revealed that after TSPANS loss there is a significant reduced gene expression of smooth
muscle protein 22 (SM22), glioma pathogenesis-related protein 1 (GLIPR1) and transforming
growth factor beta 1 (TGFf31) in HuH7 cells (Figure 45A) as well as in HuH6 cells (Figure 45B).
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Figure 45: Downregulation of MKL1/SRF target genes upon TSPAN5 depletion. Knockdown efficiency of HuH7
(A) and HuH6 (B) cells either expressing control siRNA (sictrl) or TSPANS5 siRNA (siTSPAN5) was determined by
gRT-PCR. mRNA expression of MKL1 target genes was analyzed via qRT-PCR using the appropriate gene specific
primers and 18S rRNA primers for normalization in HuH7 cells (A) as well as in HuH6 cells (B). Values are mean +
SD (n=3); *p<0.05, **p<0.01, ***p<0.001.

The downregulation of MKL1/2 target genes after TSPAN5 loss can be shown not only on
mRNA but also on protein levels. For this purpose, we transfected HuH7 cells with TSPANS

siRNA for 96 h and finally immunoblotted the proteins, separated by SDS-PAGE. We were able
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to show a strong decrease in protein expression for Myoferlin (MYOF), GLIPR1 and SM22

compared to control cells along with TSPANS silencing (Figure 46).
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Figure 46: Downregulation of SM22 upon TSPAN5 knockdown. Lysates from HuH7 cells either expressing control
siRNA (sictrl) or TSPANS siRNA (siTSPAN5) for 96 h were prepared and equal amounts of total protein were
analyzed by immunoblotting using anti-Myoferlin, anti-GLIPR1, anti-Transgelin (SM22) anti-TSPAN5 and anti-
HSP90 antibodies. Three independent experiments were performed and representative images are shown.

6.6.6 Reconstitution of TSPANS induces re-expression of MKI1 target genes

To ultimately prove the link between TSPAN5 and MKL target gene expression, we examined
whether TSPAN5 reconstitution by plasmid transfection can reverse the downregulation of
MKL1 target genes caused by previous TSPAN5 knockdown. In the course of this attempt,
HuH7 cells were first transfected with respective siRNA to suppress TSPAN5 expression. The
following day, TSPANS5 was reconstituted by plasmid transfection (Figure 47A). By analyzing
the mRNA expression of MKL1 dependent target genes, we figured out that a prior knockdown
of TSPANS provokes a significant decrease of genes like SM22, GLIPR1 or TGFf31 and moreover,

an additional reconstitution of TSPAN5 abolished the downregulation (Figure 47B).
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Figure 47: TSPANS reconstitution abolishes downregulation of MKL1 dependent target genes induced by prior
TSPANS5 loss. TSPANS was switched off by RNA interference (siTSPAN5) in HuH7 cells and then re-expressed by
plasmid transfection using 4 ug of GFP-TSPANS5 plasmid (GFP-TSPANS5). Control cells were transfected with
scrambled siRNA and afterwards with GFP-empty vector (ctrl). mRNA expression of TSPAN5 (A) to determine
transfection efficiency as well as of the MKL1 target genes SM22, GLIPR1 and TGFR1 (B) was analyzed by qRT-
PCR using gene specific primers. The amount of each RNA sample was normalized to the endogenous
housekeeping gene 18S rRNA. Statistical analysis was performed using one-way ANOVA, followed by Tukey’s
multiple comparison test. Values are mean + SD (n=3); *p<0.05, **p<0.01, ***p<0.001.
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6.7 Decreased tumorigenicity upon TSPANS depletion in the CAM model

6.7.1 Decreased tumor proliferation after TSPANS5 loss in CAM model

In previous experiments we could show important findings regarding a reduced proliferation,
migration and invasion after TSPANS loss. Hence it was of particular importance to continue
our research to determine whether TSPANS5 could act as a new target in tumor therapy of HCC.
Therefore, we sought to find out if TSPANS loss can also inhibit tumor growth in vivo. For this
purpose, we used the chicken chorio-allantoic-membrane assay (CAM assay) and performed
it in collaboration with Prof. Schneider-Stock of the “Tumor Pathology of the University of
Erlangen” as described by Ribatti (Ribatti 2014, 2017). In the process transfected HuH7 cells
were placed on the CAM of fertilized chicken eggs and the growth of the tumor pellet could
be observed and analyzed on ovo. More specifically, HuH7 cells were transfected with
scrambled or TSPANS5 siRNA to generate negative control and TSPANS silenced cells. These
transfected cells were formed into pellets with Matrigel next to untransfected (mock) HuH7
cells (mock cells as a further control to account for the influence of siRNA transfection on the
CAM assay) and placed on the CAM for 5 days. When excising the tumors with the surrounding
CAM on day 8 of embryonic development, it was already noticeable during macroscopic
examination that the CAM-tumors formed from control cells were visibly bloodier and bigger
than the CAM-tumors with TSPANS5 loss (Figure 48A). When measuring and calculating the
volume of the tumors, the HUH7 tumor pellets showed no significant difference between the
mock and siRNA controls. A strong difference in volume could be calculated for pellets with
TSPAN5 depletion compared to the siRNA control cells (Figure 48B). Similar results were
obtained in the parallel experiment with HepG2 clone 5 cells. The HepG2 clone 5 represents a
more aggressive variant of the conventional HepG2 cells and was provided to us by Muenzner
and colleagues (Muenzner et al. 2018). Also in this experimental set, a significantly smaller
tumor cell pellet could be measured in the group with TSPANS loss compared to the one with
scrambeld siRNA. However, the tumor pellet measurement also revealed that the siRNA

control samples were slightly smaller than the mock samples (Figure 48C).
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Figure 48: Anti-tumor effects of TSPAN5 knockdown in CAM assay. (A) HuH7 cells were either expressing control
siRNA (sictrl) or TSPAN5 siRNA (siTSPAN5) or no siRNA (mock). At 48 h after transfection Matrigel pellets with
1*10° cells per pellet were prepared and transferred to the CAM of fertilized chicken eggs. 5 days after
transferring the cells embedded in Matrigel on the CAM, tumor pellets of HuH7 cells were extracted and ex ovo
images of micro-tumors were taken. Each tumor pellet of HuH7 (B) or HepG2 clone 5 (C) was measured in length,
width and height and thereby the tumor volume calculated. Data are presented with means + SD and statistical
analysis was performed using one-way ANOVA following Tukey’s multiple comparison test; (HuH7 mock n=11,
sictrl n=17, siTSPAN5 n=21; HepG2 clone 5 mock n=7, sictrl n=15, siTSPAN5=15); *p<0.05, **p<0.01, ***p<0.001.

In addition, we wanted to control the knockdown efficiency of the previous siRNA transfection
and verify the proliferation inhibition, which has already been identified macroscopically, on
the basis of the mRNA expression of Ki67. Significantly decreased mRNA levels of Ki67 indicate
reduced mitosis and proliferation rate of tumor cells. For this purpose, RNA was isolated from
HuH7 and HepG2 clone 5 CAM-tumors and subsequently the mRNA was quantified by qRT-

PCR. This enabled us to demonstrate successful TSPAN5 knockdown in CAM model, and
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furthermore, the reduced Ki67 mRNA expression indicates a significant decrease in mitosis
and proliferation rate in microtumors of Huh7 cells (Figure 49A) as well as HepG2 clone 5 cells

(Figure 49B).
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Figure 49: Decreased Ki67 mRNA level upon TSPAN5 depletion on ovo. RNA was isolated and purified from
extracted and frozen CAM-tumors of (A) Huh7 cells and of (B) HepG2 clone 5 cells. cDNA was prepared and then
MRNA expression of TSPANS5 for knockdown efficiency and Ki67 was determined by gRT-PCR using the respective
RNA primers and 18S rRNA as endogenous housekeeping gene for normalization. Data are presented with means
+ SD and statistical analysis was performed using students t-test; (HuH7 mock n=11, sictrl n=17, siTSPAN5 n=21;
HepG2 clone 5 mock n=7, sictrl n=15, siTSPAN5=15); *p<0.05, **p<0.01.

This finding can also be shown by conventional hematoxylin-eosin (HE)-staining. Here, a very
dense and aggressive growth can be seen in HuH7 control cells, Matrigel was completely
consumed and also the CAM was almost completely displaced by tumor cells. In addition,
necrosis with typically recognizable pyknosis were formed in the control cells due to the
extremely rapid growth in part of the tumors (Figure 50). In contrast, the TSPAN5 knockdown
cells show a very loose and broken growth with nests, which indicates a disintegration of the
tumor. Moreover, large parts of the Matrigel are still present and the CAM is intact. These
observations regarding proliferation are also confirmed by Ki67-staining. Especially the single
nests of the HuUH7 siTSPANS sections show hardly any Ki67 activity (Figure 50B, left panel).
Regarding the TSPAN5-staining it can be observed that it is slightly brighter in the slides of
SiTSPAN5 tumors, especially in the nuclear and intercellular regions. This result is also
reflected by MKL1, so that the MKL1-staining in CAM-tumors with siTSPAN5 depletion is
brighter and an increased MKL1 redistribution from the nucleus towards the cytoplasm can

be detected (Figure 508, right pane, arrowheads).
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Figure 50: Histological changes after TSPANS5 silencing in CAM model. (A) Representative photomicrographs of
hematoxylin-eosin (HE) stained paraffin sections of HuH7 sictrl and siTSPAN5 CAM-tumors. Scale bar = 100 um.
(B) Left panel: Characteristic photomicrographs of hematoxylin-eosin (HE) and Ki67 stained paraffin sections of
HuH7 CAM-tumors. Arrowhead: Undigested Matrigel. Scale bar = 50 um. Right panel: More magnified images of
MKL1 and TSPANS stained paraffin sections of HuH7 micro-tumors. Arrowhead: Cytoplasmic MKL1 staining and
unstained nucleus. Scale bar = 20um.

The immunohistochemically results of HE-staining, as well as TSPAN5-staining could be
reproduced in the more aggressive HepG2 clone 5 cells. Again, in the sections of siTSPANS
CAM-tumors, cell growth appears looser and CAM was not completely displaced by tumor
cells (Figure 51, left panel). The successful TSPAN5 knockdown is confirmed by the significantly
brighter TSPAN5-staining in the treatment group (Figure 51, middle panel). Interestingly, in
the immunohistochemistry (IHC)-sections, more E-cadherin can be stained in the membranes

after TSPANS loss, which, in agreement with previous results, suggests less migration, invasion
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and spheroid formation ability (Feng et al. 2018; Gan et al. 2016; Kaszak et al. 2020) (Figure 51,
right panel).
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Figure 51: Increased E-Cadherin expression after TSPANS loss in HepG2 clone 5 CAM-tumors. Left panel:
Characteristic images of immunohistochemistry analysis with HE and TSPAN5 stained paraffin sections of HepG2
clone 5 CAM-tumors. Scale bar = 50 um. Right panel: Photomicrographs of TSPAN5 and E-Cadherin stained
paraffin sections of HepG2 Clone 5 CAM-tumors. Scale bar = 20 um.

6.7.2 Reduced MKL1 target gene expression upon TSPANS5 depletion in CAM

assay

Besides, it was of major interest to us to investigate whether the MKL1/SRF target genes also
exhibit reduced expression in the in vivo CAM model after TSPANS loss. To this end we isolated
and purified RNA from the HuH7 (Figure 52A) and HepG2 clone 5 (Figure 52B) CAM-tumors
and determined the mRNA expression by qRT-PCR. Our analysis revealed that, especially in
HuH7 cells, mRNA expression of MKL1/SRF target genes such as GLIPR1, TGFf31, connective
tissue growth factor (CTGF) and calponin 1 (CNN1) was decreased (Hermanns et al. 2017;
Muehlich et al. 2007; Muehlich et al. 2008).
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Figure 52: Decreased mRNA expression of MKL1 target genes upon TSPANS depletion in vivo. RNA was isolated
and purified from extracted and frozen CAM-tumors of HuH7 (A) and HepG2 clone 5 (B) cells either expressing
control siRNA (sictrl) or TSPAN5 siRNA (siTSPAN5). cDNA was prepared and then mRNA expression of MKL1
specific genes was analyzed as well by qRT-PCR as described above. Values are mean = SD (HuH7 sictrl n=3,
siTSPAN5=6; HepG2 Clone 5 sictrl n=3, siTSPAN5 n=3); *p<0.05.

Furthermore, reduced protein levels, as shown here for GLIPR1, were detected in HuH7 CAM-

tumors after TSPANS silencing (Figure 53).
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Figure 53.: Decreased protein level of MKL1 target gene GLIPR1 after TSPANS loss in vivo. Purified lysates from
excised micro-tumors, grown from HuH7 cells expressing control siRNA (sictrl) or TSPAN5 siRNA (siTSPAN5) on
ovo for 5 days, were prepared and immunoblotted with anti-TSPANS antibody (A), anti-GLIPR1 antibody (B) and
anti-HSP90 antibody as loading control.
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6.7.3 Senescence induction in CAM assay after TSPANS knockdown

In order to prove whether the regression of CAM-tumors is associated with senescence, we
determined senescence markers, detecting phosphorylation of ERK1/2 in HuH7 tumor lysates
(Figure 54A). Furthermore, we noted an accumulation of Histone H3 methylated on lysine 8
in SAHF in HUH7 tumor lysates as well as in immunohistochemically sections of HepG2 clone
5 cells (Figure 54B and C, left panel). In addition, accumulation of p16'N¥4@ was confirmed by

pl6-staining in HepG2 clone 5 IHC tumor sections (Figure 54C, right panel).
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Figure 54: Positive senescence markers after TSPAN5 depletion in vivo. (A) Lysates from extracted HuH7 CAM-
tumors either expressing control siRNA (sictrl) or TSPAN5 siRNA (siTSPAN5) were prepared and immunoblotted
with anti-ERKPT202/PY204 gntibody (for detecting pERK), anti-ERK antibody and anti-HSP90 antibody. (B) Lysates
from excised HepG2 clone 5 CAM-tumors either expressing control siRNA (sictrl) or TSPAN5 siRNA (siTSPAN5)
were prepared and immunoblotted with anti-H3K9me3 antibody and anti-HSP90 antibody. (C) Characteristic
images of paraffin sections of HepG2 clone 5 sictrl and siTSPAN5 CAM-tumors stained with anti-H3K9me3

antibody (left side) and anti-p16™%4? antibody (right side). Scale bar = 50 pm.
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6.8 TSPANS overexpression in human HCC

To investigate to what extent the previous data have clinical relevance, we were eager to find
out whether human patients diagnosed with HCC also show changes in TSPAN5 expression.
For this purpose, tissue samples of patients from an existing database were examined in
collaboration with pathologist Professor Singer from the University of Tlubingen (Table 45).
The tissue samples were prepared in such a way that proteins could be isolated, separated by
SDS-PAGE and finally immunoblotted. We found that patients with HCC have on average a 2.5-
fold higher protein concentration of TSPAN5 than patients with healthy tissue (Figure 55).
Examining the human data in more detail, it can be seen that in approximately 25 % of the
samples examined, there is a significantly higher TSPANS5 overexpression in the range of 20-

fold increase in TSPANS protein levels compared to the general average increase.

Table 45: Patient characteristics including age, gender, grading, staging, lymphangiosis and hemangiosis
carcinomatosa, R-status and tumor size

Patient characteristics HCC
Age (years) Mean * SD 69.8+7.5
Range 61 -89
Gender F _
M 11
Grading Gl 5
G2 6
Stage (7" edition UICC) T1 6
T2 3
T3 1
unknown 1
Lymphangiosis yes -
no 9
unknown 2
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Hemangiosis yes 3
no 7
unknown 1
R-Status RO 10
R1 -
unknown 1
Tumour size cm (n=10) Mean * SD 5+5
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Figure 55: TSPAN5 overexpression in human HCC tissue samples. Tissue samples of human patients were
prepared and lysates for Western Blot generated. Lysates were immunoblotted with anti-TSPAN5 antibody and
anti-vinculin antibody as loading control. Images of the detections are shown. Statistical analysis was performed
using students t-test. Values are mean + SD (ctrl n =11, human HCC = 11); **p<0.01.
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6.9 Anti-tumor effects of TSPAN5 depletion in HCC Xenograft

6.9.1 Reduced tumor growth after TSPANS depletion in vivo

Results to date suggest that TSPANS is a potential target in the treatment of DLC1 deficient
HCCs. To evaluate the therapeutic efficacy of a TSPAN5 knockdown in vivo, we used a
xenograft model in collaboration with Professor Aigner from University of Leipzig. For this
purpose, subcutaneous tumor xenografts were first generated by injecting HuH7 cells into
athymic mice. As an efficient tool to ensure in vivo siRNA delivery, we used polyethyleneimine
(PEI) complexation with TSPANS5 or scrambled siRNA (Aigner 2006; Hampl et al. 2013; Ibrahim
et al. 2011; Schéafer et al. 2010). After solid and roughly equal-sized tumors had formed, the
mice were treated systemically by intraperitoneal (i.p.) injection of PEI/siRNA complexes three
times per week. After day 3, tumor growth was increasingly inhibited in the siTSPANS5
treatment group (Figure 56). On the 10th day of treatment, the tumors had to be excised,

otherwise the tumors of the control group would have become too large.
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Figure 56: TSPANS depletion reduces tumor growth in mice xenograft in vivo. HCC xenograft mice were treated
on day 0, 2, 4, 6 and 8 with polymeric nanoscale complexes containing either control siRNA (sictrl) or TSPAN5
siRNA (siTSPAN5). Tumor growth was measured manually. Means of tumor sizes are shown for control and
treated group over the entire treatment period. Statistical analysis was performed using the unpaired t-test. Data
are presented with means + SD (n=6 mice per group)

Further examination of excised xenograft tumors shows decreased proliferation and mitotic

rates due to diminished Ki67 mRNA expression in the siTSPAN5 treatment group. Successful
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TSPANS knockdown in the treatment group compared to the control group was demonstrated

at both mRNA (Figure 57A) and protein (Figure 57B) levels.
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Figure 57: TSPAN5 knockdown inhibits proliferate in vivo. (A) TSPAN5 knockdown efficiency and Ki67 mRNA
expression in HCC xenografts after treatment with PEI/TSPANS5 siRNA (siTSPANS5) or PEl/control siRNA (sictrl) i.p.
three times per week, determined by gqRT-PCR using the respective RNA primers and 18S rRNA as endogenous
housekeeping gene for normalization. (B) Immunoblotting of corresponding lysates of HCC xenografts treated as
described above with anti-Tetraspanin 5 and anti-HSP90 antibody as loading control. All data are means + SD
(n=5); *p<0.05.

6.9.2 Decreased MKL1 target gene expression after TSPANS loss in vivo

Further investigations related to the expression of MKL1 target genes revealed a significant
decrease in MKL1 target genes, consistent with the previous results. These findings could be

observed on the mRNA (Figure 58A) as well as on the protein (Figure 58B) level.

140



Results

- |
& 151 & 2.0 < 2.0 w 15-
5 5 & &
- o 1.54 o 157 <L
sl . 3 2 210
- o g fom N
051 s S 2957
cln -l el
s = s
® 0.0- £ 0.0- 2 o0 = 0.0-
d O d O d O d O
& & & &
B B B B
67 kDa SRF
Askon - MYOF  okpa | SR S | smA

sokba | WD W | LSP9O

sictrl siTSPANS

sokpa | MR GLIPR1

| ey, @0 6

90kDa | WS S | LSP0

. —————

sictrl  siTSPANS

Figure 58: TSPANS depletion reduces MKL1 target genes in vivo. (A) MKL1 target gene expression of GLIPR1,
CTGF, SMA and SRF in HCC xenografts after treatment with PEI/TSPANS5 siRNA (siTSPANS5) or PEl/control siRNA
(sictrl) i.p. three times per week, determined by gRT-PCR using the respective RNA primers and 18S rRNA as
endogenous housekeeping gene for normalization. (B) Immunoblotting of corresponding lysates of HCC
xenografts treated as described above with anti-Myoferlin antibody, anti-SRF antibody, anti-SMA antibody, anti-

GLIPR1 antibody and respectively anti-HSP90 antibody as loading control. All data are means + SD (n=5); *p<0.05,
ko
p<0.01.

6.9.3 Senescence induction upon TSPANS depletion in vivo

Also, we analyzed phosphorylation of ERK1/2 in order to confirm that the regression of
xenografts treated with TSPAN5 siRNA is associated with Ras-induced senescence. We were
able to demonstrate an increase in phosphorylation of ERK1/2 and, in addition,

hypophosphorylation of retinoblastoma (Figure 59).
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Figure 59: Positive senescence markers upon TSPAN5 depletion in HCC xenograft in vivo. Imnmunoblotting of
corresponding lysates of HCC xenografts treated as described above with anti-ERKPT202/PY204 gntibody, anti-ERK
antibody (A), anti-pRB antibody (B) and respectively anti-HSP90 antibody as loading control.

All these findings in vitro and in vivo suggest that TSPAN5 plays a major role in the
development and growth of HCC. The results further describe that silencing TSPAN5 in HCC

can reduce tumorigenic properties through an oncogene-induced senescence response.
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7 Discussion

7.1 DLC1 loss-dependent expression of novel gene targets in HCC

One aim of this PhD thesis was to validate the novel gene targets identified after DLC1 loss in
HCC and to distinguish the gene that is responsible for HCC growth and other tumorigenic
characteristics. Because DLC1 functions as a tumor suppressor by regulating and controlling
the RhoA cascade, its loss or mutation results in an increased likelihood of HCC development
(Xue et al. 2008; Yuan et al. 1998). Further, DLC1 expression leads to an induction of
senescence in HCC cells, which acts as a tumor suppressive mechanism in liver tumorigenesis
(Hampl et al. 2013). After DLC1 loss, this protective mechanism is also lost, so it is of great
interest to investigate and elucidate the changes in gene expression and its effects on the
signaling pathways of a DLC1 deficient cell. Previous microarray analyses by C. Mittermeier
examined the transcriptome of HepG2 cells depleted of DLC1 by shRNA interference
compared to control cells which led to the discovery of several novel DLC1 loss-dependent
gene targets. The top 5 genes that were upregulated in HepG2 DLC1 knockdown cells by a
factor of 3.0 compared to the control cells were selected and so the following 5 novel DLC1
dependent genes were identified: Versican (VCAN), Tetraspanin 5 (TSPAN5), Meprin 1A
(MEP1A), Histon cluster 1 H2B family member K (HISTIH2BK) and N-cadherin (CDH2). The
DLC1 dependency of the newly found gene targets in the microarray could be validated in
several HCC cell lines both at the mRNA and protein level. The genes are already known to
have multiple properties in other cell lines and tissues, so that their overexpression in HCC -
depending on the tumorigenic characteristic of the gene - may open up new targets in HCC
treatment (Tanaka et al. 2016). Versican (VCAN) is a large (>1000 kDa) extracellular matrix
proteoglycan of which 5 splice isoforms have been described and which interacts with various
extracellular matrix (ECM) components such as hyaluronan (lozzo 1998; Kischel et al. 2010;
Wight 2002, 2017). VCAN plays an important role in organ development such as the heart and
in inflammatory processes but also in cancer development by contributing to cell adhesion,
proliferation and migration (Gao et al. 2012b; Mjaatvedt et al. 1998; Zhang et al. 2012). In this
context, VCAN is increasingly expressed both in the tumor cells themselves and in the
surrounding stromal cells and contributes to tumor invasion and metastasis through its

influence on cell adhesion, migration and angiogenesis (Ricciardelli et al. 2009). Upregulation
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of VCAN has been demonstrated in various tumors such as breast, brain, bone, ovarian or liver
tumors and correlated with reduced survival (Nara et al. 1997; Nikitovic et al. 2006; Paulus et
al. 1996; Ricciardelli et al. 2002; Voutilainen et al. 2003). For example, VCAN is expected to
induce mesenchymal to epithelial transition (MET) of metastatic tumor cells, thus accelerating
metastasis (Gao et al. 2012a; Sheng et al. 2006). More specifically, Goa and colleagues found
in a mouse model of spontaneous breast cancer, that myeloid progenitor cells express
increased levels of VCAN in the pre-metastatic lung. An in vivo knockdown of VCAN
significantly affected lung metastases. In addition, analysis of clinical samples also showed
increased VCAN expression in the metastatic lung of patients with breast cancer (Gao et al.
2012a). Not only in lung metastases, but also in primary breast cancer tissue itself, a significant
overexpression of all five VCAN isoforms could be shown on mRNA level as well as on protein
level (Kischel et al. 2010). Since DLC1 is also active as a tumor suppressor in lung and breast
tissue, it would be quite conceivable and tempting to speculate whether it is the DLC1 loss
that preceded breast cancer and lung metastases in these cases and promoted overexpression
of VCAN. Furthermore, the impact of VCAN overexpression, due to increased expression of
Sharpin, on tumor progression and invasion has already been shown in HCC cells. Sharpin
(Shank-associated RH domain-interacting protein) is a multi-functional protein that promotes
tumor progression in various types of cancer by activating nuclear factor-kB signaling and
inhibiting tumor suppressors. By microarray analysis, Tanaka and colleagues found that
Sharpin overexpression in HCC tissues correlates with VCAN overexpression and that this
combination of overexpression plays a significant role in tumor progression and invasion
(Tanaka et al. 2016). Using proteomic approaches, Naboulsi and colleagues analyzed patient
HCC samples as well as non-tumorigenic tissue samples and found that VCAN is already
significantly overexpressed in well-differentiated and low-stage HCCs. These results provide
the opportunity to use VCAN as a potential biomarker for early HCC diagnosis (Naboulsi et al.
2016). Recent studies suggest that the expression of VCAN isoform V1 (VCAN V1), the only
isoform of VCAN expressed in the liver, is regulated by Linc01225, an oncogenic noncoding
RNA that promotes occurrence and metastasis of HCC (Cattaruzza et al. 2002; Wang et al.
2016c; Zhangyuan et al. 2020). The authors Zhangyan and colleagues published a possible
mechanism by which VCAN V1 promotes HCC proliferation and metastasis. They suggest that

VCAN triggers the “epidermal growth factor receptor (EGFR) - Phosphoinositide 3-kinase
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(Pi3K) - protein kinase B (AKT)” pathway via an EGF-like motif and discovered a direct
interaction between VCAN and the EGF receptor (Zhangyuan et al. 2020). In addition to the
EGFR-Pi3K-AKT signaling pathway, sustained activation of EGFR can also lead to increased cell
proliferation via additional activation of the Ras-Raf-Mek-ERK signaling pathway (Gale et al.
1993). This is also in agreement with results from our group, in which Hermanns and
colleagues demonstrate that myoferlin, a MKL1 target gene, mediates its effect on oncogene-
induced senescence (OIS) via modulation of the EGFR signaling pathway and thus plays an
essential role for HCC growth (Hermanns et al. 2017). Indeed, aberrant activation of the Ras-
Raf-Mek-ERK pathway is a consistent finding in numerous cancers and has also been
associated with cell proliferation, cell survival, and metastasis (Roberts and Der 2007).
Analogously, an overexpression of VCAN induced by DLC1 loss could contribute to HCC
development and growth via the two signaling pathways just mentioned. At the same time,
activation of the EGFR-Ras-Mek-ERK pathway in DLC1 deficient HCC also leads to an oncogene-
induced senescence response that counteracts tumor growth and provides a protective

mechanism upon loss of e.g. tumor suppressors (Hampl et al. 2013).

The MEP1A gene, which encodes the zinc metalloprotease MEP1A, modulates the activity of
proteins and inflammatory cytokines in various diseases (Gao et al. 2020). For example,
MEP1A affects the inflammatory response, fibrosis and cardiac remodeling by regulating
inflammatory cytokine expression. Mechanistic studies by Ge and colleagues showed that
activation of ERK1/2 in cardiac myocytes, fibroblasts and macrophages underlies also cardiac
remodeling induced by MEP1A (Ge et al. 2020). Similar to VCAN overexpression, MEP1A
overexpression also involves activation of the ERK pathway, suggesting involvement of MEP1A
in tumorigenesis. Indeed, MEP1A expression is associated with colorectal and breast cancer,
osteosarcoma and HCC (Matters and Bond 1999; Matters et al. 2005; OuYang et al. 2016). In
the case of colorectal cancer, for example, it has been shown that MEP1A not only functionally
promotes proliferation, migration, and invasion of tumor cells, but may also serve as an
important and uniquely bioindicator of prognostic outcome of colorectal carcinoma. This is
indicated by the fact that both mRNA and protein levels of MEP1A were increased in colorectal
cancer tissue samples (Wang et al. 2016d). Analogously, similar findings can be shown in HCC
by OuYang and colleagues. They demonstrated by in vitro and in vivo assays that MEP1A

promotes HCC cell proliferation, migration and invasion and that patients with positive MEP1A

145



Discussion

expression in tissue samples show poorer prognosis and survival after curative resection
(OuYang et al. 2016). Since DLC1 also acts as a tumor suppressor not only in HCC but also in
colorectal cancer, it can be hypothesized that the oncogenic properties of MEP1A are also
associated with a previous loss of DLC1, further worsening the course and prognosis of the

tumor disease (Wu et al. 2015).

Moreover, increased levels of HIST1IH2BK can also be detected in various tumors such as
glioma, lung adenocarcinoma, ovarian and breast cancer and high expression levels of
HIST1H2BK can be correlated with a worse prognosis for the patients (Han et al. 2019; Li and
Zhan 2019; Liu et al. 2020; Zeng et al. 2021). Interestingly, an increased expression of
HISTIH2BK was detected specifically in breast cancer cells resistant to doxorubicin.
Doxorubicin resistance is next to the “Leukemia inhibitory factor receptor (LIFR) - Januskinase
1 (JAK1) — Signal transducer and activator of transcription 3 (STAT3)” signaling pathway, for
example, with the Ras-Raf-Mek-ERK or the Pi3K-AKT signaling pathways associated. It is
tempting to speculate that DLC1 loss also plays an additional role here and at least partially
contributes to the overexpression of HIST1H2BK in breast cancer cells or whether an
additional expression of MEP1A or VCAN may be involved in the resistance of breast cancer

cells.

Neural-Cadherin (N-cadherin or CDH2) is a calcium-dependent single-chain transmembrane
glycoprotein that is mainly responsible for cell-cell adhesion, migration and invasion (Cao et
al. 2019). Therefore, it is a key molecule for neural crest development, but also for the
development of other organs such as brain, heart or skeletal muscle, especially in
embryogenesis (Cao et al. 2019; Derycke and Bracke 2004). By interacting with other proteins,
N-cadherin has a reciprocal influence on the regulation of various signaling pathways such as
the RhoA cascade and function in tyrosine kinase signaling (Derycke and Bracke 2004). For
example, the adhesive activity of N-cadherin is also subject to the regulation of RhoGTPases,
reinforcing its dependence on DLC1. Furthermore, its interaction with 3-catenin also provides
a link to the Wnt-RB-catenin pathway (Derycke and Bracke 2004). Besides, it is already known
that N-cadherin is frequently upregulated in various types of cancers such as lung cancer,
breast cancer, liver cancer and prostate cancer (Drivalos et al. 2016; Saadatmand et al. 2013;
Seo et al. 2008). In this context, it acts as an invasion and metastatic promoter and is

associated with malignant tumor progression. Moreover, upregulation of N-cadherin
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expression was observed in 67 % of HCC tissues by Seo and colleagues and identified as a
predictive marker for early recurrence in HCC (Seo et al. 2008). Interestingly, it has been
shown that VCAN isoform V1 promotes a switch in the expression of N- to E-cadherin (Sheng
et al. 2006). Increased N-cadherin can promote tumor progression, while E-cadherin, which
normally acts as an invasion suppressor, is repressed and downregulated in most tumors
(Derycke and Bracke 2004; Kanai et al. 1997; Li and Herlyn 2000; Mareel and Leroy 2003;
Tomita et al. 2000). Thus, N-cadherin expression is additionally regulated by VCAN, which itself
has also been described as tumor-promoting in literature. However, the data of Shen and
colleagues suggest that overexpression of both genes, VCAN isoform V1 and N-cadherin, do
not necessarily have synergistic effects on tumorigenesis and progression, but rather that
VCAN isoform V1 inhibits the expression of N-cadherin and promotes that of the more tumor-
suppressive E-cadherin (Sheng et al. 2006). Transforming growth factor-6 (TGFRB) is known to
be an inducer of EMT, where N-cadherin expression is significantly upregulated and that of E-
cadherin is downregulated. It has been demonstrated in several studies that TGFR promotes
the upregulation of N-cadherin and thus tumor progression by binding to the N-cadherin
promoter region (Diamond et al. 2008; Nuessle et al. 2011; Yang et al. 2015). It is also
interesting to note that TGFR1 itself is a MKL1/SRF target gene that is increasingly expressed
by RhoA stimulation (Hampl et al. 2013). Due to the loss of the RhoGAP DLC1 which in turn
leads to a permanent activation of RhoA, one could assume a mechanistic link via an increased
TGFR and thereby increased N-cadherin expression after DLC1 loss, that triggers EMT,

migration and metastasis.

The last DLC1 dependent gene target, which is the primary focus of this thesis, and which is
strongly upregulated after DLC1 loss, is Tetraspanin 5 (TSPANS). As very little is known about
TSPANS itself, especially in the field of carcinogenesis and cancer development, its
contribution remains to be investigated. Previous studies showed that TSPAN5 plays an
important role in the differentiation of neurons during brain development and osteoclast
formation (Garcia-Frigola et al. 2000; Iwai et al. 2007; Juenger et al. 2005; Zhou et al. 2014).
Nevertheless, since many TSPANs have already been shown to be involved in tumorigenesis
and tumor development, for example in blood, liver or gastric cancer, it is essential to
investigate the role of TSPANS in tumorigenesis and progression (Boucheix et al. 1985; Ke et

al. 2009; Zoller 2009). The special role and involvement of TSPAN5 in HCC development and
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growth will be discussed in more detail in the following chapters (chapters 7.3 - 7.5). In this
thesis, we show that the newly identified gene targets are overexpressed at both mRNA and
protein level upon DLC1 loss in various HCC cell lines such as HepG2 and Hep3B. Interestingly,
all newly identified genes are involved in the carcinogenesis or progression of different tumors
and partly even in that of HCC, whereas the individual signaling pathways are unfortunately
largely unknown. Work from our laboratory showed that DLC1 has an effect on cellular
senescence and the loss of DLC1 triggers MKL1/2 activity, but the associated molecular
mechanism is still unknown, it is of great importance to study it in more detail (Hampl et al.
2013; Muehlich et al. 2012; Xue et al. 2008). Microarray-based characterization of novel DLC1
dependent genes opens up the possibility of identifying the target gene(s) that promote HCC

growth.

7.2 MKL1- and Filamin A dependency of newly identified DLC1 dependent genes

After loss of DLC1, which acts as a RhoGAP and thus converts active RhoA back to the inactive
state, a permanently active RhoA signaling cascade occurs (Tcherkezian and Lamarche-Vane
2007). This permanently active state of RhoA leads to an increased polymerization of
monomeric G-actin to polymeric F-actin by Rho kinases (Sotiropoulos et al. 1999). Due to these
changes in the actin cytoskeleton, the coactivator MKL1 is now able to form a complex with
Filamin A (FLNA), which is ultimately required to express the SRF/MKL1-dependent target
genes (Hermanns et al. 2017; Kircher et al. 2015). FLNA, as an actin-binding protein, is essential
for the crosslinking of actin filaments, the stabilization of the orthogonal actin network and its
attachment to cellular membranes (Flanagan et al. 2001; van der Flier and Sonnenberg 2001;
Stossel et al. 2001). In addition, FLNA is also able to interact directly with the RhoA signaling
cascade via binding to GTPases of the Rho family (Stossel et al. 2001). Considering that for
SRF-dependent target gene expression, which involves tumorigenic properties such as
increased cell proliferation, FLNA is indispensable in addition to the coactivator MKL1, the goal
to characterize DLC1 dependent genes not only for their SRF dependence but also for MKL1

and FLNA dependence is obvious.

In this thesis, we demonstrated that the upregulation of gene targets mediated upon DLC1

loss after additional knockdown of MKL1 or FLNA was suppressed for VCAN, TSPAN5, and n-
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CDH2, but not for MEP1A or HISTK21A. These findings could be confirmed by MKL1 re-
expression experiments with an MKL1IN100 mutant that is constantly located in the nucleus
and thus acts permanently as a coactivator of SRF (Muehlich et al. 2008). Further, VCAN,
TSPANS5, n-CDH2 as well as MEP1A show a strong dependence of the transcriptional activator
serum response factor (SRF). To our knowledge, DLC1 dependent genes have not been linked
so far to the transcriptional activator SRF or its coactivator MKL1. For the first time, we publish

data on VCAN, TSPANS5 and CDH2 and their dependence on MKL1 and SRF in this thesis.

For VCAN, however, it has been found, for example in heart disease, that metalloprotease-
induced VCAN cleavage is required for normal expression of the cytoskeletal proteins FLNA
and smooth muscle alpha-actin (a-SMA) (Dupuis et al. 2013). Accumulation of VCAN leads to
a reduction of FLNA and a-SMA, which in turn affects the TGF- signaling pathway (Dupuis et
al. 2013). In addition to the previously known signaling pathway of SMAD and FLNA
interaction, which regulates the TGFR signaling, it is conceivable that the further TGFR
mediated pathways are also influenced by the FLNA dependent MKL1/SRF-mediated target
gene expression of e.g. TGFR1 (Hermanns et al. 2017; Kircher et al. 2015; Sasaki et al. 2001).
Studies with SRF overexpression, on the other hand, indeed have illustrated increased
expression levels of N-cadherin, which have already been associated with increased cell
migration and invasiveness of HCC cells (Kwon et al. 2010). Furthermore, the authors Kwon
and colleagues have shown a correlation between SRF overexpression and subsequent Wnt/R-
catenin pathway activation, which is also one of the most important signaling pathways in HCC
progression (Kwon et al. 2010). This study suggests a possible cross-link from the MKL1/SRF
signaling pathway to Wnt/R-catenin signaling pathway due to the increased expression of N-
cadherin itself caused by SRF overexpression. This can be substantiated by the fact that N-
cadherin, as an important interaction partner of B-catenin, shows influence on the Wnt/R
signaling pathway. Using chromatin immunoprecipitation (ChIP), we further confirmed the
findings of MKL1 and FLNA dependence of the DLC1 dependent genes VCAN, TSPAN5 and n-
CDH2. Thus, we were able to amplify the VCAN, TSPAN5 and CDH2 promoters from MKL1
immunoprecipitates in A7 cells, but not from IgG immunoprecipitates as negative control.
Moreover, the VCAN, TSPAN5 and CDH2 promoters were enriched only in FLNA-positive (A7)

cells, but not in FLNA negative (M2) cells.
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Inhibition and stimulation experiments show that TSPANS5 is not only dependent on
FLNA/MKL1/SRF, but is also regulated via the RhoA/actin signaling pathway, which is
permanently active after DLC1 loss and ensures permanent nuclear localization and thus
activation of MKL1. Thus, by inhibiting different steps of the RhoA/actin signaling pathway
TSPANS expression was decreased. For example, the actin-polymerization inhibitor
Latrunculin B (LatB), which prevents polymerization to F-actin and thus the assembly of the
actin cytoskeleton by binding to monomeric G-actin, had the same inhibitory effect on TSPAN5S
expression as the Rho associated protein kinase (Rock) inhibitor Y-27632 (Yarmola et al. 2000).
In addition, preliminary data show that inhibition of the recently implicated RhoA/actin
pathway transient receptor potential cation channel TRPM7 with NS8593 also results in
significant downregulation of TSPAN5 (Voringer et al. 2020). TRPM7 is able to phosphorylate
and thus activate RhoA after TRPM7 channel mediated Mg?* influx by means of its kinase
domain (Voringer et al. 2020). The regulation of TSPAN5 expression by the RhoA/actin
signaling pathway was confirmed analogously by stimulation with lysophosphatidic acid (LPA)
and thus activation of the RhoA signaling cascade and consequent overexpression of TSPANS.
LPA mimics serum stimulation as a potent signaling molecule and enhances actin
polymerization to F-actin filaments via activation of the RhoA/actin cascade (Lin et al. 2010;
Muehlich et al. 2004). These results are consistent with the finding of TSPAN5 overexpression
after DLC1 loss, which is associated with a permanently active RhoA and thus RhoA/actin
signaling cascade. Our data on the dependence of VCAN, TSPANS5 and n-CDH2 on MKL1 and
SRF, as well as the influence of TSPAN5 expression by modulating the Rho/actin signaling
pathway, suggest first and foremost TSPANS as a novel MKL1/SRF-dependent target gene.
This finding, in turn, reveals new potential targets in the MKL1/SRF signaling cascade for the

treatment of DLC1 deficient cancers in which TSPANS is overexpressed.

7.3 Effects of TSPAN5 on the tumorigenicity of HCC cells

7.3.1 Functional effects of TSPANS5 on HCC cells

Previous studies performed by our group revealed that DLC1 loss is associated with nuclear
accumulation and thus persistently active MKL1 in primary human HCC in vitro and in vivo

(Muehlich et al. 2012). Furthermore, these findings are accompanied by an increased
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expression of the proliferation marker Ki67, whose expression directly correlates with cell
proliferation and tumor progression (Muehlich et al. 2012). Thus, Ki67 expression can be
detected in all active phases of the cell cycle, but not in resting cells (Scholzen and Gerdes
2000). Given that the tumor suppressor DLC1 is frequently deleted in human HCC, which is
one of the most common cancers with poor prognosis, it was of great interest to study the
genes upregulated after DLC1 depletion. With the new microarray results, which demonstrate
the previously unknown upregulation of new gene targets after DLC1 loss, we focused on the
impact of the additional MKL1- and FLNA-dependent genes VCAN, TSPAN5, and n-CDH2 on
HCC growth.

Our study highlights for the first time that RNA-mediated downregulation of TSPANS
expression, but not of VCAN or n-CDH2 expression, completely abolished the proliferation of
human HCC cells. Interestingly, the proliferation was not only inhibited in DLC1 deficient cells
such as HuH7 or HuH6 cells, but also in DLC1 expressing cells such as HepG2 cells. Further,
increased proliferation in HepG2 cells upon additional silencing of DLC1 expression could also
be completely suppressed by TSPAN5 knockdown. This indicates that TSPAN5 plays an
essential role in proliferation of HCC tumor cells in general. Publications on TSPAN CD9, for
example, state that TSPANs are not only involved in tumor cell proliferation, but in cell
proliferation in general. It has been shown that de novo expression of CD9 in parietal epithelial
cells causes the cells to invade glomerular capillaries, thereby promoting kidney injury and
failure (Lazareth et al. 2019). However, our data suggest that TSPAN5 expression is in a
delicate equilibrium and that overexpression upon DLC1 loss triggers proliferation of tumor
cells. Consistent with this, similar studies show that other TSPANs such as TSPAN CD81
promote the growth of osteosarcoma or that overexpression of TSPAN CD9 increases the
proliferation of human lymphoma cells (Herr et al. 2014a; Mizoshiri et al. 2019). Further, all
our data show that TSPAN5 knockdown is not only able to inhibit proliferation, but also
suppress other tumorigenic properties such as migration, invasion or the ability to form
spheroids. Migration and invasion properties of tumor cells are essential for the tumor in
terms of its ability to metastasize. For example, migrating and invading cells can reach and
penetrate blood vessels in order to establish metastatic foci elsewhere in the organism. The
ability to form spheroids is also associated with angiogenesis, which enables the tumor to

grow and progress by improving the blood supply (Hanahan and Weinberg 2000; Zahra et al.
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2019). Amongst the other gene targets identified in our microarray, we modulated neither
proliferation nor migration inhibition by silencing the appropriate gene expression, while the
loss of n-CDH2 at least resulted in reduced migratory capacity. In agreement with the fact that
n-CDH2 serves as an indicator for ongoing EMT, which promotes migration and ultimately
invasion of tumor cells, has been released in several publications and agrees with our results
on migration inhibition after n-CDH2 silencing via RNA interference (Derycke and Bracke 2004;
Wang et al. 2016b). Furthermore, increased n-CDH2 expression has been correlated with the
development of different types of carcinomas (Hui et al. 2013; Hulit et al. 2007; Jennbacken
et al. 2010). Consistent with our novel findings that targeted TSPAN5 knockdown inhibits
tumorigenic properties such as proliferation, migration or invasion, publications regarding
other members of the TSPAN superfamily show a similar influence of different TSPANs on
tumorigenesis and progression. For example, inhibition of TSPAN CD81 expression has been
shown to reduce lung metastasis by osteosarcoma cells (Mizoshiri et al. 2019). Further studies
show that TSPAN2 is overexpressed in lung cancer cells, for example, and that invasiveness
and motility are reduced after TSPAN2 knockdown (Yaseen et al. 2017). In the mouse model,
the results were confirmed by a reduction of lung metastasis after TSPAN2 knockdown
(Otsubo et al. 2014). TSPANS8 overexpression has previously been correlated with increased
metastasis in HCC due to its invasion- and metastasis-enhancing properties (Kanetaka et al.
2001; Kanetaka et al. 2003). It is interesting to note that a previous microarray from our group
in HUH7 cells stably expressing shRNA against MKL1/2 revealed under-expression of TSPANS
after MKL1 loss, among other genes (Hermanns et al. 2017). This suggests that TSPANS, for
which tumor enhancing properties have been demonstrated by Kanetaka and colleagues, is
an MKL1-dependent target gene and thus is (at least partially) expressed in a regulated
manner via the RhoA signaling pathway and MKL1/SRF activation. Moreover, using TSPAN
CD151 knockdown mice, it was shown that the promotion of tumor growth by angiogenesis
in vivo is dependent on CD151 (Takeda et al. 2007). Among the VCAN, TSPAN5 and n-CDH2
genes overexpressed as a result of DLC1 loss, only TSPANS depletion manifests a strong effect
on proliferation arrest. Since proliferation is one of the first degenerate features of tumor cells
in tumorigenesis, which should accordingly be addressed as early as possible in tumor control,
we were interested in uncovering the mechanism of proliferation inhibition after TSPAN5

knockdown.
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7.3.2 Induction of oncogene-induced senescence due to TSPAN5 depletion

The proliferation arrest described in the previous chapter, which is due to TSPAN5 depletion
and serves as a tumor evasion strategy for the cell, may result from an induced apoptotic or
senescent signaling pathway (Wyllie et al. 1980; Wynford-Thomas 1999). On this basis, we
next investigated whether the cells after TSPANS5 loss indicated cellular senescence. For this
purpose, we analyzed HCC cells, such as HuH7 or HuH6 cells, after TSPAN5 knockdown by
using B-galactosidase staining, which is known to be a well-established marker for senescent
cells (Debacg-Chainiaux et al. 2009; Dimri et al. 1995). In agreement with the results of Hampl
and colleagues that MKL1/2 knockdown causes senescence induction, we were able to show
that analogously after loss of TSPANS, which is dependent on MKL1 as shown above, there is
a significant senescence induction compared to control cells (Hampl et al. 2013). Whereas
MKL1 and SRF have already been shown to be modulators of an induction of a senescence
response in several studies, for example in HCC cells, but also in smooth muscle cells (SMCs)
of mice or in mouse muscles themselves, a correlation of TSPAN5 with cellular senescence
was observed for the first time in HCC cells (Angstenberger et al. 2007; Hampl et al. 2013;
Lahoute et al. 2008). In view of the background that proliferation arrest can be triggered by
senescence induction, we were next interested in the more precise molecular mechanism

leading to the senescence response.

Since the Raf/Mek/ERK signaling pathway downstream of Ras is one of the most relevant for
senescence induction, proliferation arrest and also plays an important role in the senescence
response after MKL1 depletion, we first wanted to investigate whether senescence is also
induced via this pathway after TSPANS loss (Hampl et al. 2013; Lin et al. 1998; Zhu et al. 1998).
By analyzing the phosphorylation levels of ERK in TSPANS deficient HCC cells compared to
control cells, we were able to detect an activation of ERK. These results point to the
Ras/Raf/Mek/ERK signaling pathway as a senescence inducing pathway upon TSPANS loss
(Crews and Erikson 1993). In the context of oncogenic Ras expression, Serrano and colleagues
postulated for the first time premature senescence, which cannot be attributed to a finite
number of cell doublings depending on telomere length like previously known replicative
senescence (Serrano et al. 1997). The existence of this premature or so-called oncogene-
induced senescence (OIS) is due to the activation of oncogenes and thus represents a very

efficient cellular tumor suppressor mechanism that counteracts the cell transforming
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properties of sustained Ras activation (Lin et al. 1998; Michaloglou et al. 2005; Serrano et al.
1997). Consistent with several studies that the Raf/Mek/ERK signaling pathway causing
oncogene-induced senescence is, among others, controlled by p16'N*42, by inducing a G1-cell
cycle arrest, we demonstrated an accumulation of p16'™42 in HCC cells after TSPANS5 loss (Lin
et al. 1998; Serrano et al. 1997; Sherr and Roberts 1999). Furthermore, analogous studies in
HCC cells after MKL1 loss as well as loss of the MKL1 target gene myoferlin (MYOF) showed
activation of ERK followed by an accumulation of p16'*4, which triggers the senescence
response (Hampl et al. 2013; Hermanns et al. 2017). As early as 1996, an upregulation of
p16'NK4a expression in senescent cells and its ability to trigger the senescence response was
found, underscoring an impact of TSPANS5 on the induction of oncogene-induced senescence
response (Alcorta et al. 1996; Hara et al. 1996). The fact that p16'N** js expressed in many
different tumor cell lines at very low levels or in a mutated and thus functionless form
highlights the important role of p16'N%4 as a tumor suppressor (Bennett 2003; Grant et al.
2016; LaPak and Burd 2014; Liggett, JR and Sidransky 1998). Furthermore, as a CDK inhibitor
protein, p16'N4@ regulates CDK4/6 activity, which provokes G1 cell cycle arrest and
consequently prevents phosphorylation of the retinoblastoma (Rb) protein (Alcorta et al.
1996; Hara et al. 1996; Serrano et al. 1997). Therefore, the accumulation of p16'N*4@ maintains
the Rb protein in its hypophosphorylated and thus active state, which hinders cell cycle
progression from G1 to S phase and thereby promotes senescence induction (Chicas et al.
2010; Peeper et al. 1994; Weinberg 1995). Given these facts, we found that the
phosphorylation status of Rb was strongly decreased after TSPANS5 depletion in both HuH7
and HuH6 cells. Thus, the absence of TSPAN5 leads to the induction of an OIS response via an
active, hypophosphorylated Rb protein, which, through association with the transcription
factors of the E2F family, prevents the transcription of cyclins E and A. These cyclins are
essentially required for the G1 to S phase transition (Burkhart and Sage 2008; Serrano et al.
1997). Thus, our results show that silencing of TSPAN5 activates the Ras/Raf/Mek/ERK
signaling pathway and thereby triggers the p16'NK43/Rb tumor suppressor pathway, which
prevents cell cycle progression and eventually induces the OIS response. In summary,
therefore, both the Ras/ERK and p16'N43/Rb signaling pathways are involved and responsible
for the TSPAN5 mediated senescence response. Ferbeyre and colleagues found by differential

gene expression screens of cells with Ras-induced senescence compared with cells with
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quiescent-like arrest that promyelocytic leukemia (PML) is significantly overexpressed in the
cells with oncogenic Ras (Ferbeyre et al. 2000). Their results imply that PML modulates and
acts with the Rb tumor suppressor pathway, thereby promoting and maintaining ras-induced
senescence (Ferbeyre et al. 2000). PML, a RING (Really Interesting New Gene) finger protein,
is localized in large nuclear structures called promyelocytic oncogenic domains (PODs) or PML
nuclear bodies and accumulates in Ras-arrested cells in the nucleus (Zhong et al. 2000). The
accumulation of such PML nuclear bodies after TSPAN5 knockdown compared to control cells
further strengthened the hypothesis that oncogenic Ras triggers activation of the
Ras/Raf/Mek/ERK signaling pathway, leading to an overexpression of PML and a maintaining

senescence response via the p16'N€43/Rb signaling pathway (Ferbeyre et al. 2000).

To further investigate the impact of TSPAN5 loss on the oncogene-induced senescence
response, we analyzed the cells for remodeling of chromatin structure in response to TSPAN5
expression. Senescent cells show the formation of facultative heterochromatin structures
termed senescence-associated heterochromatin foci (SAHF), which contain increased levels
of characteristic heterochromatin structures such as histone 3 trimethylated on lysine 9
(H3K9me3) (Narita et al. 2003). The accumulation of SAHF induces, for example, the
recruitment of Rb, which in turn prevents the expression of E2F-dependent target genes
essential for cell cycle progression and thus promotes OIS development (Adams 2007; Narita
et al. 2003). Again, our results showed that cells lacking TSPAN5 significantly accumulated
H3K9me3, further supporting the hypothesis of OIS and additionally paralleling senescence

development after MKL1 loss.

To further strengthen the finding that TSPANS5 knockdown leads to OIS induction, we analyzed
other OIS markers that are characteristic signs of senescent cells in addition to those already
studied ranging from B-galactosidase activity to the p16'NK43/Rb pathway to accumulation of
H3K9me3. Thus, senescent cells secrete a number of different interleukins, growth factors,
matrix remodeling factors and cytokines, which are collectively referred to as the senescence-
messaging secretome (SMS) or the senescence-associated secretory phenotype (SASP) (Coppé
et al. 2010; Cristofalo and Pignolo 1996; Kuilman and Peeper 2009). These changes in the
secretome of the cells, which are also accompanied by changes in the factors associated with
the extracellular matrix (ECM), are important key processes in the development of senescence

(Cristofalo and Pignolo 1996; Kuilman and Peeper 2009). The expression of chemokine (C-S-C
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motif) ligand 10 (CXCL10) and tumor necrosis factor (ligand) superfamily member 10
(TNFSF10), both of which promote senescence response in human tumors, significantly
increases after TSPANS loss in human HuH7 cells (Braumdller et al. 2013; Dabrowska et al.
2011). The fact that CXCL10 and TNFSF10 are secreted by senescent cells and thereby promote
senescence induction, supports previous findings that silencing of TSPAN5 initiates the

senescence response.

Here, one might speculate that TSPAN5, as an MKL1-dependent gene, plays a role in
senescence induction not only after its own loss but also after MKL1 depletion, in addition to
the direct MKL1 target gene Myoferlin or MKL1 itself (Hampl et al. 2013; Hermanns et al.
2017). Considering that Hampl and colleagues found out that the loss of MKL1 leads to an
induction of senescence only in DLC1 deficient cells, one could see a putative correlation here,
since DLC1 loss overexpresses TSPANS5. Furthermore, just as direct knockdown of
overexpressed TSPANS triggers a proliferation arrest by OIS induction, MKL1 knockdown
analogously decreases TSPAN5 expression, which could promote senescence induction upon
MKL1 loss in DLC1 deficient cells, in addition to myoferlin as another MKL1 target gene.
Proliferation experiments with overexpression of a constitutively active MKL1 variant
(MKLIN100) on a previous TSPAN5 depletion also demonstrate, by attenuating the
proliferation arrest, the inhibitory role of MKL1 on senescence induction and thus

proliferation.

Summarizing the collected data, these results show for the first time that TSPANS is directly
involved in the OIS response in HCC cells. Thus, reduction of TSPAN5 expression by RNA
interference increased senescence-associated R-galactosidase activity and resulted in
activation of the MAPK signaling cascade indicated by increased ERK1/2 phosphorylation. PML
accumulation and p16'N€43/Rb pathway activation ultimately trigger the OIS response, which
is further indicated by increased expression of CXCL10 and TNFSF10. In this way, we identified
that the overexpression of the gene target TSPAN5 due to DLC1 loss mediates the effects of
OIS in HCC cells. Thus, TSPANS serves as a promising therapeutic target to prevent or eliminate

hepatocarcinogenesis by OIS induction in DLC1 deficient cancers.
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7.4 Depletion of TSPANS affects the actin cytoskeleton, epithelial transition and

MKL1 signaling pathway

7.4.1 Depletion of TSPANS affects the actin cytoskeleton

Since TSPANs impacts the cytoskeleton through their interaction with integrins, we sought to
focus on their potential influence on the Rho/actin signaling pathway in the next part of this
thesis (Hemler 2005; Zhang et al. 2001). For this purpose, we first examined the effect of
TSPANS depletion on RhoA activity. As a result, we found a decrease in RhoA activity in HepG2
CRISP Cas9 DLC1 KO cells after additional TSPANS5 knockdown. This suggests, for example, a
direct interaction of TSPANS itself or as a member of the tetraspanin enriched microdomains
(TEMs) and the membrane associated RhoA protein. Similarly, it was shown that TSPAN CD151
has regulatory properties for RhoA activation (Johnson et al. 2009). Analogous to our findings
that loss of TSPANS leads to decreased RhoA activity, diminished levels of active RhoA protein
were found upon TSPAN CD9 deficiency (Herr et al. 2014b). Another assumption is that
TSPANS, like the TSPANs CD9, CD81, CD82, or CD151, also interacts with protein kinase C (PKC)
and is thereby involved in the regulation of the phosphorylation status and thus the activity
of the RhoA protein (Knezevic et al. 2007; Kuribayashi et al. 2007; Sabbatini and Williams 2013;
Zhang et al. 2001). Due to the interaction of TSPANs with integrins or even with PKCs and in
particular due to their influence on RhoA activity, it remains to be investigated whether
TSPANS is involved in the organization of the actin cytoskeleton. To gain insight into TSPAN5-
induced changes in the actin cytoskeleton, we first analyzed whether there were changes in
the proportion of monomeric G-actin and polymeric F-actin and in the formation of stress
fibers. As expected, the balance of G- and F-actin in TSPANS5 knockdown cells shifted toward
increased monomeric G-actin compared to control cells. This reflects the effect of decreased
RhoA activity after TSPANS loss and consequently the inhibition of the downstream effectors
diaphanous-related formin (mDia) and Rho-associated kinase (Rho-kinase, Rock), which
regulate the polymerization of monomeric G-actin to polymeric F-actin filaments (Copeland
and Treisman 2002; Ishizaki et al. 1996; Leung et al. 1995; Matsui et al. 1996). In activated Rho
cascade, mDia promotes actin nucleation as well as its elongation from G-actin to F-actin by
interacting with the barbed ends of actin (Baarlink et al. 2013; Watanabe et al. 1999). Rock

additionally phosphorylates Lim-kinase in the activated state, which in turn phosphorylates
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the actin depolymerization factor cofilin and thus inactivates it. In this way, Rock stabilizes the
filamentous F-actin (Sotiropoulos et al. 1999). The enhancing effect that mDia exerts on the
nuclear localization of MKL1 through the polymerization of actin and thus on SRF target gene
expression was confirmed by Hermanns and colleagues using mDia overexpression
experiments (Hermanns et al. 2017; Staus et al. 2007; Staus et al. 2014). Moreover, studies
show that mDia also has a positive effect on nuclear actin assembly, which, according to
Baarlink and colleagues, further supports SRF target gene expression by facilitating nuclear
MKL1 accumulation and thus increased SRF activity (Baarlink et al. 2013). These data may
imply that the increased expression level of TSPANS in a DLC1 deficient carcinoma also has an
impact on the expression of mDia and thus supports the nuclear assembly of actin and SRF
target gene expression. This hypothesis should be further investigated in future studies to
uncover the influence of TSPAN5 on additional signaling pathways and their effectors. That
elevated RhoA levels are found in many various types of cancer and promote tumor growth
has been shown in several studies (Del Gdmez Pulgar et al. 2005). However, the underlying
mechanism of RhoA activation is still not well understood. Our data led us to hypothesize that
elevated TSPANS levels, possibly through direct or indirect interaction via TEMs with RhoA,
may be partly responsible for its increased activity and exert a supporting effect on RhoA
activity alongside the loss of RhoGAP DLC1. Furthermore, in cells with silenced TSPAN5, we
observed a decrease in actin stress fibers just in the nuclear and perinuclear regions, as well
as an increased reorganization of the actin network in the cortical regions of TSPAN5
knockdown cells, which is associated with a more rounded cell morphology. This led us to
hypothesize that TSPAN5 loss counteracts tumorigenic properties by inhibiting RhoA and
affecting actin cytoskeleton and cellular stress fibers. Our findings are consistent with other
studies using, for example, TSPAN CD9 knockdown cells, in which morphological changes, a
lack of parallel actin arrangements and a resulting reduction in cell contractility were similar
to our results (Herr et al. 2014b). Furthermore, Lee and colleagues observed overexpression
of TSPAN TMA4SF5 in human hepatocarcinoma tissue, which they correlated with increased
RhoA activity and a consequently aberrant cell growth (Lee et al. 2008). Moreover, they
maintained that TSPAN TMA4SF5 mediated effects led to epithelial-mesenchymal transition
(EMT) via loss of E-cadherin expression and a subsequently aberrant cell growth (Lee et al.

2008). Such changes in RhoA activity and concomitant changes in the organization and
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formation of the actin cytoskeleton appear to be fundamental mechanisms for TSPAN5-loss-
induced proliferation arrest as well as loss of migratory and invasive capacity in TSPAN5
knockdown cells (Bersini et al. 2020; Peng et al. 2018; Svitkina 2018). In HCC, for example, it
was recently found that the EMT, which is essential for cancer invasion and metastasis, can be
triggered by actin cytoskeleton remodeling and is prevented by proteins that inhibit actin
polymerization (Peng et al. 2018). Our results show that the expression level of TSPAN5 can
influence not only the RhoA activity itself, but also the downstream processes such as actin
polymerization and stress fiber formation. In further experiments, based on the results of
Peng and colleagues, it was of interest whether TSPANS5 knockdown, which has an inhibitory

effect on actin polymerization, can also affect EMT.

7.4.2 Depletion of TSPANS affects the epithelial-mesenchymal transition (EMT)

In subsequent studies, we were able to show a direct influence of TSPAN5 on EMT by
knockdown experiments. In this way, the protein levels of specific EMT markers changed after
TSPANS silencing in DLC1 deficient cells. We demonstrated for the first time that E-cadherin,
a protein with tumor suppressive properties, whose loss is associated with enhanced
metastasis, is increasingly expressed after TSPANS loss. Silencing of TSPAN5 in HCC cells could
thus also improve the worsened prognosis for patients lacking E-cadherin. In addition to
downregulation of E-cadherin expression, concomitant elevated levels of N-cadherin (CDH2),
which enhance tumor progression by promoting migration, are typical of EMT (Diamond et al.
2008; Nuessle et al. 2011; Yang et al. 2015). These inducing EMT processes are consistent with
our microarray results in DLC1 deficient HCC cells, in which CDH2 in addition to TSPANS5 is
strongly elevated in expression, strongly supporting EMT with regard to progressive tumor
progression with migratory and invasive properties. Our results suggest that TSPAN5
knockdown can shift the balance of EMT lying on the side of CDH2 by increasing E-cadherin
levels such that EMT-induced tumor progression is diminished. Another EMT marker is Zonula
occludens-1 (Z0O-1), whose function has been linked to tight and adherens junctions and its
decreased expression plays a critical role in HCC progression by promoting migration, invasion
and metastasis (Gonzalez-Mariscal et al. 2000; Nagai et al. 2016). ZO-1 is not only associated

with the prognosis of HCC and lung cancer, but it has also been convincingly shown in HCC cell
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lines that an increasing ZO-1 expression inhibits their invasive capacity (Hsu et al. 2017; Zhang
et al. 2019). Silencing of TSPAN5S has been shown to increase expression of ZO-1, which may
inhibit the EMT and thus the tumorigenic properties of the cells and thereby improve the
prognosis of HCC patients. In addition to an increase of E-cadherin and ZO-1 with their tumor
suppressive properties, we also observed a decrease of the tumor promoting proteins
vimentin and SLUG upon TSPANS depletion. The EMT marker vimentin is a cytoskeletal protein
whose increased expression is associated with higher tumor cell proliferation, invasion and
metastasis as well as a poorer prognosis (Mendez et al. 2010; Meng et al. 2018; Shibue and
Weinberg 2017). This deregulation of vimentin expression in tumor tissue is associated with
metastasis of various types of cancer such as prostate carcinoma, gastrointestinal and breast
tumors (Fuyuhiro et al. 2010; Gilles et al. 2003; Lang et al. 2002; Takemura et al. 1994; Zhao
et al. 2008). Furthermore, there is also evidence that overexpression of vimentin is associated
with drug resistance (Huo et al. 2016; Kanakkanthara et al. 2012). TSPANS depletion is capable
of lowering vimentin protein levels and may thereby counteracts progressive tumor growth
and metastasis. The fact that TSPAN5 may cooperate indirectly or directly with cytoskeleton
or its components such as vimentin via the TEMs underscores this finding. Also, the studies on
drug resistance associated with vimentin overexpression opens up the possibility to further
investigate and ultimately counteract it by TSPAN5 knockdown in HCC (Huo et al. 2016;
Kanakkanthara et al. 2012). Another hallmark of EMT development is SLUG (Meng et al. 2019).
SLUG is a zinc-finger transcription factor that represses E-cadherin expression, thereby
counteracting tumor protection (Hajra et al. 2002). SLUG is aberrantly expressed in various
types of cancer, and contributes to proliferation and cell survival, as well as tumor cell invasion
and metastasis (Barrallo-Gimeno and Nieto 2005; Dhasarathy et al. 2011; Emadi Baygi et al.
2010; Kurrey et al. 2005; Turner et al. 2006; Uygur and Wu 2011). Thus, TSPAN5 loss not only
lowers SLUG protein levels, which manifest antitumorigenic effects, it further prevents

transcription of the tumor-suppressive E-cadherin from being repressed.

In summary, our data add another twist to this story, suggesting that TSPANS5 knockdown can
interrupt or even reverse the epithelial-mesenchymal transition to the so-called
mesenchymal-epithelial transition (MET), thus inhibiting tumor progression in terms of

invasion and metastasis.
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7.4.3 Depletion of TSPANS affects the MKL1/SRF target gene expression

Since TSPANs regulate integrins in the context of TEMs, which in turn interact with actin
cytoskeleton, which also affects MKL1/FLNA signaling via F- and G-actin, it seemed to us very
likely that TSPANS itself effects MKL1/SRF target gene expression. More precisely, since the
actin/RhoA signaling pathway in turn influences the MKL1/FLNA signaling cascade, which
ultimately leads to activation of the transcription factor SRF and corresponding pro-
proliferative target gene expression, our next goal was to investigate the influence of TSPAN5S
on the MKL1/SRF signaling pathway. For this purpose, we first examined whether the MKL1-
FLNA interaction, which is G- and F-actin-dependent and ultimately essential for SRF target
gene expression, is affected by TSPAN5 depletion. Indeed, TSPAN5 deficiency causes
abrogation of the MKL1-FLNA complex not only in human HCC cells but also in murine 3T3
cells (embryonic fibroblasts). Moreover, we determined that the MKL1/SRF target genes are
also significantly diminished upon TSPAN5 knockdown both at the mRNA level and at the
protein level. Additionally, re-expression of TSPAN5 reverses the MKL1/SRF target gene
downregulation. These findings suggest that the proliferation, migration and invasion arrest
caused by TSPANS loss is not only due to direct changes in the actin cytoskeleton, but also to
an actin-related inhibition of the MKL1/FLNA signaling pathway. These very interesting results
indicate that there is obviously a kind of positive feedback loop, as TSPANS, identified as an

MKL1-dependent gene, itself influences the MKL1 signaling cascade.

7.5 Invivo anti-tumor effects of TSPANS depletion

7.5.1 Anti-tumor effects of TSPANS silencing in CAM assay

To obtain first evidence for anti-tumorigenic effects upon TSPAN5 depletion in vivo we utilized
chorioallantoic membrane (CAM) assay. CAM assays allow the assessment of tumor cell
growth and aggressiveness on ovo, providing a reliable and ideal pre-test to conventional in
vivo mouse xenografts (Nowak-Sliwinska et al. 2014; Ribatti 2014). For our study to analyze
the micro-tumors after TSPAN5 knockdown in comparison to control micro-tumors, we used
HuH7 cells on the one hand, analogous to the previous experiments, and on the other hand
an aggressive HepG2 clone 5 (Muenzner et al. 2018). The HepG2 clone 5 cell line is a cancer

stem cell (CSC) enriched sub-cell line of the established HCC cell line HepG2 generated by
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Muenzner and colleagues by spheroid formation and single-cell cloning. It is characterized by
a high migratory and invasive potential in vitro and an enhanced tumor aggressiveness in vivo
(Muenzner et al. 2018). By excising the tumors that manifested after transplantation of the
corresponding cells on chicken CAM, tumors with TSPAN5 depletion showed significantly
smaller volume compared with control tumors. This macroscopic finding of growth arrest after
TSPANS knockdown was confirmed by decreased Ki67 mRNA and protein expression as well
as conventional HE staining showing only loose and broken-up tumor growth. These results
were obtained not only for HuUH7 tumors but also for HepG2 clone 5 tumors, further
confirming the anti-tumorigenic effects of TSPAN5 depletion. Especially, the finding that
TSPANS depletion can also inhibit the growth of the CSC enriched cell line HepG2 clone 5 is of
utmost importance for the consideration of TSPANS as a pharmacological target. HCC tumors,
like many other types of cancer, are thought to arise from so-called CSCs, which represent a
small subunit of the cancer cells and have stem cell-like properties (Castelli et al. 2017; Chiba
et al. 2007; Flores-Téllez et al. 2017; Ma et al. 2007a; Rich 2016; Zhang et al. 2017). These stem
cell-like characteristics allow the tumor cells to have unlimited self-renewal capacity and
differentiation capabilities for multiple tumor heterogeneities responsible for tumor initiation,
growth and metastasis (Castelli et al. 2017; Flores-Téllez et al. 2017; Zhang et al. 2017). In
addition, hepatic CSCs are resistant to conventional chemotherapy and radiotherapy and
often remain in healthy tissue after surgical resection of the primary tumor, severely
increasing the likelihood of HCC recurrence (Sun et al. 2016; Zhu et al. 2015). The generated
results of the CAM assay suggest that TSPAN5 depletion can also prevent tumors with
enriched CSCs from growing and may inhibit the proliferation of the CSCs themselves. If
TSPANS depletion could be used to attack and inhibit these CSCs as part of tumor therapy, the

incidence of tumor relapse would be reduced.

Another finding raised in this thesis is that TSPAN5 loss in the CSC enriched subclones of
HepG2 clone 5 can prevent migration, and thus an essential process for metastasis, in addition
to proliferation. Inhibition of migration in TSPAN5 knockdown cells is suggested by a marked
increase in E-cadherin by IHC staining. EMT changes, which are characterized by
transcriptional reprogramming of epithelial cells, are often accompanied by an increase in E-
cadherin and a decrease in N-cadherin as well as they are typical signs of a decreased

migratory capacity of the cells (Gheldof and Berx 2013; Petrova et al. 2016). It would be a
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significant advance and prognosis-improving if the migratory ability of CSCs could be inhibited.
In case that the migration of CSCs into healthy tissue would be prevented, the associated
survival of CSCs, for example after surgical removal of the primary tumor, would also be

eliminated.

Analogous to our in vitro experiments, we examined typical oncogene-induced senescence
markers as the cause of proliferation arrest on ovo. Consistent with the important role of
oncogenic Ras in OIS, increased phosphorylation levels of ERK allowed us to demonstrate the
Ras/Raf/Mek/ERK pathway as a senescence-inducing pathway in HuH7 siTSPAN5 knockdown
tumors in vivo (Crews and Erikson 1993; Lin et al. 1998; Serrano et al. 1997). In order to test
the hypothesis whether TSPANS loss co-regulates the Raf/Mek/ERK signaling via the p16'Nk4a
/Rb pathway also in vivo, we examined p16'N4 |evels (Lin et al. 1998; Serrano et al. 1997;
Sherr and Roberts 1999). Our revealed unequivocal results in the HepG2 clone 5 micro-tumors
demonstrated p16'N4@ gccumulation and thus the involvement of the p16'N%43/Rb pathway in
senescence induction (Chicas et al. 2010; Peeper et al. 1994; Weinberg 1995). This provides
initial evidence that senescence induction in tumor areas with enriched CSCs may even have
an anti-proliferative effect on CSCs themselves. Since OIS gains importance for HCC therapy,
this approach holds the promises to be an option in tumor therapy of resistant and recurrent
tumors and should be further explored (Kang et al. 2011). Besides, accumulation of H3K9me3
is consistent with previous in vitro experiments and supports the assumption of proliferation

arrest induced by OIS upon TSPANS depletion in vivo.

When analyzing the MKL1-dependent target gene expression of the harvested CAM tumors,
we found that there is explicitly a significant downregulation of MKL1 target genes in the HuH7
tumors after TSPANS loss. In contrast, there was only a partial decrease in MKL1 target gene
expression in the HepG2 clone 5 tumors upon TSPANS loss. This may be due to the partially
observed redistribution of the coactivator MKL1 from the nucleus to the cytosol, which only
occurs in the HUH7 micro tumors upon TSPAN5 depletion. One reason for this could be that
MKL1 is already actively present in the nucleus in unstimulated HuH7 cells, but not in HepG2
clone 5 cells. This leads to an increased expression of MKL1/SRF-dependent target genes in
HuH7 cells but not in HepG2 clone 5 cells (Hampl et al. 2013; Muehlich et al. 2012). Despite
this discrepancy, our collected results reveal tumorigenic characteristics of TSPAN5 in HuH7

as well as HepG2 clone 5 cells in CAM assay in vivo, which are repressed by TSPANS silencing.
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In the next steps, it was therefore of great importance to investigate whether in human liver
tissue samples, a manifestation of HCC correlates with TSPAN5 overexpression. Moreover, we
could demonstrate the efficacy of TSPANS depletion to inhibit tumor growth in a more

complex in vivo model with established tumors by adequate siTSPANS5 application.

7.5.2 Evaluation on TSPANS as a novel anti-tumor target in HCC-xenograft

Using CAM-assay, we obtained preliminary evidence that a TSPAN5 loss exerts repressive
properties on tumor development and growth by OIS induction in vivo. In view of a therapeutic
use of TSPANS silencing, it was of interest to verify our previous findings in a more complex in
vivo model such as an HCC xenograft and, furthermore, to test the delivery and the effect of
siTSPAN5 on already manifested tumors in vivo. In order to achieve a therapeutic effective
TSPANS knockdown in established subcutaneous HCC xenografts derived from DLC1 deficient
HuH7 cells, we combined TSPAN5 siRNA with polymer-based nanoparticles (Aigner 2006;
Hampl et al. 2013; Ibrahim et al. 2011; Schafer et al. 2010). Due to their higher relevance in a
therapeutic setting, we chose systemic delivery of complexed siRNAs by intraperitoneal
injection (i.p.) instead of intratumoral injection. Systemic i.p. application of TSPAN5 siRNA
complexed with polyethylenimine PEIF25-LMW (PEIl) to ensure drug delivery was performed
3x per week (Hobel and Aigner 2013). Initial differences in tumor size were evident as early
as day 5, and by day 7 after treatment initiation, tumors in the treatment group were
significantly smaller, indicating a tumor growth inhibitory effect of TSPANS interference in the
HCC xenograft. However, overall, the HuH7 tumors grew so rapidly that the experiment had
to be terminated on day 10. Since we used comparatively low siRNA amounts of 10 ug and
HuH7 tumors grew extremely fast, it cannot be excluded that we could have achieved even
more significant results with higher siRNA amounts. Also, the fact that no adverse side effects
were observed by systemic therapy with complexed PEI-siRNAs targeting TSPANS opens up
the possibility in further studies to increase the amount of siRNA administered to achieve even
stronger effects. TSPAN5 is not the only TSPAN that has been shown to play a role in
tumorigenesis and growth. More and more studies are recognizing that TSPANs with their
large variety of biological processes also have an influence on many different types of cancer

and their development, so they are now being studied in more detail in several in vivo studies.
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For example, in TSPAN CD9-KO mice a decreased lymph node metastasis and tumor lymph
angiogenesis was shown (lwasaki et al. 2013). Mizoshiri and colleagues could show that mice
transplanted with TSPAN CD81 knockout cells exhibited less tumor formation and lung
metastasis than the mice of the control group (Mizoshiri et al. 2019). Furthermore, CD151-
null mice, for example, also showed impaired pathologic angiogenesis or ablation of TSPAN12
in human MDA-MB-231 cells significantly reduced primary tumor xenograft growth (Knoblich
et al. 2014; Takeda et al. 2007). In addition to decreased expression of Ki67 mRNA in the
treatment group, indicating inhibited tumor cell proliferation, we also detected, in accordance
with our in vitro experiments and in vivo CAM assay, decreased expression levels of MKL1
target genes at both mRNA and protein levels. This finding is consistent with similar MKL1
interference xenograft experiments performed by our group, which similarly resulted in the
suppression of tumor relevant MKL1 target gene expression and confirms that TSPANS inhibits
tumor growth via MKL1 (Hampl et al. 2013). The question arose whether in xenograft model
the inhibition of tumor growth upon TSPANS depletion is also related to senescence response.
Initial evidence for this is provided by a strong decrease in the MKL1/SRF dependent target
gene myoferlin (MYOF) (Hermanns et al. 2017). MYOF mediates its effect on oncogene-
induced senescence by modulating the activation state of EGFR and the downstream MAPK
and p16'Nk4/Rb signaling pathway (Hermanns et al. 2017). Decreased expression of MYOF in
this xenograft study, triggered by TSPAN5 knockdown, induces OIS, which is responsible for
suppressing proliferation. The continued evaluation of OIS markers in HCC xenografts treated
with TSPANS5 siRNA strengthened the senescence induction via a MYOF decrease due to
TSPANS knockdown and revealed a significant accumulation of phosphorylated ERK. Increased
phosphorylation levels of ERK1/2 indicate an activated Raf/Mek/ERK signaling pathway known
to cause OIS (Crews and Erikson 1993; Serrano et al. 1997). The hypothesis is further
supported by the finding that there is a strong hypophosphorylation of Rb in the siTSPAN5
treatment group. An active, hypophosphorylated Rb protein indicates an active p16'N43/Rb
signaling pathway that provokes G1 cell cycle arrest by inhibiting CDK4/6 activity, ultimately
promoting senescence induction (Alcorta et al. 1996; Chicas et al. 2010; Hara et al. 1996;
Peeper et al. 1994; Serrano et al. 1997; Sherr and Roberts 1999; Weinberg 1995). In summary,

we corroborated the new identified drug effective target TSPANS5 in the in vivo xenograft
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model and tested a first possibility for a direct therapeutic approach of TSPAN5 siRNA

complexed in PEl nanoparticles.

7.5.3 Comparison of in vivo models used: chicken CAM assay versus mouse

xenograft model

Comparing the two in vivo methods used -CAM and xenograft-, we determined that especially
the CAM assay is a well suited and uncomplicated method with few hurdles to transfer
obtained in vitro data into a first in vivo model (Ribatti 2014). In addition, the use of the CAM
assay supports the efforts to reduce animal experiments such as xenograft to an indispensable
minimum. Especially for testing mechanistic correlations and first possible therapy options in
the early stages, the CAM model provides promising, reproducible and accurate results
(Tamanoi 2019). Also, because the CAM assay is a very sensitive method, in which hypotheses
can be confirmed with the same treatment as in the cell culture experiments, initial in vivo
testing by means of CAM assay is recommended (Ribatti 2014; Tamanoi 2019). Furthermore,
the CAM model is a relatively simple, inexpensive and rapid assay that allows a large number
of samples to be screened in a short period of time (Ribatti 2017). Moreover, no administrative
procedures are required to obtain the approval of the ethics committee for animal
experiments (Ribatti 2017). However, in vivo animal experiments such as the xenograft remain
indispensable in order to test possible therapeutic options in further steps, which can also find
direct application to humans. Only in a fully developed organism can the influence of drug
candidates on delivery, distribution, metabolism and elimination be observed, studied and
potential side effects detected (Sharpless and DePinho 2006; Zitvogel et al. 2016). Thus, in our
xenograft experiment, complexation of siRNA with polyethyleneimines to form nanoparticles
is necessary to allow the siRNA to arrive at the site of pharmacological action at all (Ewe et al.
2017; Hobel and Aigner 2013; Schiffelers et al. 2004). In contrast, pharmacokinetic aspects are
not elucidated in the CAM assay, but only the result of the pharmacological effect is
considered. Our comparison xenograft versus CAM assay showed that CAM models are
important alternatives to conventional animal experiments and should be used more
frequently, especially in basic studies. Nevertheless, the use of animal experiments cannot be

completely avoided, since only in this way can pharmacokinetic and potential toxic effects and
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problems be identified and important indications of possible side effects be obtained.
Moreover, it would be of enormous scientific importance to investigate and evaluate exactly
this comparison or the possible interchangeability of CAM assay and xenograft in more detail

in future studies.

7.5.4 Summary model of tumorigenic effects of TSPAN5 and anti-tumorigenic

effects of TSPANS depletion

HCC tumors are still often inadequately treated. Thus, there is an urgent need to develop new
therapeutic intervention strategies in the field of personalized medicine that directly target
aberrant molecular mechanisms leading to HCC development. To this end, one aim of my
thesis was to identify novel gene targets induced by loss of the tumor suppressor DLC1 that
have effects on HCC growth. As already published by Hampl and colleagues, DLC1 loss in
human HCC cells provokes constitutive RhoA activation (Hampl et al. 2013). This leads to a
nuclear accumulation of MKL1 and SRF, which causes a permanent activation of the MKL1/SRF
target gene expression (Hampl et al. 2013). A microarray of shDLC1 HepG2 cells performed by
our group revealed, among others, TSPAN5 as a novel DLC1 loss upregulated gene target.
Based on this, the data in this thesis show that TSPAN5 is also an MKL1-dependent target gene
and its overexpression promotes tumorigenic properties such as proliferation, migration and

invasion (Figure 60, left panel).
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Figure 60: Model for the tumorigenic effects of TSPAN5 and the anti-tumorigenic effects of TSPANS depletion.
DLC1 loss leads to increased TSPANS expression via MRTF-A transcriptional activation (left panel). Therapeutic
knockdown of TSPANS results in OIS-induced inhibition of HCC growth via decreased actin polymerization and
reduced MRTF/SRF target gene expression (right panel).

In summary, all these results reveal that TSPANS5 silencing via RNA interference inhibits the
polymerization of G-actin to filamentous F-actin and thus prevents complex formation of FLNA
and MKL1. Consequently, the accumulation of the transcriptional coactivator MKL1 with SRF
and thus the activation of the transcription factor SRF and the expression of MKL1/SRF target
genes is prevented. As a result, TSPAN5 knockdown ultimately enforces a strong arrest of
proliferation, migration and invasion by induction of OIS. (Figure 60, right panel). These
findings can be confirmed in vitro, on ovo by CAM assay and in vivo by xenograft model and
highlight TSPANS as a new promising target for personalized treatment of DLC1 deficient HCCs

which occurs in 50% of all liver cancers (Xue et al. 2008).
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7.6 TSPANS overexpression in human HCC and possible therapeutical approaches

7.6.1 TSPANS overexpression in human HCC tissue samples

The preceding data show the important role of TSPAN5 overexpression due to DLC1 loss in the
development and growth of HCC in vitro and in vivo. In a further step, it was of great interest
to find out whether the fact of TSPAN5 overexpression also applies to human patients with
HCC. This was investigated by processing tissue samples taken from patients with HCC and a
healthy control group. It was clearly demonstrated that there is a strongly increased TSPAN5
expression in the HCC tissue samples. In our study, there is on average a 2.5-fold increase, but
if we look at the 6 of the 11 cases with an extreme TSPAN5 overexpression individually, a 10-
fold increase is recognizable. This shows that in some patients there is a strong individual
overexpression of TSPAN5, which should be taken into account in therapy planning and also
opens up opportunities for particularly effective personalized medicine. Consistent with our
results, recent analyses of the Oncomine public database showed that TSPANS is highly
expressed not only in liver but also in colon cancer (Qi et al. 2020). It is likely that TSPANS5
overexpression is also associated with the loss of the tumor suppressor DLC1 in human tissue
samples, which is a characteristic of many HCC diseases and of colon cancers (Wang et al.
2020; Wu et al. 2009; Xue et al. 2008; Zender et al. 2006). However, this remains to be proven
in further studies in order to ultimately translate the performed microarray with DLC1

knockdown cells and the resulting TSPAN5 overexpression from bench to bedside.

Summarizing the results, the proposed model of DLC1 dependent TSPAN5 overexpression

reveals several novel options for the pharmacological treatment of DLC1 deficient HCC.

7.6.2 Potential therapeutical approaches to target TSPANS5 overexpression in

HCC

7.6.2.1 Targeting the signaling pathways affecting TSPAN5 expression

Besides the possibility to address TSPANS itself, there is on the one hand the possibility of
targeting the signaling pathway that leads to TSPAN5 expression. Owing the loss of DLC1, RhoA
is permanently active and leads to increased TSPAN5 expression via the RhoA/actin/MKL1

signaling pathway (Hampl et al. 2013; Miralles et al. 2003; Muehlich et al. 2012). By attacking
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the individual signaling pathway intermediates, as shown by our in vitro experiments, TSPAN5
protein levels can be significantly reduced. In this regard, inhibition of polymerization of G-
actin to filamentous F-actin by Latrunculin B (LatB) and inhibition of Rho associated protein
kinase (Rock) by Y-27632 reduced TSPANS levels (Coué et al. 1987; Itoh et al. 1999; Uehata et
al. 1997; Yarmola et al. 2000). Compounds such as LatB, which target actin filaments in cells,
are being tested in various studies, in some cases already in clinical trials Phase 1, with regard
to different applications for use in humans (Rasmussen et al. 2014). The agent CK-636, which
acts as an actin related protein inhibitor, is also being investigated in preclinical studies for
potential therapeutic applications in humans (drug repurposing hub 2021). For instance,
Weeks and colleagues have found that inhibition of actin-related protein (ARP) 2/3 by CR-636
inhibits actin polymerization and thus cell migration of prostate cancer cells (Weeks et al.
2016). While no Rock inhibitors are currently in use for patient treatment in the area of cancer
therapy, the Rock inhibitor Fasudil is clinically approved for the treatment of non-traumatic
subarachnoid hemorrhage, but also shows positive effects in other neurological diseases such
as Alzheimer's disease or amyotrophic lateral sclerosis (ALS) (EMA 2021; Feng et al. 2016;
Hamano et al. 2020; Nizamudeen et al. 2018; Vennin et al. 2020). However, in various in vitro
studies, both Y-27632 and Fasudil show tumor inhibitory effects, such as reduced
proliferation, migration or invasion ability of ovarian, lung, colon and breast cancer, as well as
HCC cell lines (Jeong et al. 2019; Liu et al. 2009; Mikuriya et al. 2015; Ogata et al. 2009; Peng
et al. 2012; Toledo et al. 2012; Zhu et al. 2011). Another rock inhibitor is Netarsudil, which is
used in clinical patients with glaucoma or ocular hypertension, but not in cancer patients (Lee
et al. 2019). Even blockade of the transient receptor potential cation channel TRPM7 by
NS8593, which affects RhoA activity, strongly decreased TSPANS5 expression (Voringer et al.
2020). Inhibition of TRPM7, on the one hand, stops the channel mediated Mg?* influx, on the
other hand, inhibition of the TRPM7 kinase domain prevents the phosphorylation and
activation of RhoA. Inhibition of RhoA subsequently prevents actin polymerization, MKL1-
FLNA complexation and finally nuclear translocation of MKL1 and thus ultimately MKL1/SRF
target gene expression (Voringer et al. 2020). Consequently, the expression of the
proliferation-promoting TSPANS5, which is MKL1-dependent as shown in this thesis, is also
diminished. In this regard, our findings show that targeted intervention in the RhoA signaling

pathway can reduce tumor-promoting overexpressed TSPANS levels.
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Onthe other hand, there is also the possibility to therapeutically target and regulate the MAPK
cascade, which is influenced by TSPAN5 overexpression. Precisely because this signaling
pathway is very often involved in HCC formation and progression, for example through
upregulated corresponding genes such as Mek or ERK or mutations such as K-Ras or H-Ras,
which permanently activates the small GTPase Ras, cancer research is trying to regulate this
signaling pathway medicamentous (Asati et al. 2016; Liu et al. 2006; Wang et al. 2016e; Zuo
et al. 2012). When considering the MAPK signaling pathway, it is important to note that it is
this oncogenic H-Ras itself, as well as individual oncogenic variants of the Ras signaling cascade
such as Raf, Mek, or Braf, that trigger precisely the desired OIS response (Lin et al. 1998;
Michaloglou et al. 2005; Serrano et al. 1997; Zhu et al. 1998). Consistent with our assumption
on TSPANS5 loss and senescence induction, Hampl and colleagues exhibited that loss of MKL1
induces a Ras mediated OIS response (Hampl et al. 2013). Further, Hermanns and colleagues
also demonstrated the strong influence of Ras activation on OIS induction and the resulting
proliferation arrest. They revealed that Myoferlin (MYOF) functions not only as an MKL1 target
gene, but also as a negative regulator of EGFR in in vitro as well as in vivo experiments. EGFR
becomes increasingly phosphorylated upon MKL1 or MYOF depletion, which activates the
Ras/Raf/Mek/ERK signaling pathway. However, this activation does not result in enhanced
tumor progression, but via Ras as a trigger to an OIS response that effectively inhibits
tumorigenic properties such as HCC cell proliferation (Hermanns et al. 2017). Thus, with the
development of specific kinase inhibitors, the tumorigenic effect of the oncogenic mutated
kinases could be inhibited, while at the same time the trigger of an endogenous OIS response,
which is supposed to be initiated by TSPAN5 depletion, is suppressed. These two potential
aspects of kinase inhibitors should be considered and taken into account in their development

and human application.

Nevertheless, is the development of selective inhibitors of the various kinases one promising
approach in tumor therapy development. For example, Sorafenib is one of the first kinase
inhibitors approved for use in HCC and suppresses Raf-1 (Llovet et al. 2008). Sorafenib has
been reported to inhibit HCC cell proliferation, tumor growth and also angiogenesis due to
impaired Ras/Raf/Mek/ERK and to prolong survival of patients with advanced HCC, albeit by
only about three months compared to the placebo group (Gedaly et al. 2010; Lee et al. 2015;

Liu et al. 2006; Llovet et al. 2008). In addition to Sorafenib, newer approved kinase inhibitors
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such as Lenvatinib, Cabozantinib and Regorafenib are also available, although only Lenvatinib
was shown to be non-inferior to Sorafenib after treatment failure of Sorafenib (Al-Salama et
al. 2019; Ettrich and Seufferlein 2018; Faivre et al. 2020; Personeni et al. 2019). However, in
some cases of HCC therapy with sorafenib or other kinase inhibitors, drug resistance develops
after a certain time (Zhu et al. 2017). Future studies should investigate whether the OIS
response, which is triggered by the oncogenic kinases, is lost by the use of kinase inhibitors
and thus supports possible resistance symptoms. The development of new kinase inhibitors,
e.g., targeting the MAPK pathway and, in the best case, do not affect endogenous OIS

response, should be pursued to further improve the treatment of HCC.

7.6.2.2 HCC therapy by targeting TSPANS5 at the mRNA or protein level

The most obvious approach and in line with personalized medicine is to suppress TSPAN5
itself. One possibility is to silence TSPANS at the RNA level by means of RNA interference, as
was already tested in the xenograft. This, of course, would require optimization of the delivery
concentration, further improvement of the delivery system for human and target-specific
effects and consideration or exclusion of potential side effects. Nevertheless, individual drugs
whose effect is based on the use of RNA interference by means of siRNA are already approved
and are on the market. Patisiran, for example, is a siRNA encapsulated in a lipid nanoparticle
specifically designed for uptake by hepatocytes, where it suppresses the synthesis of
transthyretin for the treatment of hereditary transthyretin amyloidosis or initial stages of
polyneuropathy (Adams et al. 2018; Hoy 2018). Another example is Givosiran, which
suppresses the synthesis of hepatic 8-aminolevulinic acid synthase 1 (ALAS1) by RNA silencing.
Thus, Givosiran improves acute attacks and chronic symptoms of acute hepatic porphyria by
counteracting upregulation of ALAS1 with resultant accumulation of &-aminolevulinic acid
(ALA) (Balwani et al. 2020; Scott 2020). Lumasiran also has its RNA interfering effect in the
liver region. Here it reduces oxalate overproduction in patients with the rare genetic disease
primary hyperoxaluria type 1 (PH1) by targeting glycolate oxidase. By inhibiting oxalate
overexpression, negative consequences such as kidney stones, nephrocalcinosis, kidney
failure and systemic oxalosis are alleviated (Garrelfs et al. 2021; Scott and Keam 2021).

Inclisiran was developed for the treatment of heterozygous familial hypercholesterolemia and
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inhibits hepatic synthesis of the proprotein convertase subtilisin-kexin type 9 (PCSK9) by RNA
silencing. This decreases the elevated level of low-density lipoprotein (LDL) with the aim of
reducing the enormously increased risk of atherosclerotic cardiovascular disease (Raal et al.
2020; Ray et al. 2020). All siRNA therapeutics listed in the previous text and approved in
Germany have the pharmacokinetic goal of being taken up by hepatocytes. By coupling siRNA
with three sugar residues (triantennary N-acetylgalactosamine), a specific binding to the
asialoglycoprotein receptor is achieved, which is almost exclusively expressed on hepatocytes.
This results in targeted uptake into the cytoplasm of hepatocytes and, in animal experiments,
a primary distribution into the liver (Bissell et al. 2017; Raal et al. 2020; Ray et al. 2020; Scott
2020). For example, such or similar coupling could also allow targeted uptake of therapeutic

TSPANS siRNA by hepatocytes to minimize adverse systemic effects.

Another possibility to directly target the TSPANS protein is by monoclonal antibodies (mAbs),
which are already more widespread and established compared to siRNA therapy. Meanwhile,
monoclonal antibody therapy is one of the most important pillars of personalized medicine
and one of the most effective therapeutic regimens against cancer. For TSPAN CD151, which
is frequently overexpressed in cancer cells and functionally associated with cancer metastasis,
anti-CD151 mAbs were shown to have growth, migration and metastasis inhibitory function
in various CAM and xenograft cancer models (Haeuw et al. 2011; Zijlstra et al. 2008). The
generated data suggest, that CD151 is an innovative target in oncology whose inhibition by
monoclonal antibodies could be successful in several cancer stages (Haeuw et al. 2011; Zijlstra
et al. 2008). Analogously, overexpression of TSPANS also plays a driving role in the progression
and metastasis of multiple types of cancer (Anami et al. 2016; Fang et al. 2016; Lin et al. 2019;
Park et al. 2016; Zhu et al. 2019). Heo and Lee's experiments with murine and human TSPANS8
antibodies have provided evidence that antibody-based targeting of TSPANS8 is an effective
strategy to suppress tumor progression and metastasis (Heo and Lee 2020). Promising initial
in vivo results are also available for TSPAN CD9 and CD63, which are determining proteins of
cancer-derived extracellular vesicles (EV) and thus contribute to breast cancer metastasis
(Nishida-Aoki et al. 2017). Accordingly, after treatment with appropriate anti-CD9 or anti-
CD63 antibodies, metastasis to lung, lymph nodes and thoracic cavity was significantly

reduced, although no obvious effect on primary xenograft tumor growth was observed
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(Nishida-Aoki et al. 2017). In addition, xenografts with gastric cancer cells and anti-CD9
antibody treatment show inhibited tumor progression via anti-proliferative and anti-
angiogenic effects (Nakamoto et al. 2009). By generating a specific and high affinity antibody
against TSPANS5, similar to what Saint-Pol and colleagues have done to study the role of
TSPANS in more detail, there is a promising chance to develop new therapeutic options for
personalized medicine targeting the overexpression of TSPAN5 in DLC1 deficient HCC and thus
inhibiting HCC progression (Saint-Pol et al. 2017).

7.6.3 TSPANS as a diagnostic marker for HCC

Another potential area of application opened up by DLC1 absence induced overexpression of
TSPANS is diagnostics. The prognosis of many types of cancer, especially liver cancer, is very
poor due to limited and usually late diagnosis. Therefore, it is also a very important approach
to investigate potential targets such as TSPAN5 for their use as diagnostic markers. Since
TSPANS is overexpressed in DLC1 deficient HCCs and promotes tumor progression, TSPANS is
a potentially suitable and novel marker to diagnose HCC disease even at earlier stages. Similar
findings are suggested by Lin and colleagues for TSPANS, as they found a significant
overexpression of TSPANS8 in nasopharyngeal carcinoma (NPC) patients. This was confirmed
in both poorly differentiated and highly metastatic cells, suggesting the tumor marker TSPAN8
as a diagnostic and prognostic factor (Lin et al. 2019). Also, for the genes VCAN and CDH2,
which are also overexpressed by DLC1 loss, their use as predictive markers for early HCC
diagnosis or early relapse of HCC has already been suggested (Naboulsi et al. 2016; Seo et al.
2008). Furthermore, our hitherto unknown finding that the overexpression of potential
diagnostic markers is due to DLC1 loss opens up new possibilities in tumor characterization

and personalized medicine.

7.6.4 Long-term HCC therapy using a combination of senescence induction by

TSPANS depletion and senolytic therapy.

It is generally known that oncogenic induction triggers a senescence response limiting the

proliferation of damaged cells and thus preventing tumor development in vitro and in vivo

174



Discussion

(Collado et al. 2007). Since the tumor-suppressive effect of senescent cells is considered to be
very effective, it represents a promising alternative to the use of cytotoxic drugs with a
number of severe side effects (Cairney et al. 2012). By treatment with TSPAN5 RNA
interference we could confirm an induction of OIS as a cause for proliferation arrest and thus
a decrease of tumor growth in vitro as well as in vivo. Therefore, we hypothesize siTSPAN5
therapy as a novel, innovative and promising strategy for treatment of HCC with TSPAN5
overexpression. An important factor identified only in recent years is that senescent cells
inhibit their own proliferation and recruit phagocytotic immune cells that promote clearance
and tissue renewal (Mufioz-Espin and Serrano 2014). Often, however, this immune cell-
mediated clearance of senescent cells is incomplete, so that a tumor relapse can be triggered
by some retained cells in senescence. This process limits the long-term anti-tumorigenic
effects of such senescence-inducing agents and implies the consideration of a combination
therapy with senescence-inducing compounds and subsequent targeted elimination of
senescent cells (Galiana et al. 2020). This is exactly the approach to combine senogenic and
targeted senolytic therapy, which Galiana and colleagues tested for antitumor activity in a
mouse model with aggressive breast cancer cells. By combining a senescence-inducing drug
with subsequent senolysis through treatment with the nano-encapsulated senolytic agent
Navitoclax, the authors observed a selective elimination of senescent cells, resulting in
inhibited tumor growth and reduced metastasis in breast cancers (Galiana et al. 2020). These
findings lead us to the consideration that even in the hypothetical treatment of a DLC1
deficient HCC with TSPAN5 RNA interference, an additional combination with senolytics,
which subsequently selectively destroy the senescent cells and thus prevent tumor relapse,
would be of advantage. In addition, the combination of TSPAN5 depletion with senolytics in
HCC should be investigated for such benefits to optimize the growth inhibitory therapeutic

approach of TSPAN5 elimination.

Although liver cancer, most represented by HCC, is among the most common cancers in the
human population, there are only a limited number of effective therapeutic approaches to
treatment. Thus, despite treatment, there is a high likelihood of tumor relapse, resulting in
liver cancer being the third highest fatality rate in men after lung and pancreatic cancer (Sung

et al. 2021). In the search for more effective treatment approaches, the molecular
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heterogeneity of HCCs must be taken into account. Thus, genomic profiling can be used to
detect and investigate changes in gene expression, such as overexpression of TSPAN5 upon
loss of the tumor suppressor DLC1, and ultimately to develop novel and improved therapeutic
approaches. Hence, genomic profiling of HCC allows the provision of an appropriate
therapeutic strategy for personalized treatment with optimal medical outcomes. Our study
provides mechanistic insights into the fundamental processes of hepatocarcinogenesis after
loss of the tumor suppressor DLC1 and the resulting overexpression of TSPANS. Furthermore,
we evaluated a new promising therapeutic approach for the treatment of HCC with DLC1 loss
by silencing TSPAN5 expression. Using TSPAN5 RNA interference, we convincingly
demonstrated that tumorigenic properties such as proliferation, migration and invasion are
reduced by induction of oncogene-induced senescence in vitro and in vivo. In order to further
optimize the therapy with siTSPAN5 nanoparticles, additional in vivo studies are required, for
example regarding dosage and possible side effects. A future challenge will be to further
enhance senescence-inducing therapies, for example by combining them with senolytics, in

order to exclude the possibility of tumor recurrence.

In conclusion, the newly identified DLC1 dependent gene target TSPANS represents a very
promising target in cancer therapy and especially for the personalized treatment of DLC1
deficient HCC patients in order to reduce tumor development and tumor progression by

inducing OIS.
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AFB
AKT
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ATP
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CAM
CAV-1
CcD
CDH2

cDNA
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American Cancer Society
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CRISPR
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DTT
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carbon dioxide

clustered regularly interspaced short palindromic repeats
cancer stem cell
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C-X-C motif chemokine 10

4’6-diamidion-2-phenylindole
diethyl dicarbonate

deleted in liver cancer 1/2/3
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dimethyl sulfoxide
deoxyribonucleic acid
deoxynucleoside triphosphate

dithiothreitol

E2F transcription factor 1

epithelial cadherin
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E. coli
EBS
ECL
ECM
EDTA
EF1A1
EGF
EGFR
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ERK1/2
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EV

F-actin
FAT
FBS
FDA
FLNA

Fw

G
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GDI

Escherichia coli

Ets binding site

enhanced chemiluminescence
extracellular matrix
ethylenediaminetetraacetic acid
eukaryotic elongation factor 1A1
epidermal growth factor

epidermal growth factor receptor
epithelial-mesenchymal transition
extracellular signal-related kinase 1/2
erythroblast transformation specific

empty vector

filamentous actin
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fetal bovine serum

Food and Drug Administration
filamin A

forward

guanine

growth 1 phase
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GTPase activating protein

guanine nucleotide dissociation inhibitor

Abbreviation index
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GDP

GEF

GFP

GLIPR1

GTP

H-Ras

H,O

H3K9me3

Hb
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HEPES

HER2
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HPV

HRP

HSP90

Abbreviation index

guanosine diphosphate

guanine nucleotide exchange factor
green fluorescent protein

glioma pathogenesis-related protein 1

guanosine triphosphate

hours

harvey rat sarcoma

water

histone H3 methylated on lysine 9
hemoglobin

HEPES buffered saline

hepatitis B virus

hepatocellular carcinoma
hydrochloric acid

hepatitis C virus

hematoxylin - eosin
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
human epidermal growth receptor 2
histon cluster 1 H2B family member K
human lung fibroblasts

human papillomavirus

horseradish peroxidase

heat shock protein 90
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IHC

INK4a

JAK

KClI

KD

kDa

KH2PO4

KO

LatB

LiCl

LPA

LZ

M

mA

mAbs

MADS-Box

MALDI-TOF

MAP

intraperitoneal
immediate early genes

Immunoglobulin G

immunohistochemistry

Inhibitor of cyclin-dependent kinase 4a

janus kinase

potassium chloride

knockdown

kilo Dalton

potassium dehydrogen phosphatase

knockout

latrunculin B

lithium chloride
lysophosphatidic acid

leucine zipper

molar

milliampere

monoclonal antibodies

MCM1, agamous, deficiens, SRF-Box

Abbreviation index

matrix assisted laser desorption ionization - time of flight

mitogen-activated protein
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MAP1B
MAPK
mDia
MEK
MEM
MEP1A
MET
mg
Mg2*
Migb
min
MKL1
MKL2

ml

mM
MMP
MRTF-A
MRTF-B
mTOR
Myc

MYOF

n.s.

Na;HPOg4

microtubule-associated protein 1B
mitogen-activated protein kinase
diaphanous-related formin
mitogen-activated protein kinase kinase
minimum essential medium
meprin 1A
mesenchymal-epithelial transition
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mitogen-inducible gene 6
minute(s)

Megakaryoblastic Leukemia 1

Megakaryoblastic Leukemia 2

milliliter
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matrix metalloproteinase
myocardin-related transcription factor A
myocardin-related transcription factor B
mechanistic target of rapamycin
myelocytomatosis oncogene

myoferlin

not significant

sodium hydrogen phosphate
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NaCl sodium chloride

NaHCOs3 sodium hydrogen carbonate

NaOH sodium hydroxide

NaN3 sodium azide

NHL non-Hodgkin lymphoma

nm nanometer

nM nanomolar

NP-40 nonoxinol 40

NT non-tumorous

oIS oncogene-induced senescence
PAGE polyacrylamide gel electrophoresis
PBS phosphate buffered saline

PCR polymerase chain reaction

PEI polyethylenimine

pERK1/2 phosphorylated extracellular signal-related kinase 1/2
PFA paraformaldehyde

pH potential of hydrogen

Pl protease inhibitor

PI3K Phosphoinositide 3-kinase

PIPES piperazine-N,N’-bis(2-ethanesulfonic acid)
PKC protein kinase C

PLA proximity ligation assay

PML promyelocytic leukemia
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PMSF
PPARy
pRb
PVDF

PVT1

Q

qRT-PCR

Raf
Ras

Rb
RBM15
RhoGAP
RNA
RNAI
Rock
RPEL
rom
RPMI
rRNA
RT
RT-PCR

rv

Abbreviation index

phenylmethylsulfonyl fluoride

peroxisome proliferator-activated receptory
phosphorylated retinoblastoma protein
polyvinylidene fluoride

plasma cell tumor heterotopic gene 1

glutamine-rich region

guantitative real-time polymerase chain reaction

rapidly accelerated fibrosarcoma
rat sarcoma

retinoblastoma protein

RNA binding motif protein 15
Rho-GTPase-activating protein
ribonucleic acid

RNA interference

rho-associated coiled-coil containing protein kinase
Arg-Pro-X-X-Glu-Leu

rounds per minute

Roswell Park Memorial Institute
ribosomal RNA

room temperature

real-time polymerase chain reaction

reverse
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S phase synthesis phase

S1 security level 1

SA-R-Gal senescence-associated B-galactosidase
SAHF senescence-associated heterochromatin foci
SAM sterile a motif

SAP SAF-A/B, Acinus and Pias

SD standard deviation

SDS sodium dodecyl sulfate

sec(s) second(s)

SEM standard error of the mean

SH2 SRC homology 2

shRNA shorthairpin ribonucleic acid

SiRNA small interfering ribonucleic acid

SLUG zinc-finger transcription factor SLUG
SM22 smooth muscle protein 22

SMA smooth muscle actin

SMC smooth muscle cell

SMIP small modular immunopharmaceuticals
SMS senescence-messaging secretome

SNP single nucleotide polymorphism

SPE specific pathogen free

SR-B1 scavanger receptor class B member |
SRE serum response element

SRF serum response factor

START steroidogenic acute regulatory-related lipid transfer
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STAT

TAD

TAGLN

TBS

TBS-T

TCF

TCF4

TEM

TEMED

TGFR1

™

TMA4SF5

TNSFS10

Tris

TRPM7

TSPAN

Tween 20

UDCA

UICC

signal transducer and activator of transcription

thymine
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transcription activation domain

smooth muscle protein 22 (synonym for SM22)
tris-buffered saline

tris-buffered saline with Tween 20

ternary complex factor

T-cell factor 4

tetraspanin-enriched microdomains
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transforming growth factor f1
transmembrane

transmembrane 4 L6 family member 5

tumor necrosis factor superfamily member 10
tris(hydroxymethyl)aminomethane

transient receptor potential cation channel 7
tetraspanin

polysorbate 20

uracil
ursodeoxycholic acid

Union for International Cancer Control
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WHO

WNT

wt

X-Gal

Z0-1

(2]

pl

uM

voltage
volume to volume

versican

world health organization

Wingless-type

wild type
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microgram
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micromolar
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