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Innocent — like 3 fairytile
It started with the blink of an eye
Wonderful - it had to be fate
But the indifference made us say goodbye
[t has come to an end now

It is time to say goodbye

Beautitul nightmare
Couldn t survive on the battlefield
But I'm starting to heal
Beautiful nightmare
Lucky that we reached the top

As they say what goes up must come down

Dead by April, “Beautiful Nightmare”
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Introduction

1 Introduction

1.1 Ras homologous GTPases

Ras-homologous GTPases (Rho GTPases) belong to the Ras (rat sarcoma) superfamily
of small GTP-binding proteins (Hall 1990). More than 150 monomeric proteins belong to
the Ras superfamily (Ferri et al. 2013) and are divided into five families dependent on
their structure, sequence and functional similarities (Figure 1.1). The families are: Ras,
Rho, Rab, Arf, and Ran (Wennerberg et al. 2005). Activated Ras GTPases interact with
various downstream effectors, which are involved in the control of gene expression, as
well as regulation of proliferation, differentiation and survival (Wennerberg et al. 2005).
Rab (Ras-like proteins in brain) and Arf (ADP-ribosylation factor) proteins are involved in
vesicular transport and in traffic of proteins between organelles (Zerial et al. 2001;
Memon 2004). The Ran (Ras-like nuclear) proteins function in nucleocytoplasmic
transport (Weis 2003) as well as in regulation of the mitotic spindle assembly, DNA
replication, and nuclear envelope assembly (Li et al. 2003). In mammals, the Rho family
consists of 19 proteins which can be divided into six different subfamilies. Namely, these
subfamilies are Rho, Rac, Cdc42, Rnd, RhoBTB, and RhoT/Miro (Bustelo et al. 2007).
Based on their sequence homologies (40 % -95 %), function, and structure
(Wennerberg et al. 2004) the proteins are classified into each group. The structure which
distinguishes Rho GTPases from other small GTPases is the so-called Rho insert
domain. This domain is needed for the activation of Rho-specific signaling pathways
(Valencia et al. 1991). Rho GTPases function as molecular switches in various signaling
pathways of mammalian cells. As molecular switches, Rho GTPases transduce external
stimuli from the cell membrane to diverse kinases, transcription factors, and modulators
of the cytoskeleton (Etienne-Manneville et al. 2002). The best characterized
representatives of the Rho GTPases are RHOA (Ras homolog gene family member A),
RAC1 (Ras-related C3 botulinum toxin substrate 1), and CDC42 (Cell division control
protein 42 homolog) (Hall 1998; Wennerberg et al. 2005). In fibroblasts constitutively
active mutants of RHO induce stress fiber formation, constitutively active mutants of RAC
enhance lamellipodia formation and membrane ruffling, and constitutively active mutants
of CDC42 induce the expression of filopodia (Ridley, Paterson, et al. 1992; Machesky et
al. 1996; Etienne-Manneville et al. 2002). Due to this specific phenotype of the cells after
activation of Rho GTPases, they were characterized as modulators of the actin
cytoskeleton, cell motility and polarity, as well as cell growth. Later their influence on
cellular apoptosis, gene transcription, proliferation, and stress responses was discovered
(Bishop et al. 2000; Ellenbroek et al. 2007).
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Ras superfamily

Ras Rho Rab Arf Ran
Function  Gene expression  Actin organization Vesicular transport Nucleocytoplasmic transport
Cell proliferation Cell cycle progression Traffic of proteins between DNA replication
Differentiation Gene expression organelles Nuclear envelope assembly
Survival Molecular switch

Rho Rac CDC42 Rnd RhoBTB RhoT/
Miro

Figure 1.1: Functions of the Ras superfamily and organization of the Rho GTPases.

The various families of the Ras superfamily and their functions as well as the organization of the
subfamily of Rho GTPases are shown. The Ras proteins are involved in gene expression, cell
proliferation, differentiation, and cell survival (Wennerberg et al. 2005). Vesicular transport and
traffic of proteins between organelles belongs to the functions of Rab and Arf proteins (Zerial et
al. 2001; Memon 2004). The family of Ran proteins is involved in nucleocytoplasmic transport,
DNA replication, and nuclear envelope assembly (Li et al. 2003; Weis 2003). The Rho family
members are molecular switches known for actin organization, cell cycle progression, and gene
expression (Etienne-Manneville et al. 2002; Wennerberg et al. 2005). The Rho proteins can be
divided into six groups, namely Rho, Rac, CDC42, Rnd, RhoBTB, and RhoT/Miro (Bustelo et al.
2007).

1.1.1 The Ras-related C3 botulinum toxin substrate 1

The Ras-related C3 botulinum toxin substrate 1 (RAC1) belongs to the family of small
Rho GTPases (Bar-Sagi et al. 2000; Etienne-Manneville et al. 2002; Wennerberg et al.
2005) and is involved in the regulation of a wide range of cellular functions. RAC1 is a
molecular switch that cycles between a guanosine-5'-diphosphate (GDP)-bound
(inactive) state and a guanosine 5'-triphosphate (GTP)-bound (active) state which allows
interaction with effector proteins (Bustelo et al. 2007). Three families of regulatory
proteins are controlling the activities of Rho GTPases: guanine-nucleotide exchange
factors (GEF) (Cerione et al. 1996; Zheng 2001), GTPase-activating proteins (GAP)
(Bokoch et al. 1993; Lamarche et al. 1994), and guanine-nucleotide dissociation
inhibitors (GDI) (Olofsson 1999).

Like most Rho GTPases RAC1 possesses a C-terminal hypervariable region ending with
the so-called CAAX (C = cysteine residue, A = aliphatic amino acid, X = any amino acid)
box (Figure 1.2). This box is a tetrapeptide within the sequence for membrane
localization. A requirement for translocation to membranes is the posttranslational
modification (isoprenylation) of RAC1. The last amino acid of the CAAX box determines

which isoprenoid (farnesyl or geranylgeranyl) will be added (Moores et al. 1991;
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Yokoyama et al. 1991). For example, if X is an alanine, cysteine, glutamine, methionine,
or serine the protein gets farnesylated (Moores et al. 1991; Baron et al. 2000). An
isoleucine, leucine, or phenylalanine on the other hand leads to geranylgeranylation of
the protein (Yokoyama et al. 1991; Baron et al. 2000). RAC1 is modified by
geranylgeranylation due to the cysteine at its CAAX box (Figure 1.2).

RAC1
N-terminal HVR C-terminal
| —
©® ©® ® = TNAFPGEYIPTVFD sl DTAGQEDYDRLRPL HCPP PVKKRKRKl CLLL
switch | switch PBR CAAX box

Figure 1.2: Scheme of different domains of RAC1.

The figure shows different domains of RAC1. Switch | and switch |l are marked in green, polybasic
region (PBR) is marked in light blue, hypervariable region (HVR) is marked with a dark blue frame,
CAAX box is marked in yellow, and the canonical NLS sequences (KKRK, RKRK) are marked in
red letters. Figure is adapted from Lanning et al., Liang et al., Senyuz et al. (Lanning et al. 2004;
Liang et al. 2021; Senyuz et al. 2021).

This modification is a prerequisite for translocation to membranes and subsequent
activation (Adamson, Marshall, et al. 1992; Adamson, Paterson, et al. 1992; Lin et al.
2015). Without membrane localization there would be no activation of cytosolic RAC1 by
GEF and subsequently no signal transduction of extracellular stimuli (Etienne-Manneville
et al. 2002; Konstantinopoulos et al. 2007). The prenyl anchor can be masked by
RhoGDI, thus cytosolic sequestration of Rho GTPases is preferred (Olofsson 1999;
Hoffman et al. 2000). GDI capture and stabilize the inactive GDP-bound form of RAC1
in the cytosol by preventing the dissociation of GDP by interaction of the RhoGDI with
the switch regions of RAC1. This in return results in the inability of effectors and GAP to
bind to RAC1. The isoprenyl group is shielded and therefore a localization at the
membrane is impossible and the activation of RAC1 is prevented (Harding et al. 2010;
Bustelo et al. 2012; Cherfils et al. 2013; Lawson et al. 2014; Olson 2016; Porter et al.
2016) (Figure 1.3). GDI are also responsible for the transport and solubility of Rho
GTPases in the cytosol (Garcia-Mata et al. 2011). By ubiquitination RAC1 is determined
for degradation in the proteasome (Hoffman et al. 2000) which is prevented by being
linked to GDI (Boulter et al. 2010). Cytosolic RAC1 is transported to the plasma
membrane upon cell stimulation (Bustelo et al. 2007; Bustelo et al. 2012). GEF are
responsible for activation of RAC1 and other Rho GTPases. For the Rho family members
more than 80 GEF are known by now. RAC1 specific ones are e.g., TIAM1 (T-Cell
Lymphoma Invasion and Metastasis 1), VAV proteins, and TRIO (Michiels et al. 1995;
Bellanger et al. 1998). GEF are often the targets of biological signals, which induce,

inhibit, or modulate their catalytic activity (Bos et al. 2007). Several members of the GEF
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family have a PH (plextrin homology) domain, e.g., TIAM1 and VAV proteins. The
phospholipid PIP3 (phosphatidylinositol(3,4,5)-triphosphate) can bind to the domain
thereby activating the GEF (Welch et al. 2003; Minard et al. 2004; Campa et al. 2015).
GEF can also be activated in a PI3K (phosphatidylinositol-3-kinases)-independent
manner by tyrosine phosphorylation (Wertheimer et al. 2012). Through catalysis of the
exchange of GDP to GTP GEF can activate RAC1. This happens by opening the
nucleotide-binding site of RAC1, which is resulting in the dissociation of GDP and binding
of GTP. The affinity of RAC1 for GDP and GTP is not changed by GEF, but due to the
approximately ten times higher cellular concentration of GTP compared to GDP a binding
of GTP to RAC1 is more likely (Welch et al. 2003; Bos et al. 2007). In this active form,
the isoprenylated RAC1 is bound to the inner side of the outer cell membrane. GAP can
be regulated by protein-protein as well as protein-lipid interactions, and/or
posttranslational modifications (Bos et al. 2007). GAP are inactivating RAC1 by
accelerating their weak intrinsic GTP hydrolysis rate up to 10° (Rittinger et al. 1997;
Shutes et al. 2006). The mechanism underlying the GAP-stimulated hydrolysis is that
GAP provides an arginine, the so-called arginine finger, to stabilize the partial negative
charges that develop at the transition state. Furthermore, it positions the conserved
glutamine from the switch Il (Q61 in RAC1) to activate a water molecule. This water
molecule in turn attacks the y-phosphate of GTP. Most likely, GAP is released with the
Pi during the conformational change of RAC1 (Shutes et al. 2006; Bos et al. 2007;
Cherfils et al. 2013). While cycling between the active and the inactive state, the switch |
and the switch Il region undergo conformation change as a signal of RAC1 being active
or inactive which is recognized by downstream effectors (Bishop et al. 2000; Vetter et al.
2001; Dvorsky et al. 2004).

effector

nRhoGDI
S

Figure 1.3: Cycling of RAC1 between GTP-bound and GDP-bound state.
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RAC1 is a molecular switch that cycles between a guanosine-5'-diphosphate (GDP)-bound
(inactive) state and a guanosine 5'-triphosphate (GTP)-bound (active) state which allows
interaction with effector proteins (Bustelo et al. 2007). GEF (guanine-nucleotide exchange factors)
are activating RAC1 by catalysis of the exchange of GDP to GTP. In this form, the isoprenylated
GTP-bound RAC1 is bound to the inner side of the outer cell membrane. GAP (GTPase-activating
proteins) are inactivating RAC1 by accelerating their weak intrinsic GTP hydrolysis rate (Shutes
et al. 2006). RhoGDI capture and stabilize the inactive form of RAC1 in the cytosol by preventing
the dissociation of GDP. The isoprenyl group is shielded and therefore a localization at the
membrane is impossible and the activation of RAC1 is prevented (Olson 2016). Cytosolic RAC1
is transported to the plasma membrane upon cell stimulation (Bustelo et al. 2007). The figure is
adapted from Onesto et al. as well as Fritz and Kaina (Onesto et al. 2008; Fritz et al. 2013).

RACH1 is involved in the regulation of a wide range of cellular functions including cell-cell
adhesion, membrane ruffling, cell morphology, cytoskeletal organization, and motility
(Bourne et al. 1990; Hall 2012). Due to the crosstalk with other Rho GTPases, RAC1
mediates the motility of a cell (Ridley, Paterson, et al. 1992). Adjustment of the
polymerization of actin for the assembly of stress fibers (RHOA), as well as formation of
lamellipodia (RAC1) is under control of small Rho GTPases (Nobes et al. 1995). Actin
polymerization induces the expansion of rod-like protrusions, named filopodia, as well
as sheet-like protrusions, named lamellipodia. Parts of the actin cytoskeleton are
monomeric globular actin (G-actin) units, which turn into filamentous actin (F-actin) by
polymerization (Lee et al. 2010). Restructuring of F-actin into lamellipodia or membrane
ruffles is promoted by RAC1 by control of the ARP2/3 complex (Actin Related Protein
2/3 complex), which mediates actin polymerization (Bisi et al. 2013). The counterparts of
RAC1 are RHOA and CDC42. They promote stress fiber and filopodia formation
(Karnoub et al. 2001). In addition to the functions of RAC1 regarding the actin
cytoskeleton, the small GTPase is also involved in processes like apoptosis (Jin et al.
2006; Yoshida et al. 2010), wound healing (DiPersio 2007; Tscharntke et al. 2007), as
well as proliferation, migration and cell cycle progression (Olson et al. 1995; Deplazes et
al. 2009; Yoshida et al. 2010; Yan et al. 2012). Beyond that, studies revealed an
involvement of RAC1 in response to genotoxic stress (Damrot et al. 2006; Huelsenbeck
et al. 2011; Espinha et al. 2015). It modifies cellular responses to genotoxic stress by
modulation of the activity of stress kinases (JNK/SAPK, P38) (Coso et al. 1995; Minden
et al. 1995; Maundrell et al. 1997) and related transcription factors (e.g., AP1, NF-kB)
(Xia et al. 1995; Canman et al. 1996; Ichijo 1999; Gnad et al. 2001; Hall 2012).

1.1.2 Nuclear localization of RAC1

For decades, RAC1 was considered as a purely cytosolic protein, but in the last few
years a fraction of RAC1 was identified to translocate into the nucleus (Michaelson et al.
2008; Sandrock et al. 2010; Tong et al. 2013; Zoughlami et al. 2013; Chircop 2014;




Introduction

Woroniuk et al. 2018; Liu et al. 2019). Recent data suggest a possible involvement in the
regulation of nuclear functions as shown by actin-dependent deformation of the nuclear
envelope as well as an increase in nuclear plasticity as a result of nuclear RAC1
accumulation (Disanza et al. 2015; Navarro-Lerida et al. 2015). The latest studies also
indicate that nuclear RAC1 plays a role in DNA repair, cell survival as well as cell death
via regulation of mechanisms of the DDR (DNA damage response) (Fritz et al. 2013;
Fritz et al. 2015). Studies focussing on nucleocytoplasmic shuttling of RAC1 revealed a
direct interaction of RAC1 with Karyopherin alpha2 which mediates the import of RAC1
into the nucleus (Sandrock et al. 2010). Nucleophosmin (NPM), a nucleolar protein that
is involved in various DNA repair pathways, among other things (Box et al. 2016), was
discovered as nuclear RAC1 interacting protein and negative regulator of RAC1. NPM
limits the GTP loading of RAC1 and NPM silencing inhibited RAC1 accumulation in the
nucleus (Zoughlami et al. 2013; Liu et al. 2019). Other identified nuclear proteins that
interact with nuclear RAC1 are transcription factor STAT3 (Signal transducer and
activator of transcription 3) (Simon et al. 2000) and BCA3 (Breast cancer associated
gene 3) (Yao et al. 2017). The activation of STAT3 was inhibited by dominant-negative
RAC1 whereas active RAC1 stimulates STAT3 phosphorylation and binds to the
transcription factor, thereby regulating its activity (Simon et al. 2000). BCA3 might act as
a molecular shuttle for RAC1 translocation to the nucleus (Yao et al. 2017). Lanning et
al. could show that the polybasic region (PBR) of RAC1 resembles a nuclear localization
sequence (NLS) and has significant NLS activity (Lanning et al. 2003; Lanning et al.
2004).The two identified canonical NLS sequences in the C-terminal PBR of RAC1 seem
to be necessary for nuclear import (Figure 1.2). A mutant RAC1 harbouring a RHOA PBR
(lacking an NLS) showed a stronger localization to the cytoplasm than the wild-type
RAC1 (Lanning et al. 2004). Another possible function of nuclear RAC1 is the influence
on the DDR by regulation and alteration of the nuclear chromatin structure, the nuclear
membrane and the nuclear pores (Butin-Israeli et al. 2013; Fritz et al. 2015; Navarro-
Lerida et al. 2015).

The perinuclear actin cap regulates among other things the organization of chromatin in
the nucleus. TIAM2 (T-Cell Lymphoma Invasion and Metastasis 2), a RAC1 GEF,
localizes to the nuclear envelope and regulates the activity of perinuclear RAC1. The
downregulation of TIAM2-regulated RAC1 resulted in disruption of the perinuclear cap
(Woroniuk et al. 2018). As certain studies show, nuclear localization of RAC1 is cell-cycle
dependent (Michaelson et al. 2008; May et al. 2014). RAC1 was shown to accumulate
in the nucleus after treatment with ionizing radiation and to play a role in G2/M checkpoint

activation (Yan et al. 2012). Inactive RAC1 was found to be exported from the nucleus
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in case of DNA damage/G2 arrest (Hinde et al. 2014). Furthermore, two nuclear export
sequences (NES) were identified in the RACT gene. In this study NPM, a
nucleocytoplasmic shuttling protein (Borer et al. 1989; Lindstrom 2011), was shown to
promote RAC1 nuclear export (Navarro-Lerida et al. 2015). NPM shuttles between the
nucleus and the cytoplasm (Colombo et al. 2011) and interacts with RAC1 at the same
site as RhoGDI do. The competition between RhoGDI and NPM determines the
cytoplasmic/nuclear localization of RAC1. In studies analyzing the activation state of
nuclear RAC1 the results revealed predominantly the GTP-bound form in the nucleus
(Simon et al. 2000; Michaelson et al. 2008; Hinde et al. 2014). Since the prenylation of
the CAAX box competes with the recognition of the NLS by nuclear transport proteins
like Karyopherin alpha2 (Michaelson et al. 2008) the found GTP-bound nuclear RAC1
challenges the knowledge about RAC1 activation. The NLS of RAC1 is part of the PBR
(Figure 1.2), but the PBR is masked by geranylgeranylation of RAC1 (Abdrabou et al.
2018). This modification is a prerequisite for translocation to membranes and subsequent
activation (Adamson, Marshall, et al. 1992; Adamson, Paterson, et al. 1992; Lin et al.
2015).

1.2 Cellular stress response to DNA damage

DNA damage occurs in large quantities every day in every single cell of the body. The
damage can be induced by exogenous as well as endogenous factors. UV light, ionizing
radiation (IR), and alkylating agents such as nitrosamines are examples for exogenous
factors. Reactive oxygen species (ROS), metabolites and replication errors like base
mismatches count for endogenous DNA damaging factors (Hoeijmakers 2001). DNA
lesions that can occur are, amongst others, base modifications, DNA single strand
breaks (SSB) and DNA double strand breaks (DSB). Since unrepaired DSB are a strong
pro-apoptotic stimulus (Rich et al. 2000; Khanna et al. 2001; Bohgaki et al. 2010) this

work is focused on the DNA damage response after doxorubicin-induced DSB.

1.2.1 DNA damage response

The DNA damage response (DDR) is a complex and fine-tuned network of signaling
cascades that are involved in the recognition of DNA damage, DNA repair, cell cycle
progression, cell death, and survival (Roos et al. 2013; Roos et al. 2016). In general, the
repair involves recognition of the lesion and initiation of a signaling cascade to promote
DNA repair. ATM (Ataxia telangiectasia mutated), ATR (ataxia telangiectasia and Rad3-
related), and DNA-PK (DNA-dependent protein kinase) belong to a group of PI3 kinases
and are initiators of the two main signaling pathways activated by DNA strand breaks
(Sancar et al. 2004; Houtgraaf et al. 2006). ATM is mainly activated by DSB and is the
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main kinase in the recognition and signaling of IR-induced DSB (Kastan et al. 2004; Lee
et al. 2005; Borde et al. 2009) whereas ATR is mainly activated after replicative stress,
e.g., replication block, by base damage, and DNA SSB (Zou et al. 2003; Dart et al. 2004;
Cimprich et al. 2008). DNA-PK is involved in the repair of IR-induced DSB like ATM, but
in contrast to ATM DNA-PK is mainly present in the NHEJ (non-homologous end joining)
(Jeggo 1998). The MRN complex, consisting of MRE11 (meiotic recombination 11),
RADS50, and NBS1 (Nijmegen breakage syndrome 1), acts as DSB sensor and recruits
ATM to the DNA damage site (Lee et al. 2005) (Figure 1.4). The proteins of the MRN
complex have different tasks. MRE11 binds to DSB ends and possesses exonuclease
as well as endonuclease activity, RAD50 contains zinc hook domains which promote
DNA tethering, and NBS1 serves for nuclear transport (Kobayashi et al. 2004; Roset et
al. 2014; Shibata et al. 2014). RPA (replication protein A) recognizes SSB and recruits
ATR to the damage (Zou et al. 2003). ATM and ATR can bind to open DNA ends and
upon activation of their intrinsic kinase activity they selectively phosphorylate and
therefore activate the serine-threonine checkpoint effector kinases, checkpoint kinase 1
(CHK1) and checkpoint kinase 2 (CHK2) (Smith et al. 1999; Suzuki et al. 1999; Unsal-
Kacmaz et al. 2002) (Figure 1.4). These kinases trigger a variety of specific downstream
responses (Bartek et al. 2003). CHK2 is phosphorylated by ATM at Thr68 (Matsuoka et
al. 2000; Zhou et al. 2000). This phosphorylation is essential for the activation of the
G1/G2 checkpoints of the cell cycle (Lavin et al. 2006). In the event of a blocked transition
from G1 to S phase CHK2 phosphorylates CDC25A (cell division cycle 25A) at Ser123
resulting in ubiquitination and degradation of CDC25A. Consequently, CDC25A can no
longer activate CDK2 (cyclin dependent kinase 2), which is necessary for G1/S
progression (Falck et al. 2001; Zannini et al. 2014). CHK1 is phosphorylated at Ser345
by ATR (Guo et al. 2000; Liu et al. 2000), thereby leading to G1/S arrest. ATM and ATR
are able to phosphorylate P53 at Ser15 and other N-terminal sites directly (Canman et
al. 1998) or via CHK1 and CHK2 at Ser20 (Shieh et al. 2000). Direct activation of P53
via ATM and ATR increases its transactivation activity (Canman et al. 1998) and as a
result, both pro- as well as anti-apoptotic signals are passed on (Roos et al. 2013).
Phosphorylation at Ser15 also prevents the MDM2-regulated degradation of P53 (Shieh
et al. 1997). Phosphorylation of P53 via CHK1 and CHK2 results in a blockage of the
MDM2-binding site, followed by block of P53 degradation whereby P53 is stabilized
(Chehab et al. 1999; Unger et al. 1999; Hirao et al. 2000; Shieh et al. 2000). When P53
is stabilized it accumulates in the nucleus leading to an increase of P21 expression
followed by a G1/S arrest (Mailand et al. 2000). KAP1 (KRAB-associated protein-1) is
either directly phosphorylated by ATM (White et al. 2012) or indirectly by CHK2 (Hu et

al. 2012), thereby promoting transient chromatin relaxation which is essential for
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downstream signaling and repair (Ziv et al. 2006; Goodarzi et al. 2008; Goodarzi et al.
2011; Ayrapetov et al. 2014) (Figure 1.4). The phosphorylation of CHK1, CHK2, and P53
are of particular importance, because this is resulting in G1/S and G2/M cell cycle arrest,

DNA repair, or apoptosis (Christmann et al. 2003).

Inhibition of topoisomerase Il (Top Il) by anticancer drugs (e.g., doxorubicin) results in
the formation of DNA DSB (Nitiss 2002; Smart et al. 2008), which are highly potent
activators of the DDR (Harper et al. 2007). Since the experiments in this work were
performed by DSB-inducing agents (doxorubicin, IR) the DDR after DSB formation was

of particular interest.

ATM, ATR and DNA-PK do not only regulate the cell cycle checkpoints, they also
regulate DNA repair. Different DNA repair associated proteins, e.g., histone 2AX (H2AX),
are phosphorylated by ATM, ATR, and DNA-PK (Burma et al. 2001; Wang et al. 2005).
The phosphorylation of H2AX on Ser139 (yH2AX) is an early response to the occurrence
of DSB (Rogakou et al. 1998) and therefore is a well-accepted surrogate marker for DSB.
The induction of DSB results in the rapid formation of yH2AX foci, e.g., within 1 -3
minutes after IR. The signal can expand up to 30 megabases from the primary lesion
and comprises approximately 2,000 yH2AX molecules which can be visualized as a
nuclear focus by immunofluorescent staining (Rogakou et al. 1998; Rogakou et al. 1999;
Pilch et al. 2003). Each yH2AX focus corresponds to one DNA double-strand break
(Rogakou et al. 1999; Sedelnikova et al. 2002). The formation of yH2AX foci takes place
in direct proximity of the DSB. Due to phosphorylation of H2AX a loosening of the
chromatin structure occurs and therefore the chromatin is more accessible for specific
DNA repair proteins which accumulate at the broken DNA ends (Bassing et al. 2004;
Kinner et al. 2008; Chapman et al. 2012). Thus, yH2AX leads to the concentration of
DNA repair proteins at the DSB (Kinner et al. 2008). 53BP1 (P53-binding protein 1) is
also phosphorylated by ATM in response to DNA damage. This phosphorylation is
required for ATM-dependent signaling promoted by 53BP1 (Zgheib et al. 2005). 53BP1
is another important player in the DDR and accumulates at DSB sites by recognizing
ubiquitylated histone H2A (Lys15) (Setiaputra et al. 2019). 53BP1 promotes NHEJ by
blockage of DNA resection performed by CtIP (C-terminal binding protein 1 interacting
protein) (Aparicio et al. 2014) leading to DNA repair by NHEJ (Tarsounas et al. 2020).
Therefore, 53BP1 can be regarded as another surrogate marker for DSB in general and

as an indicative marker for DSB repaired by NHEJ.
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Figure 1.4: Simplified scheme of the DNA damage response (selected subset of proteins).
The MRN complex, consisting of MRE11, RAD50, and NBS1 serves as DSB sensor and enables
ATM to bind to the damage site (Lee et al. 2005). SSB are recognized by RPA, which then recruits
ATR to the damage site (Zou et al. 2003). ATM activates CHK2 whereas ATR activates CHK1,
which in return triggers a variety of specific downstream responses (Bartek et al. 2003), e.g.
stabilization of P53. The phosphorylation of CHK1, CHK2, and P53 triggers cell cycle arrest, DNA
repair, and apoptosis (Christmann et al. 2003). ATM phosphorylates damage indicators such as
53BP1 and H2AX. KAP1 is phosphorylated by ATM or CHK2 (White et al. 2006; Hu et al. 2012),
resulting in chromatin relaxation which enables repair proteins to access the damage site (Ziv et
al. 2006). Figure is adapted from Christmann et al. and Houtgraaf et al. (Christmann et al. 2003;
Houtgraaf et al. 2006).

1.2.2 RAC1 and the DNA damage response

Besides of being involved in the regulation of the actin cytoskeleton, recent studies also
indicate that RAC1 plays a role in DNA repair, cell survival as well as cell death via
regulation of mechanisms of the DDR (Lassus et al. 2000; Velaithan et al. 2011; Fritz et
al. 2013; Fritzet al. 2015). A signalling pathway which is related to the genotoxin-induced
DDR is the RAC1-dependent activation of stress kinases after genotoxic stress
(JNK/SAPK, P38) (Coso et al. 1995; Minden et al. 1995; Maundrell et al. 1997; Wartlick
et al. 2013) and related transcription factors (e.g., AP1, NF-kB) (Xia et al. 1995; Canman
et al. 1996; Ichijo 1999; Gnad et al. 2001; Hall 2012). Activation of the aforementioned
kinases and transcription factors is resulting in the induction of apoptosis (Perona et al.
1997; Jin et al. 2006; Wartlick et al. 2013).

A role of RAC1 in the DDR was demonstrated in previous work of our group. Several
studies revealed a protection of rat cardiomyocytes (H9c2) and hepatocytes (HepG2),
as well as HUVEC (human primary umbilical vein endothelial cells) against Top Il
poisons such as etoposide and doxorubicin (Dox) by inhibiting RAC1. Inhibition was

performed with the lipid lowering drug lovastatin (a non-specific pan-Rho GTPase
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inhibitor) (Damrot et al. 2006; Huelsenbeck et al. 2011), with RAC1 inhibitor EHT 1864
(Wartlick et al. 2013), with RAC1 inhibitor NSC23766 (Huelsenbeck et al. 2012) as well
as clostridial ADP-ribosylating toxin (Huelsenbeck et al. 2007), that specifically
inactivates RAC1. The pharmacological inhibition of RAC1 modulated the Top Il poison-
induced DDR and protected the cells by reducing the Top Il poison-induced DNA
damage and cell death. Experiments including mice, characterized by liver-specific
RAC1 knock-out, demonstrated a protection of the liver after Dox treatment and less
DNA damage (Bopp et al. 2013). In another study the aforementioned mice were treated
with DEN (diethyl nitrosamine) to induce liver tumor formation. Mice lacking hepatic
RAC1 had tumors of smaller size compared to the mice with hepatic RAC1 expression
(Bopp et al. 2015). Other mouse studies displayed a cardioprotective effect of
pharmacological RAC1 inhibition upon Dox treatment (Ohlig et al. 2018). The mechanism
underlying this protection is currently still unknown. An interaction of RAC1 with proteins
of the DDR might be possible since inhibition of RAC1 with NSC23766 blocked various
DDR-related signalings, including the ATM-mediated phosphorylation of CHK2 (Fritz et
al. 2015). Another possibility is the described link between RAC1 and Top Il
(Huelsenbeck et al. 2011; Huelsenbeck et al. 2012; Wartlick et al. 2013). Formation of
the transient cleavage complex consisting of a cut DNA double-strand covalently linked
to Top Il and Dox (Lyu et al. 2007) was prevented upon treatment with RAC1 inhibitors
(Huelsenbeck et al. 2012; Wartlick et al. 2013). These results make RAC1 a possible

target in cancer therapy and several studies support this possibility.

In AML (acute myeloid leukemia) cell lines active RAC1 is associated with Dox-induced
apoptosis (Naci et al. 2019) and the study of Hein et al. revealed an increased RAC1
expression and an altered pro-survival pathway in breast cancer cells that survived HFR
(hyper-fractionated radiation). Inhibition of RAC1 in these cells blocked their survival
(Hein et al. 2016). Other studies demonstrated a reduced DNA repair, cell proliferation,
as well as cell survival after exposure to UV light or y-irradiation in RAC1 deficient cells
or cells treated with a RAC1 inhibitor (Yan et al. 2014; Espinha et al. 2015). Also a
protective role of RAC1 in UV-light-induced skin carcinogenesis and keratinocyte
apoptosis was shown (Deshmukh et al. 2017). A hallmark of cancer is the resistance of
cells to apoptosis (Hanahan et al. 2000). RAC1 was found overexpressed in certain
tumors which correlated with chemoresistance (Schnelzer et al. 2000; Karlsson et al.
2009; De et al. 2020). Moreover, RAC1 promotes anti-apoptotic signaling pathways in
cancer cells resulting in therapy resistance (De et al. 2020; Tan et al. 2020). P53 acts as
“guardian of the genome” by maintaining genomic integrity as well as preventing the
proliferation of cells with damaged DNA (Lane 1992; Toufektchan et al. 2018). Mutations
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in P53 can lead to enhanced cell proliferation and survival (Solomon et al. 2011;
Mantovani et al. 2019), as well as reduced apoptosis (Blandino et al. 1999; Vogelstein
et al. 2000). Yue et al. showed that enhanced RAC1 activity is associated with mutant
P53 expression and is independent of wild-type P53 function. The mutant P53 DBD
(DNA-binding domain) is essential for interaction with RAC1 and increases the
SUMOylation of RAC1 which contributes to its activity. As a result of this interaction
RAC1 contributes to mutant P53 GOF (gain of function) in promoting cell migration and
invasion (Yue et al. 2017). Another study exhibited a MAP kinase-mediated crosstalk
between RAC1 and P53 (Lassus et al. 2000). This supports the usefulness role of RAC1
as a possible target in cancer therapy or for the protection of normal tissue (Fritz et al.
2006; Fritz et al. 2011; Henninger et al. 2017).

1.3 DNA double-strand break repair

DNA DSB can be caused by any agent that can break the sugar-phosphate backbone of
the DNA. Such agents can be of endogenous origin, such as metabolite products, or
exogenous factors such as ionizing radiation or certain chemotherapeutic agents (e.g.,
doxorubicin). In human cells, the repair of DSB is mediated via two main repair pathways,
namely the homologous recombination (HR) and the non-homologous end joining
(NHEJ) (Jeggo 1998; Rothkamm et al. 2003). The decision for or against one of these
repair pathways is dependent on the cell cycle (Rothkamm et al. 2003; Roos et al. 2006;
Lieber 2010). The NHEJ is independent of the cell cycle, but nevertheless is most active
in the GO and G1 phases whereas HR occurs during the late S and G2 phase (Takata et
al. 1998; Johnson et al. 2000) since a sister chromatid is needed as template (Rothkamm
et al. 2003; Roos et al. 2006; Lieber 2010). HR and NHEJ have the so-called MRN
complex, consisting of MRE11, RAD50, and NBS1 as damage sensor in common. The
decision for HR or NHEJ is up to the MRN complex, although the exact mechanism is

still unclear (Lafrance-Vanasse et al. 2015).
1.3.1 Homologous recombination (HR)

As stated above, HR is initiated by the MRN complex, which performs a nucleolytic
resection of the DSB resulting in single-stranded DNA with short 3’ overhangs
(Christmann et al. 2003; Sartori et al. 2007). For this purpose, the MRN complex recruits
BRCA1 (breast cancer type 1 susceptibility protein) and CtIP which all together regulate
the final resection (Limbo et al. 2007; Sartori et al. 2007). The ssDNA is protected against
exonucleolytic digestion due to binding of a heptameric ring complex of RAD52 proteins
(Stasiak et al. 2000). RAD52 interacts with RAD51 as well as RPA, thereby mediating
the DNA strand exchange (Christmann et al. 2003). RADS51 stabilizes SSB and DSB and
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promotes ATP-dependent as well as RPA mediated interaction of the lesion with the
homologous strand of undamaged DNA (Benson et al. 1994). The strand invasion leads
to the formation of the synaptic complex containing the so-called displacement-loop (D-
loop). This D-loop is a heteroduplex made up of a damaged DNA strand and its intact
homologue (Baumann et al. 1997; Gupta et al. 1998; Qi et al. 2015). After DNA synthesis
through the polymerases 8, €, and n the ends are ligated and the resulting Holliday
Junctions (complex of the two DNA double helices) are dissolved (Christmann et al.
2003; Maloisel et al. 2008) (Figure 1.5).

1.3.2 Non-homologous end joining (NHEJ)

The recognition of the DSB begins with binding of the KU70/KU80 complex to the lesion
to protect the DSB ends from degradation by exonucleases (Jeggo et al. 1992;
Christmann et al. 2003). Afterwards the KU heterodimer associates with DNA-PKcs
(DNA-dependent protein kinase catalytic subunit) and the holoenzyme DNA-PK is
formed (Gottlieb et al. 1993; Smith et al. 1999). Binding of DNA-PKcs leads to activation
of the kinase activity which is required for efficient end joining (Calsou et al. 1999; Yoo
et al. 1999). The active DNA-PK phosphorylates numerous target proteins which play a
role in DNA repair, cell cycle control, as well as induction of apoptosis (Meek et al. 2004).
DNA-PKcs binds to XRCC4 (X-ray repair cross-complementing protein 4) which in turn
forms a complex with DNA Ligase IV to re-ligate the broken DNA ends (Grawunder et al.
1997; Leber et al. 1998). The MRN complex processes the DSB before re-ligation by
removal of excess DNA at 3’ flaps (Maser et al. 1997; Nelms et al. 1998), whereas flap
endonuclease 1 (FEN1) removes excess DNA at 5 flaps (Christmann et al. 2003).
Further overhangs or hairpin structures are processed by the exonuclease Artemis (Ma
et al. 2002; Yannone et al. 2008). The ligation of the processed strand ends is performed
by the XRCC4/DNA Ligase IV/XLF (XRCC4-like factor)-complex and finally mediates the
closure of the DSB (Davis et al. 2014; Waters et al. 2014). During linkage of the DSB
ends insertions, deletions, and translocations often occur. Therefore, the NHEJ is an
error-prone repair pathway compared to HR which is an error-free pathway (Moore et al.
1996; Wilson et al. 1997) (Figure 1.5).
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Figure 1.5: Simplified scheme of homologous recombination (HR) and non-homologous
end joining (NHEJ) (selected subset of proteins).

HR is initiated by the MRN complex (Christmann et al. 2003) and recruits BRCA1 and CtIP for
the final resection (Limbo et al. 2007; Sartori et al. 2007). The ssDNA is protected against
digestion through binding of RAD52 proteins (Stasiak et al. 2000). RAD52 interacts with RAD51
as well as RPA, thereby mediating the DNA strand exchange (Christmann et al. 2003). RAD51
stabilizes SSB and DSB and promotes interaction of the lesion with the homologous strand of
undamaged DNA (Benson et al. 1994) leading to the formation of the synaptic complex containing
the D-loop (Qi et al. 2015). After DNA synthesis through the polymerases 9, €, and n the ends are
ligated and the resulting Holliday Junctions are dissolved (Christmann et al. 2003; Maloisel et al.
2008). NHEJ is initiated by binding of the KU70/KU80 complex to the lesion (Jeggo et al. 1992;
Christmann et al. 2003). Afterwards the KU heterodimer associates with DNA-PKcs (Gottlieb et
al. 1993; Smith et al. 1999) leading to activation of the kinase activity (Calsou et al. 1999; Yoo et
al. 1999). DNA-PKcs binds to XRCC4 which in turn forms a complex with DNA Ligase IV to ligate
the broken DNA ends (Grawunder et al. 1997; Leber et al. 1998). The MRN complex, Artemis,
and FEN1 process the DSB before re-ligation (Maser et al. 1997; Nelms et al. 1998; Christmann
et al. 2003; Yannone et al. 2008). The ligation of the processed strand ends is performed by the
XRCC4/DNA Ligase IV/XLF-complex and finally mediates the closure of the DSB (Davis et al.
2014; Waters et al. 2014). Figure is adapted from Christmann et al. (Christmann et al. 2003).
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1.4 DNA damaging agents and the RAC1 inhibitor EHT 1864
1.4.1 Doxorubicin induced DNA damage

Doxorubicin belongs to the group of anthracyclines and is a derivative of daunorubicin
which was isolated from Streptomyces peucetius in the 1950s (Dimarco et al. 1964). The
anthracycline derivative Dox (also known as Adriamycin) was isolated from a mutant
Streptomyces peucetius strain (Arcamone et al. 2000). It is a highly effective
chemotherapeutic agent and is used in cancer therapy for e.g., leukemia, soft tissue
sarcoma, solid tumors, as well as breast carcinomas (Blum et al. 1974; Cole et al. 1974).
Anthracyclines are characterized by intercalation into the DNA resulting in inhibition of
transcription and by inhibition of DNA Top Il leading to the formation of DSB (Gewirtz
1999). DNA topoisomerases regulate the DNA topology through transient induction of
DNA single or double strand breaks. These enzymes convert the supercoiled DNA into
relaxed DNA by transient cleavage of one or both DNA strands during cellular processes
like DNA synthesis and transcription and maintain the genomic integrity during these
processes. Top Il isoform a is essential for survival of proliferating cells. Top Il isoform 3
is ubiquitously expressed (McClendon et al. 2007; Morimoto et al. 2019). The DNA
damaging effect resulting from Top Il poisoning occurs mainly in the S- and G2-phase of
proliferating cells (Ling et al. 1996; Potter et al. 2002) due to the higher expression of
Top Il a in these cell cycle phases (Goswami et al. 1996). During cellular processes like
DNA synthesis and transcription, Top Il is regulating the DNA topology thereby passing
intact double-stranded DNA through an intentional DSB (Rose 1988) followed by re-
ligation of the broken strands (Morimoto et al. 2019). This transient DSB is generated
under ATP consumption (Fortune et al. 2000; Wilstermann et al. 2003). The cytotoxic
target for Top Il poisons, like Dox, is the transient cleavage complex consisting of a cut
DNA strand covalently linked to Top Il and Dox (Lyu et al. 2007). Dox binds irreversible
to Top Il and therefore inhibits the ability of Top Il to re-ligate the induced DSB leading
to the accumulation of cytotoxic DSB (Figure 1.6) (Bromberg et al. 2003; Nitiss 2009).
The cleavage complex is finally degraded by proteases. When left unrepaired, these
DSB represent a strong apoptotic stimulus (Roos et al. 2013; Roos et al. 2016).
Additionally, bulky adducts and DNA crosslinks are formed by anthracyclines resulting in
interference with DNA replication and transcription (Gewirtz 1999; Swift et al. 2006) as
well as interaction with helicases (Bachur et al. 1992) is reported for Dox. Furthermore,
Dox can damage the DNA by generation of reactive oxygen species (ROS) (Bates et al.
1982) which is leading e.g., to DNA single-strand breaks, base mismatches, and point
mutations (Simunek et al. 2009; Sterba et al. 2013). Though, generation of ROS only

occurs at high doses which are considered as clinically not relevant. According to the
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published data of Gewirtz, the lowest Dox concentration at which ROS was detected in
vitro was 4 pM. However, standard therapy of humans only achieves serum levels of
about 1 - 2 yM Dox (Gewirtz 1999). The DNA damaging mechanism of Dox leading to
irreversible inhibition of Top Il resulting in DSB is the dominant toxic mechanism at doses
from 0.5 yM to 5 uM (Gewirtz 1999). In this work Dox was used at a concentration of

1 M and thus corresponds to the serum levels found in patients.

Figure 1.6: Topoisomerase Il poisoning by doxorubicin leads to DSB.

To resolve tensions that occur e.g., during replication, topoisomerase Il enzymes can pass
dsDNA through a transient DSB which has formed in another dsDNA strand. The process takes
place under ATP consumption. Topoisomerase |l poisons like doxorubicin obstruct re-ligation of
the DNA strand (Nitiss 2009) leading to DNA double-strand breaks which can provide a strong
apoptotic stimulus (Roos et al. 2013; Roos et al. 2016). Figure is adapted from Nitiss (Nitiss 2009).

1.4.2 lonizing radiation induced DNA damage

lonizing radiation (IR) is energetic and is classified as either electromagnetic or
particulate, whereas the y radiation belongs to the electromagnetic radiation (Azzam et
al. 2012; Desouky et al. 2015). y radiation was used in this work on the one hand since
it is also used in the context of cancer therapy and, on the other hand, because it induces
DSB independent of the Top Il. In more than 50 % of cancer patients ionizing radiation
is used as cancer therapy, often in combination with chemotherapeutics and surgical
resection (Delaney et al. 2005; Begg et al. 2011). Exposure of cells to IR inflicts various
types of damage, such as SSB, DSB, DNA-DNA cross-links, and base damage (Cerutti
1974; Steel 1996; Lomax et al. 2013; Belli et al. 2020). The occurring damage can result
from direct or indirect radiation effects on the DNA (Goodhead 1994; Nikjoo et al. 1997).

Direct DNA damages are resulting from a direct hit of the radiation on the DNA molecule,
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thereby disrupting its molecular structure (Desouky et al. 2015). Indirect DNA damage
arises from free radicals which are mainly resulting from ionization of intracellular water
molecules (Figure 1.7) (Ross 1999). Different types of free radicals are produced, but
foremost hydroxyl radicals produce significant damage to the DNA (Dizdaroglu et al.
2012). Regarding y radiation about 1/3 of DNA damage is due to direct interaction of
DNA with the irradiating particle and about 2/3 are resulting from indirect effects (Azzam
et al. 2012; Santivasi et al. 2014). The radiation dose is measured in units gray (Gy), a
measure of the amount of radiation absorbed by 1 kg of tissue (Borrego-Soto et al. 2015).
A dose of 1 Gy induces approximately 20 - 40 DSB, 1,000 SSB, and 1,000 - 1,300 base
lesions per cell (Roots et al. 1985; Lomax et al. 2013). The DNA damage is either
repaired by HR, BER or by NHEJ (Jeggo 1998; Rothkamm et al. 2003). Unrepaired DNA
damage is leading to a cell cycle arrest, followed by senescence and/or apoptosis

whereas incorrectly repaired lesions can result in mutations (Zhang et al. 2007).

indirect effect
"~ g HO= HO- |—| = SSB
vray |+ ] - DSB
direct effect — DNA-DNA cross-links
-
A — base damage
y-ray i+

Figure 1.7: Direct and indirect effects of ionizing radiation on the DNA.

The occurring damage can result from direct or indirect radiation effects on the DNA (Goodhead
1994; Nikjoo et al. 1997). Direct DNA damages are resulting from a direct radiation hit on the DNA
molecule (Desouky et al. 2015). Indirect DNA damage arises from free radicals which are mainly
resulting from ionization of intracellular water (Ross 1999). The resulting types of damage are
among others SSB, DSB, DNA-DNA cross-links, and base damage (Lomax et al. 2013). Figure
is adapted from Desouky et al. (Desouky et al. 2015).

1.4.3 RAC1 inhibitor EHT 1864

Like stated above, GEF are responsible for activation of RAC1 by catalysis of the
exchange of GDP to GTP. EHT 1864 is a small molecular inhibitor with high binding
affinity for RAC1 as well as its isoforms RAC2 and RAC3. The inhibitor stimulates the
nucleotide release of RAC1. By direct binding to RAC1, the protein is put in an inert and
inactive state (Shutes et al. 2007; Onesto et al. 2008). The RAC1 inhibition is based on
a dissociation of the guanosine nucleotide followed by a conformation change of RAC1.
EHT 1864 blocks RAC1-mediated signaling by impairing the ability of RAC1 to activate
downstream effectors (Figure 1.8) (Shutes et al. 2007).
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Figure 1.8: Inhibition of RAC1 functions by EHT 1864.

RAC1 cycles between an GDP-bound state and a GTP-bound state, which is regulated by GEF
and GAP. Active RAC1 binds to a variety of downstream effectors that regulate signaling
networks. EHT 1864 inhibits RAC1 binding to its downstream effectors. The activation of the
effector is impossible. Figure is adapted from Onesto et al. (Onesto et al. 2008).
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1.5 Objectives

The role of the small Rho GTPase RAC1 in the DNA damage response (DDR) is only
poorly characterized. Previous work showed a protection against topoisomerase Il
poison-induced yH2AX foci formation as well as cell death by pharmacological inhibition
of RAC1 (Damrot et al. 2006; Huelsenbeck et al. 2011; Huelsenbeck et al. 2012; Wartlick
et al. 2013). Until today, it is unclear whether the effects described so far are based on
functions of cytosolic and/or nuclear RAC1. Like stated above, RAC1 as well as its
guanine nucleotide exchange factors (GEF) were found in the nucleus (Michaelson et al.
2008; Sandrock et al. 2010; Woroniuk et al. 2018), but nuclear-specific functions of Rho

GTPases are sparsely characterized so far.

For discrimination between nuclear and cytosolic effects hRAC71 expression vectors
harbouring an additional nuclear localisation sequence (NLS) were cloned. RAC1
possesses a weak C-terminal NLS. To force nuclear localization of hRAC1 an additional,
stronger NLS (from SV40 Large T-antigen) was added N-terminal to hRAC1. The hRACA1
proteins without additional NLS should be mainly localized in the cytoplasm, whereas
the proteins with an additional NLS should be forced to the nucleus. In the present study
mouse embryonic fibroblasts (MEF) were used to analyze the role of wild-type human
RAC1 (GFP-hRAC1(WT)), constitutively active human RAC1 (GFP-hRAC1(Q61L)), and
dominant-negative human RAC1 (GFP-hRAC1(T17N)) in the Dox-induced DDR. The
working hypothesis is that the expression of dominant-negative hRAC1 affects the DDR

and DNA repair similar to pharmacological inhibition of RAC1 whereas the expression of
wild-type hRAC1 or constitutively active hRAC1 enhances the doxorubicin-induced DDR
or does not influence the DDR at all. Pharmacological RAC1 inhibition by EHT 1864 as
well as mRac1 silencing were combined with transfection of GFP-hRAC1(T17N)
expression vector to answer the questions if cells transfected with dominant-negative
hRAC1 expression vector, mRac1 siRNA transfected cells and EHT 1864 treated cells
show similar results and if it is possible to further enhance the effect of dominant-negative
hRAC1, EHT 1864, or mRac1 siRNA by combining the treatments.

The used MEF(Rac1™™) cells have a mRac1 gene which is partially flanked by loxP
sites. Therefore, mRac1 knockout cells were tried to establish for complete exclusion of
the endogenous murine RAC1 in the experiments. After successful knockout, the cells
could be re-transfected with the human GFP-RACT mutants to analyze the role of the
human RAC1 in the DDR.
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2 Material and methods

2.1 Material
2.1.1 Devices

Table 2.1: List of used devices

Device

Manufacturer

Analytical balance 3716MP

Centrifuge 5418R

Centrifuge Avanti™J-25, high performance
centrifuge

CFX96™ Real-time PCR Detection System

ChemiDoc™ Touch Imaging System SPR-
80

Clean bench Hera Safe

CO2-Incubator series CB

Fine Scale ABS

Flow Cytometer BD Accuri™ C6

Imaging System Fusion FX7

Magnetic stirrer Combimag Ret
Magnetic stirrer MR2002
Microscope Axiolab
Microscope BX43

Microscope, inverted CKX41
Mini-PROTEAN® Tetra Vertical
Electrophoresis Cell

Mini Trans-Blot® Cell

NanoVue™ Plus spectrophotometer

Sartorius, Goéttingen Germany

Eppendorf, Hamburg, Germany

Beckman Coulter, Krefeld, Germany

BioRad, Hercules, CA, USA
BioRad, Hercules, CA, USA

Thermo Fisher Scientific, Waltham,
MA, USA

Binder, Tuttlingen, Germany
Kern, Ballingen, Germany

Becton, Dickinson and Company,
Franklin Lakes, NJ; USA

Peqlab Biotechnologie GmbH, VWR
International GmbH, Darmstadt,
Germany

IKA, Staufen, Germany

Heidolph, Schwabach, Germany
Carl Zeiss AG, Jena, Germany

Olympus, Tokyo, Japan

Olympus, Tokyo, Japan

BioRad, Hercules, CA, USA

BioRad, Hercules, CA, USA

GE Healthcare GmbH, Solingen,
Germany
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Device

Manufacturer

Radiometer Copenhagen PHM93
Reference pH meter

PowerPac™ Basic Power Supply
QlAcube

Radiation device Gammacell ® 1000 Elite
(y-emitter, Cs'¥")

Rocking shaker Mini-Rocker WS21
Sonicator EpiShear™ Probe sonicator
Thermal Cycler MyCycler

Thermomixer® compact

BioSurplus, San Diego, CA, USA

BioRad, Hercules, CA, USA
Qiagen, Hilden, Germany

Nordion International, Ottawa,
Canada

Hartenstein, Wirzburg, Germany
Active Motif, La Hulpe, Belgium
BioRad, Hercules, CA, USA
Eppendorf, Hamburg, Germany

Scientific Industries, Bohemia, NY,

Vortex Mixer Vortex-2 Genie USA
2.1.2 Consumables
Table 2.2: List of used consumables
Consumable Manufacturer

Adhesive PCR Plate Seals

12 well slide

96-Well plate for real-time PCR

Cell culture dishes

Cell culture flasks

Cell culture plates

Coverslips

Cryo vials

Drigalski spatula

Thermo Fisher Scientific, Waltham, MA,
USA

Ibidi GmbH, Graefelfing, Germany

Thermo Fisher Scientific, Waltham, MA,
USA

Greiner Bio-One International AG,
Kremsmuenster, Austria

Greiner Bio-One International AG,
Kremsmuenster, Austria

Greiner Bio-One International AG,
Kremsmuenster, Austria

Marienfeld, Lauda-Kdénigshofen,
Germany

Greiner Bio-One International AG,
Kremsmuenster, Austria

neoLab Migge GmbH, Heidelberg,
Germany
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Consumable Manufacturer
Greiner Bio-One International AG,
Falcon tubes Kremsmuenster, Austria

Protran, Amersham, GE Healthcare,
Nitrocellulose membrane 0.2 um Dassel, Germany

Pipette tips Starlab, Hamburg, Germany

Pipette tips, stuffed, repelling (for PCR)  Starniab, Hamburg, Germany

Plastic pipettes Carl Roth, Karlsruhe, Germany

Reaction tubes Sarstedt, Nuembrecht, Germany

Engelbrecht, Edermuende, Germany

Slides
Syringe B. Braun, Melsungen, Germany
VWR International GmbH, Darmstadt,
Syringe filter Germany
GE Healthcare GmbH, Solingen,
Whatman filter paper Germany
2.1.3 Kits

Table 2.3: List of used kits

Name Manufacturer

DNeasy Blood & Tissue Qiagen, Hilden, Germany

High-Capacity cDONA Reverse Thermo Fisher Scientific, Waltham, MA,
Transcription Kit USA

Plasmid Mini Kit/Maxi Kit Qiagen, Hilden, Germany

QIAquick Gel Extraction Kit Qiagen, Hilden, Germany

RNeasy Mini Kit Qiagen, Hilden, Germany

Sigma-Aldrich, Taufkirchen bei
RedTaq Ready Mix Muenchen, Germany

SensiMix SYBR Hi-ROX Kit Bioline, London, UK
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2.1.4 Chemicals

Table 2.4: List of used chemicals

Acrylamide 30 % Rotiphorese Gel
Agarose

Ammonium persulfate

Bacto-Agar
Bacto-Tryptone

BM Chemiluminescence Western
Blotting Substrate

Boric acid

Bovine serum albumin (BSA)

Calcium chloride (CaCly)

Collagen I, rat tail

Dimethyl sulfoxide (DMSO)

Doxorubicin

Ethanol

Ethidium bromide

Formaldehyde, 37 %

Gelatin

Glacial acetic acid

Glycerin

Glycine

Ethylenediaminetetraacetic acid (EDTA)

Name Manufacturer
Acetic acid Carl Roth, Karlsruhe, Germany
Acetone Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany
Merck, Darmstadt, Germany
Becton, Dickinson and Company,
Franklin Lakes, NJ; USA

Becton, Dickinson and Company,
Franklin Lakes, NJ; USA

Merck, Darmstadt, Germany
Carl Roth, Karlsruhe, Germany
PAN-Biotech, Aidenbach, Germany

ICN Biomedicals GmbH, Eschwege,
Germany

Santa Cruz Biotechnology Inc., Dallas,
TX, USA

Carl Roth, Karlsruhe, Germany
Merck, Darmstadt, Germany

VWR International GmbH, Darmstadt,
Germany

Carl Roth, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany
Merck, Darmstadt, Germany
Merck, Darmstadt, Germany

Sigma-Aldrich, Taufkirchen bei
Muenchen, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany
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Name

Manufacturer

(Z)-4-Hydroxytamoxifen
(4-OHT)

Methanol

Milk powder (blotting grade)

Paraformaldehyde

Phalloidin-TRITC

Ponceau S
Potassium chloride (KCI)

Potassium dihydrogenphosphate
(KH2PO4)

Propidium iodide

Roti-load, 4x

Sodium citrate

Sodium chloride (NaCl)

Sodium dihydrogen phosphate
(NaH2PO4)

Sodium dodecyl sulfate (SDS)

Sodium hydrogen phosphate (Naz:HPQO4)

Sodium hydroxide (NaOH)

Tetramethylethylenediamine (TEMED)

Tris-Base

Tris-Hcl

Triton X-100

Tween 20

Sigma-Aldrich, Taufkirchen bei
Muenchen, Germany

VWR International GmbH, Darmstadt,
Germany

Carl Roth, Karlsruhe, Germany
Merck, Darmstadt, Germany

Santa Cruz Biotechnology Inc., Dallas,
TX, USA

Sigma-Aldrich, Taufkirchen bei
Muenchen, Germany

Merck, Darmstadt, Germany

Carl Roth, Karlsruhe, Germany

Sigma-Aldrich, Taufkirchen bei
Muenchen, Germany

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

VWR International GmbH, Darmstadt,
Germany

Merck, Darmstadt, Germany

Carl Roth, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany
Merck, Darmstadt, Germany

Carl Roth, Karlsruhe, Germany

Sigma-Aldrich, Taufkirchen bei
Muenchen, Germany

Sigma-Aldrich, Taufkirchen bei
Muenchen, Germany

Sigma-Aldrich, Taufkirchen bei
Muenchen, Germany

Merck, Darmstadt, Germany
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Name

Manufacturer

Vectashield with DAPI

Yeast extract

Vector Laboratories Inc., Burlingame,
CA, USA

Becton, Dickinson and Company,
Franklin Lakes, NJ; USA

2.1.5 Cell culture media and supplements

Table 2.5: List of used cell culture media and supplements

Name

Manufacturer

DMEM

(Dulbecco’s Modifies Eagle Medium,
high glucose)

FCS (fetal calf serum)

IMDM

without L-glutamine)

L-glutamine

Penicillin/Streptomycin

(Iscove’s Modified Dulbecco’s Medium,

Sigma-Aldrich, Taufkirchen bei
Muenchen, Germany

Merck, Darmstadt, Germany

Sigma-Aldrich, Taufkirchen bei
Muenchen, Germany

Sigma-Aldrich, Taufkirchen bei
Muenchen, Germany
Sigma-Aldrich, Taufkirchen bei
Muenchen, Germany

2.1.6 Celllines

Table 2.6: List of used cell lines

Cell line Characteristics Medium
* derived from human embryonic
kidney cells (HEK293)
* stable expression of SV40 large T DMEM
antigen +10 % FCS
293T + 2 mM L-glutamine
* episomal replication of transfected + 1 %
plasmids with SV40 origin of Penicillin/Streptomycin
replication possible
* neomycin resistance
* spontaneously immortalized
MEF DMEM
(mouse embryonic * derived from Cre-loxP system +10 % FCS
: mice +1%
fibroblasts) Penicillin/Streptomycin
* Rac1 gene is flanked by loxP sites
DMEM
(o)
l(\:InEoEélgeSrmzryonic * Rac1 gene is not flanked by loxP : JQ%A’ FCS
fibroblasts) sites Penicillin/Streptomycin
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envelope protein

Cell line Characteristics Medium
DMEM
* derived from 293T cells +10 % FCS
, + 2 mM L-glutamine
Phoenix-ECO * additional expression of ecotropic  +1 %

Penicillin/Streptomycin

21.7 Enzymes

Table 2.7: List of used enzymes

Name

Manufacturer

Cre recombinase Gesicles
DNase (RNase free)

EcoRI-HF

Proteinase K

Shrimp Alkaline Phosphatase (rSAP)

T4 DNA Ligase

Trypsin/EDTA solution (10 x)

Clontech, Mountain View, CA, USA
Qiagen, Hilden, Germany

New England Biolabs GmbH, Frankfurt
am Main, Germany

Sigma-Aldrich, Taufkirchen bei
Muenchen, Germany

New England Biolabs GmbH, Frankfurt
am Main, Germany

New England Biolabs GmbH, Frankfurt
am Main, Germany

Sigma-Aldrich, Taufkirchen bei
Muenchen, Germany

2.1.8 Bacterial strains

Table 2.8: List of used bacterial strains

Name

Manufacturer

DHS5 alpha

One shot® Top10 Competent cells

Common stock from the institute

Thermo Fisher Scientific, Waltham, MA,
USA
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2.1.9 Antibiotics

Table 2.9: List of used antibiotics

Name Manufacturer

Ampicillin Calbiochem, San Diego, CA, USA

Sigma-Aldrich, Taufkirchen bei

Puromycin Muenchen, Germany

2.1.10 Transfection reagents

Table 2.10: List of used transfection reagents

Name Manufacturer

DreamFect Gold OZ Biosciences SAS, Marseille, France

OZ Biosciences SAS, Marseille, France

EcoTransfect

Effectene Qiagen, Hilden, Germany

FuGene HD Promega GmbH, Walldorf, Germany

GeneJuice Merck Millipore, Darmstadt, Germany

jetPEl Polyplus transfection, lllkirch, France
Thermo Fisher Scientific, Waltham, MA,

Lipofectamine 3000 USA

Lipofectamine RNAIMAX Thermo Fisher Scientific, Waltham, MA,
USA

Biontex Laboratories GmbH, Munich,

Metafectene Germany

Biontex Laboratories GmbH, Munich,
Metafectene Pro Germany

. Sigma-Aldrich, Taufkirchen bei
PEI (polyethyleneimine) Mgenchen Germany

TransIT-X2 Mirus Bio LLC, Madison, WI. USA
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2.1.11 Plasmids, vectors, and siRNA

hRAC1 expression vectors

Table 2.11: List of used plasmids for hRAC1 expression

Name

Characteristics

Manufacturer

pcDNA3-EGFP-
Rac1-Q61L

pcDNA3-EGFP-
Rac1-T17N

pcDNA3-EGFP-
Rac1(wt)

pcDNA3-EGFP-
NLS-Rac1-Q61L

pcDNA3-EGFP-
NLS-Rac1-T17N

* EGFP-Tag on backbone (N
terminal)

* human, constitutively active
RACA1

* glutamine to leucine substitution
(residue 61)

* neomycin resistance

* EGFP-Tag on backbone (N
terminal)

* human, dominant-negative
RAC1

* threonine to asparagine
substitution (residue 17)

* neomycin resistance

* EGFP-Tag on insert (N terminal)
* human, wild-type RAC1
* neomycin resistance

* EGFP-Tag on backbone (N
terminal)

* human, constitutively active
RACA1

* glutamine to leucine substitution
(residue 61)

* additional SV40 nuclear
localization sequence

* neomycin resistance

* EGFP-Tag on backbone (N
terminal)

* human, dominant-negative
RACA1

* threonine to asparagine
substitution (residue 17)

* additional SV40 nuclear
localization sequence

* neomycin resistance

pcDNA3-EGFP-Rac1-Q61L
was a gift from Gary Bokoch
(Addgene plasmid # 12981;
http://n2t.net/addgene:12981;

RRID:Addgene_12981).
Subauste et al. (2000)

Map of the plasmid is shown
in the appendix (Figure 7.1).

pcDNA3-EGFP-Rac1-T17N
was a gift from Gary Bokoch
(Addgene plasmid # 12982;
http://n2t.net/addgene:12982;

RRID:Addgene_12982).
(Subauste et al. 2000)

Map of the plasmid is shown
in the appendix (Figure 7.2).

pcDNA3-EGFP-Rac1(wt)
was a gift from Klaus Hahn
(Addgene plasmid # 13719;
http://n2t.net/addgene:13719;

RRID:Addgene_13719).
(Kraynov et al. 2000)

Map of the plasmid is shown
in the appendix (Figure 7.3).

Plasmid designed within this
study out of pcDNA3-EGFP-
Rac1-Q61L.

Map of the plasmid is shown
in methods (Figure 2.4).

Plasmid designed within this
study out of pcDNA3-EGFP-
Rac1-T17N.

Map of the plasmid is shown
in methods (Figure 2.4).
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Name Characteristics

Manufacturer

* EGFP-Tag on insert (N terminal)
* human, wild-type RAC1

* additional SV40 nuclear
localization sequence

* neomycin resistance

pcDNA3-EGFP-
NLS-Rac1(wt)

Plasmid designed within this
study out of pcDNA3-EGFP-
Rac1(wt).

Map of the plasmid is shown
in methods (Figure 2.4).

GFP expression vectors

Table 2.12: List of used plasmids for GFP expression

Name Characteristics

Manufacturer

* wild-type GFP

pEGFP-C1 N . ,
neomycin resistance
* GFP
NLS pEGFP-N3 * SV40 nuclear

localization sequence

Clontech, Mountain View,
CA, USA

Map of the plasmid is shown
in the appendix (Figure 7.4).

Clontech

NLS pEGFP-N3 (1299) was
a gift from Eric Schirmer
(Addgene plasmid # 62043;
http://n2t.net/addgene:62043;

RRID:Addgene_62043).
(Zuleger et al. 2013)

Map of the plasmid is shown
in the appendix (Figure 7.5).

Lentiviral and retroviral plasmids and expression vectors

Table 2.13: List of used plasmids and expression vectors for lentiviral and retroviral

transduction

Name Characteristics

Manufacturer

* expression vector for

gag/pol

* based on HIV isolate
pCD/NL-BH HXB2

* deleted for packaging

signals, 5’ and 3’ LTRs,

ENV and NEF

The plasmid was kindly
provided by Dr. Jakob
Reiser, Louisiana State
University School of
Medicine, New Orleans,
USA.

(Mochizuki et al. 1998)

Map of the plasmid is shown
in the appendix (Figure 7.6).
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Name Characteristics Manufacturer
The plasmid was kindly
provided by Prof. Dr. Helmut
*expression vector for Hanenberg, Dep. of
human codon optimized  Otorhinolaryngology and
pcoMEEtm MEEtm chimeric Head/Neck Surgery,

Puro.Cre empty vector

pRetroQ-Cre-ERT2

pSico PGK puro

envelope
* based on pALVGalvTM

* encodes for Cre
recombinase
* Puromycin resistance

* inducible Cre
recombinase

Estrogen receptor (ERT),
C terminal on insert

* Puromycin resistance

* Puromycin resistance

Duesseldorf, Germany.
Map of the plasmid is shown
in the appendix (Figure 7.7).

Puro.Cre empty vector was a
gift from Tyler Jacks
(Addgene plasmid # 17408;
http://n2t.net/addgene:17408;
RRID:Addgene_17408).
(Kumar et al. 2008)

Map of the plasmid is shown
in the appendix (Figure 7.8).

pRetroQ-Cre-ERT2 was a
gift from Richard Youle
(Addgene plasmid # 59701;
http://n2t.net/addgene:59701;
RRID:Addgene_59701).

Map of the plasmid is shown
in the appendix (Figure 7.9).

pSico PGK puro was a gift
from Tyler Jacks (Addgene
plasmid # 11586;
http://n2t.net/addgene:11586;
RRID:Addgene_11586).

Map of the plasmid is shown
in the appendix (Figure 7.10).

siRNA

Table 2.14: List of used siRNAs

Name

Manufacturer

AllStars Negative Control siRNA (NS siRNA)
GeneSolution siRNA Rac1

Qiagen, Hilden, Germany

Qiagen, Hilden, Germany
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2.1.12 Inhibitors
Table 2.15: List of used inhibitors

* RAC1 inhibition
EHT 1864 * blocks activation by
direct binding to RAC1

Bio-Techne GmbH,
Wiesbaden-Nordenstadt,
Germany

* Pan-caspase inhibitor

QVD (Q-VD-OPh hydrate) ;i it anoptosis

Sigma-Aldrich,
Taufkirchen bei
Muenchen, Germany

2.1.13 Nucleotides
Table 2.16: List of primers used for PCR

CGAGTGATGAGGTTCGCAAG
TTCACCGGCATCAACGTTTT

GCATTGCTGACAGGATGCAG
Actb (mm) NM_007393 CCTGCTTGCTGATCCACATC
TCTCCTGCGACTTCAACA
GAPDH (mm) NM_008084 TCTCTTGCTCAGTGTCCTT
Ract forward  1oF evaluation of GTGCCAAGGACAGTGACAAG
Rac1 KO
(mm) g
efficiency
Ract reverse 1 [oF evaluation of GGCTCATGAATGCAGAGTCG
Rac1 KO
(mm) .
efficiency
Ract reverse 2 [oF evaluation of GCAATGACAGATGTTCCGCA
Rac1 KO
(mm) g
efficiency
. CCTATCATCCTCGTGGGGAC
Rac1-WT binds to uncut GGTAGGTGATGGGAGTCAGC
(mm) floxed Rac1
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Table 2.17: Oligonucleotides used for cloning

Name Sequence (5°-3’)
AGTCCGGAATTCACTCCTCCAAAAAAGAAGAGAAAGGTAGAATTC
CGGTAC

EcoRI-NLS GTACCGGAATTCTACCTTTCTCTTCTTTTTTGGAGGAGTGAATTCC
GGACT

Table 2.18: List of siRNAs used for mRac1 knockdown

NCBI reference

Name Sequence (5’-3’)

sequence
mm_Rac1_1 NM_009007 ACGGTTAATTTCTGTCAAACA
mm_Rac1_2 NM_009007 GGGCGTTGAGTCCATATTTAA
mm_Rac1_8 NM_009007 ATGGAGTAATTCAACTGAATA

2.1.14 Antibodies

Immunofluorescence

Table 2.19: List of used antibodies for immunofluorescence

Primary Antibody Origin Dilution Company
. . Cell Signaling,
anti-53BP1 Rabbit 1:250 Cambridge, UK
polyclonal

anti-phospho-ATM

(Ser1981) Mouse Merck Millipore,

1:250 Darmstadt,
clone 10H11.E12 monoclonal Germany
eoombinnt " Rabbi 1:250 Abcam,

monoclonal ' Cambridge, UK

anti-phospho-
Histone H2A. X Mouse
(Ser139) monoclonal

Merck Millipore,
1:500 Darmstadt,
Germany

Merck Millipore,

anti-RAC1, clone
23A8 Mouse 1:500 Darmstadt,
monoclonal Germany
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(H+L)

Secondary Origin Dilution Company

Antibody

Alexa Fluor 488 .

) . ’ Thermo Fisher

ot Goat 1:500 Scientific,
Waltham, MA, USA

::]et;fn(ljlljuscér I55G5 Thermo Fisher

iy o Goat 1:500 Scientific,
Waltham, MA, USA

Alexa Fluor 647, ;zi‘zr;'t‘izc':'Shef

anti-rabbit 1IgG Goat 1:250 ’

Waltham, MA, USA

Western blot analysis

Table 2.20: List of used antibodies for western blot analysis

Primary Antibody Origin Dilution Company
(agg;gzcs))spho-ChM Rabbit 11000 Cell Signaling,
polyclonal ' Cambridge, UK
. Epitomics
anti-GFP ) ’
cloneE385 Mouse 1:1000 Burlingame, CA,
monoclonal USA
?ﬂ'&%{’ DH Rabbit 12000 Cell Signaling,
monoclonal ) Cambridge, UK
anti-phospho- .
Histone H2A.X Mouse _ Merck Millipore,
1:4000 Darmstadt,
(Ser139) monoclonal G
ermany
. Bethyl Laboratories
?r}'[é-grsc;sélp)ho KAP- Rabbit 11000 Inc., Montgomery,
polyclonal ' TX, USA
?Sr‘g;ﬁ’g;’sm"'p% Rabbit 11000 Cell Signaling,
polyclonal ) Cambridge, UK
Merck Millipore,
anti-RAC1, clone Mouse 1-4000 Darmstadt,
23A8 monoclonal ' Germany
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Rockland
I9G HRP _ Immunochemicals,
conjugated Goat 1:2000 Limerick, PA, USA
anti-mouse T
Rockland
I9G HRP _ Immunochemicals,
conjugated Goat 1:2000 Limerick, PA, USA
anti-rabbit Y

2.1.15 Markers

Table 2.21: List of used markers

DNA ladder GeneRuler (100 bp, 1 kB)

Thermo Fisher Scientific, Waltham, MA,
USA

Protein ladder PageRuler Prestained
Plus

Thermo Fisher Scientific, Waltham, MA,
USA

2.1.16 Buffers and solutions

Table 2.22: List of used buffers and solutions

50 nM CaClz
CaCl; solution in ddH20
50 nM CaClz
. . 10 % Glycerin (v/v)
CaCly/Glycerin solution in ddH,O

1.5 % Bacto-Agar (w/v)

LB agar in LB medium
10 g Bacto-Tryptone
5 g yeast extract

LB medium 5 g NaCl

ad 1000 ml ddH-O
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Annealing buffer

10 mM Tris (pH 7.5-8.0)
50 mM NaCl

1 mM EDTA

in ddH-0

TBE buffer
pH 8.0

Lysis buffer

1 % BSA-PBS

100 mM Tris

10 mM EDTA

83.34 mM Boric acid
in ddH.O

10 mM Tris-Hcl pH 9.0
50 mM KCI

0,1 % Triton X-100 (v/v)
in ddH-0

1% BSA (W/v)
in PBS

5 % BSA-PBST

0.3 % BSA (W/v)
in PBST

4 % Formaldehyde/PBS

4 % formaldehyde (v/v)
in PBS

4 % Paraformaldehyde

4 % Paraformaldehyde (w/v)
Phosphate buffer
ddH20

PBS (pH 7.4)

137 mM NaCL
2.7 mM KClI

10 mM Naz2HPO4
1.79 mM KH2PO4
in ddH20

PBS high salt

400 mM NaCL
in PBS

PBST

0.3 % Triton X-100 (v/v)
in PBS

Phosphate buffer (0.2 M)

0.2 M Sodium dihydrogen phosphate
(NaH2PO4)

0.2 M Sodium hydrogen phosphate
(NazHPO4)

in ddH-0
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SubG1

Name

Compounds

hypotonic Pl solution

50 pug/ml Propidium iodide
0.1 % sodium citrate (w/v)
0.1 % Triton X-100 (v/v)
in ddH-0

western blot

Name Compounds
0.25 M Tris Base
1.92 M Glycine
Blotting buffer 20 % Ethanol (v/v)
in ddH-0

Electrophoresis buffer

TBST (pH 7.2)

Ponceau S

Separation Gel (10 %)
sufficient for two 1.5 mm gels

Separation Gel (15 %)
sufficient for two 1.5 mm gels

Stacking Gel (6 %)
sufficient for two 1.5 mm gels

1.5 M Tris-Base
(pH 6.8 and 8.8)

25 mM Tris Base
192 mM Glycine
0.1 % SDS (w/v)
in ddH20

500 mM Tris Base

1.5 M NaCl

0.05 % Tween 20 (v/v)
in ddH20

0.15 % Ponceau S (w/v)
0.5 % glacial acetic acid (v/v)
in ddH20

7.8 ml ddH.0

5ml 1.5 M Tris pH 8.8
6.7 ml Acrylamide 30 %
200 pl SDS 10 %

80 ul TEMED 10 %
200 ul APS 10 %

4.5 ml ddH.0

5ml 1.5 M Tris pH 8.8
10 ml Acrylamide 30 %
200 pl SDS 10 %

80 ul TEMED 10 %
200 ul APS 10 %

5.5 ml ddH.0
1ml1.5M Tris pH 6.8
1.3 ml Acrylamide 30 %
160 pl SDS 10 %

80 ul TEMED 10 %
800 ul APS 10 %

1.5 M Tris Base
in ddH.O
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2.1.17 Software
Table 2.23: List of used software

Name

Manufacturer

BD Accuri™ C6

CellSens Dimension 1.6
CFX Manager 3.1

Endnote 20

Fusion Software

GraphPad Prism 6
Imaged 1.52i
Image Lab

MS Office 2016

SnapGene® Viewer 5.0.8

Becton, Dickinson and Company,
Franklin Lakes, NJ; USA

Olympus, Tokyo, Japan
BioRad, Hercules, CA, USA

Thomson Reuters, New York, NY, USA

Vilber Lourmat Deutschland GmbH,
Eberhardzell, Germany

GraphPad Software, La Jolla, CA, USA
National Institute of Health, USA
BioRad, Hercules, CA, USA

Microsoft, Redmond, WA, USA

GSL Biotech LLC, San Diego, CA; USA
(snapgene.com)
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2.2 Methods

2.2.1 Cell biological methods

2.2.1.1 Cell lines and cell culture

Mouse embryonic fibroblasts (MEF) with mRac1 gene flanked by loxP sites

Primary MEF (mouse embryonic fibroblasts) cells were isolated from embryos of
C57BL/6 mice harbouring Mx1-Cre and Rac1™¥"x The isolated cells spontaneously
immortalized in cell culture. The Rac1 gene of these cells is flanked by loxP sites
(Rac1™ox) (Figure 3.32) and the cells express Cre recombinase under the control of
the Mx-1 promoter (Walmsley et al. 2003; Bopp et al. 2015). The Cre/loxP system is a
site-specific recombinase technology and Cre, as a site-specific DNA recombinase,
catalyzes the recombination of DNA between loxP sequences. In the used MEF the loxP
sites are located between exon 3 and 4, as well as between exon 5 and 6 of the mRac1
gene (Figure 3.32). Cre recombinase will therefore cut out exon 4 and 5 (1400 bp), which
is leading to a frame shift mutation and a non-functional Rac7 gene product (Walmsley
et al. 2003). MEF (Rac1™*x) were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10 % FCS and 1 % Penicillin/Streptomycin. Cells were kept
at a constant temperature of 37 °C and a water vapor saturated atmosphere with 5 %
CO.. Passaging of cells was performed two or three times a week at a confluence of
80 % to 90 %. For this purpose, cells were washed with PBS, Trypsin/EDTA was added
for detaching the cells. For further cultivation, the cells were diluted in a ratio of 1:10 or

seeded for the experiments (for cell number see Table 2.24).

293T kidney cells

293T cells are derived from human embryonic kidney cells (HEK293). They are
characterized by stable expression of the SV40 large T antigen which enables these
cells for episomal replication of transfected plasmids with SV40 origin of replication (ori).
They also contain a neomycin resistance gene (DuBridge et al. 1987; Pear et al. 1993).
Lentiviral vector production was performed in 293T cells. 293T cells are commonly used,
because this cell line is easy to transfect and supports high-level expression of viral
proteins (Gama-Norton et al. 2011). 293T were grown on gelatin-coated dishes in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10 % FCS, 1 %
Penicillin/Streptomycin, and 2 mM L-glutamine. Cells were kept at a constant
temperature of 37 °C and a water vapor saturated atmosphere with 5 % CO.,. Passaging
of cells was performed two or three times a week at a confluence of 80 % to 90 %. For

this purpose, cells were washed with PBS, Trypsin/EDTA was added for detaching the
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cells. For further cultivation, the cells were diluted in a ratio of 1:10 or seeded for the

experiments (for cell number see Table 2.24).

Phoenix-ECO

Phoenix-ECO cells are derived from 293T cells and are characterized by their additional
expression of an ecotropic envelope protein from CMV (cytomegalovirus) (Pear et al.
1993; Swift et al. 2001). Retroviral vector production was performed in Phoenix-ECO
cells. The cells were grown on gelatin-coated dishes in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10 % FCS, 1 % Penicillin/Streptomycin, and 2 mM
L-glutamine. Cells were kept at a constant temperature of 37 °C and a water vapor
saturated atmosphere with 5 % CO,. Passaging of cells was performed two or three
times a week at a confluence of 80 % to 90 %. For this purpose, cells were washed with
PBS, Trypsin/EDTA was added for detaching the cells. For further cultivation, the cells
were diluted in a ratio of 1:10 or seeded for the experiments (for cell number see Table
2.24).

Mouse embryonic fibroblasts (MEF) without mRac7 gene flanked by loxP sites
(198M)

Primary MEF (mouse embryonic fibroblasts) were isolated from murine embryos
(Lackinger et al. 2001). The isolated cells spontaneously immortalized in cell culture. The
cells were used as control cell line for possible cytotoxicity of the viral transduction itself.
The Rac1 gene has no loxP sites (Rac1*"!) and the cells are not able to express Cre
recombinase. MEF (Rac7""") were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10 % FCS and 1 % Penicillin/Streptomycin. Cells were kept
at a constant temperature of 37 °C and a water vapor saturated atmosphere with 5 %
CO.. Passaging of cells was performed two or three times a week at a confluence of
80 % to 90 %. For this purpose, cells were washed with PBS, Trypsin/EDTA was added
for detaching the cells. For further cultivation, the cells were diluted in a ratio of 1:10 or

seeded for the experiments (for cell number see Table 2.24).
2.2.1.2 Cell experiments and treatment with genotoxins

Depending on the experimental setup, treatment with EHT 1864/doxorubicin/IR started

at different timepoints.

) Non-transfected cells were treated with Dox or IR 24 h after seeding. Pre-
treatment with EHT 1864 for 3 h hours was performed prior to Dox treatment
(Figure 2.1 A, Figure 2.1 C).

1)} Cells designated for hRAC1- or GFP- expression were transfected 24 h after

seeding and were treated the next day (24 h later) with Dox or IR like
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indicated in the figure. Pre-treatment with EHT 1864 for 3 h hours was
performed prior to Dox treatment (Figure 2.1 B, Figure 2.1 D).

) Cells designated for double transfection (siRNA against mRac1 and hRAC1
expression) were transfected with siRNA while they were seeded and 24 h
later a transfection with the various hRACT expression vectors was
performed followed by treatment with doxorubicin the next day (24 h later)
(Figure 2.1 F). Cells which were only transfected with mRac7 siRNA were

treated with Dox 48 h post-transfection (Figure 2.1 E).

Dox /IR

Analysis
A Seeding & Post-incubation
24 h I 1h-2h I
Transfection Dox /IR Analysis
B Seeding  GFP-hRACH % Post-incubation
24h | 2an | 1nh-2n
EHT1864 Dox Analysis
C Seeding % % Post-incubation
| 240 | 3n ] 4nh-2n |
EHT1864 .
D Transfection 86 Dox Analysis
Seeding GFP-hRAC1 % % Post-incubation
24 h I 24 h I 3h I 1h-2h
E Seeding + Dox
Transfection
mRac1 siRNA % Analysis
agh | 1n
Seeding + Dox
Transfection ~ Transfection
mRac1siRNA GFP-hRAC1 Q& Analysis
24h | 2an | 1n

Figure 2.1: Treatment schemes for the performed experiments.

A) Cells were seeded and either 1 h - 2 h pulse-treated with Dox or treated with IR. Treatment
with IR was followed by 1 h post-incubation and cells were analyzed directly after. Dox-treated
cells were analyzed 0 h, 4 h, or 24 h after treatment. B) Cells were seeded and transfected with
GFP-hRAC1 expression vector 24 h later. On the following day cells were 1 h - 2 h pulse-treated
with Dox and were analyzed O h, 4 h, or 24 h after treatment. If not treated with Dox, cells were
irradiated, and analysis was performed 1 h after treatment. C) Cells were seeded and 24 h later
cells were pre-treated with EHT 1864 for 3 h prior to pulse-treatment with Dox (1 h - 2 h). Cells
were analyzed 0 h, 4 h, or 24 h after treatment. D) Cells were seeded and transfected with GFP-
hRAC1 expression vector 24 h later. On the next day, cells were pre-treated with EHT 1864 for
3 h prior to pulse-treatment with Dox (1 h -2 h). Cells were analyzed 0 h, 4 h, or 24 h after
treatment E) Cells were transfected with siRNA against murine Rac1 (mRac1 siRNA) while they
were seeded. 48 h later cells were 1 h pulse treated with Dox and analyzed directly after. F) Cells
were transfected with siRNA against murine Rac1 (mRac1 siRNA) while they were seeded,
followed by transfection with GFP-hRAC1 expression vector 24 h later. On the next day, cells
were 1 h pulse treated with Dox and analyzed directly afterwards.
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Cell numbers were adjusted for each experiment to avoid confluence of the monolayer

at the day of analysis (see Table 2.24).

Table 2.24: List of cell numbers used in the experiments

Cell line Cell number Culture vessel Experiment
MEF 15,000 per well 12 well slide dose kinetics
MEF 25,000 per well 12 well plate Foci analysis
(Dox + EHT 1864,
hRAC1 expression)
MEF 10,000 per well 12 well plate Foci analysis
(mRac1 siRNA)
MEF 50,000 3.5 cm dish Foci analysis (IR,
hRAC1 expression)
MEF 150,000 6 cm dish Western blot analysis
300,000 10 cm dish (Dox + EHT 1864,
hRAC1 expression)
293T 5,000,000 10 cm dish virus production
Phoenix-ECO 6,000,000 10 cm dish virus production
MEF 500,000 10 cm dish mRac1 KO

For genotoxin-induced foci formation analysis, cells were pulse-treated with Dox for 1 h.
In case of western blot analysis pulse-treatment was performed for 2 h. Pre-treatment
with EHT 1864 was done 3 h prior to Dox treatment. Cells were fixed (for analysis of foci
formation) or harvested (for WB analysis) 0 h, 4 h, or 24 h after treatment with Dox. Cells
were irradiated in Gammacell® 1000 Elite (Cs'" radiation source) and fixed 1 h after IR

exposure.

2.2.1.3 Transient transfection of mouse embryonic fibroblasts with GFP-hRAC1

mutants

2.2.1.3.1 Establishment of a transfection protocol for mouse embryonic

fibroblasts

MEF are a challenging cell line to transfect and often show a poor transfection efficiency
(Lim et al. 2012; Lee et al. 2017). Only very few comparisons of transfection methods
and transfection reagents in MEF according their transfection efficiency are available
(Lee et al. 2017). To this end, a transfection reagent needed to be found that allows

transfection of MEF cells with a high transfection efficiency. To this end, various
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transfection reagents were tested. A brief transfection protocol and the different

conditions of the used transfection reagents are stated below.

40,000 cells/well were seeded onto 12-well plates and the transfection procedure was
The GFP-
hRAC1(WT) plasmid was chosen for testing of different plasmid DNA:transfection

performed according to the respective manufacturer's instructions.
reagent ratios. For detailed information about the ratios for each transfection reagent see
Table 2.25. Complexes were formed during the incubation (room temperature). During
this time, the medium was removed from the wells, cells were washed with PBS and 1 ml
DMEM supplemented with 10 % FCS was added. After incubation, the complexes were
added dropwise to the cell’'s media and the plate was rocked back-and-forth as well as
side-to-side for distribution of the complexes. Subsequently, cells were transferred back
into the incubator and incubated with the plasmid DNA:transfection reagent complexes

for 24 h - 48 h.

Table 2.25: List of transfection conditions for each used transfection reagent.

Transfection . . Incubation Medium
Ratio Diluent .
reagent time change
serum- and
. . ) antibiotics-free . 4 h after
DreamFect Gold 1:2, 1:3, 1:4 DMEM 20 min transfection
serum- and
. . ) antibiotics-free . 4 h after
EcoTransfect 1:1,1:2,1:3 DMEM 20 min transfection
. . 5 h after
Effectene 1'81’_1620’ Buffer EC 10 min transfection
serum- and
. . ) antibiotics-free .
FuGene HD 1:2,1:3,1:4 DMEM 15 min /
serum- and
. -4l ) antibiotics-free . 5 h after
Geneduice 1:2,1:3,1:4 DMEM 15 min transfection
5 h after
jetPEI 11,1:2,1:4 120 MM NaCl 15 min transfection
serum- and
Lipofectamine 1:1.5, antibiotics-free 15 min /
3000 1:2.25,1:3 DMEM
serum- and
. . ) antibiotics-free . 4 h after
Metafectene 1:2,1:3,1:4 DMEM 15 min transfection
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Transfection . . Incubation Medium
Ratio Diluent .

reagent time change
serum- and

. . ) antibiotics-free . 4 h after

Metafectene Pro 1:2, 1:3, 1:4 DMEM 15 min transfection
serum- and
. . ) antibiotics-free .
TranslIT-X2 1:2,1:3,14 DMEM 20 min /

To further increase the transfection efficiency of Lipofectamine 3000 and TransIT-X2 the
cell number was reduced to 25,000 per well and the experiment was performed again
with plasmid DNA:transfection reagent ratios as stated in Table 2.25. Evaluation of the
transfection efficiency was performed 24 h and 48 h after transfection. Representative
pictures of the transfected cells were made, total cell number was set to 100 % and the

percentage of green fluorescent cells was calculated.

2.2.1.3.2 Transient expression of human RAC1 in mouse embryonic fibroblasts

by transfection with GFP-hRAC1 expression vectors

Transient expression of human RAC1 (hRAC1) was achieved by usage of TransIT-X2,
which is a non-liposomal transfection reagent and GFP-hRAC1 expression vectors. After
building complexes of plasmid DNA and TransIT-X2, the complexes are taken up from
the cell via endocytosis. The plasmid DNA is only temporarily introduced into the cells

and the transfected plasmid DNA remains extrachromosomal (Kim et al. 2010).

Apart from the manufacturer’s instructions, 25,000 cells were seeded onto 12-well plates
and 150,000 cells were seeded onto a 6 cm dish to improve the transfection efficiency.
The remaining transfection procedure was performed in compliance with the

manufacturer’s instructions. A 3:1 ratio was chosen of TransIT-X2 to DNA.

In brief, cells were seeded on a 6 cm dish (for western blot analysis) or onto coverslips
in 12-well plates (for analysis of yH2AX/53BP1 foci formation) 24 h prior to transfection.
For transfection of a well in a 12-well plate 100 pl serum- and antibiotics-free DMEM was
placed into a collection tube, 1 ul plasmid DNA (1 pg/ul stock) was added and the
solution was gently mixed. 3 ul TransIT-X2 were added to the mixture and gently pipetted
to mix. Complexes were formed during the incubation period of 20 min (room
temperature). During this time, the medium was removed from the cells, cell monolayers
were washed with PBS and 1 ml DMEM supplemented with 10 % FCS was re-added.
After incubation, the complexes were added dropwise to the cell’'s media and the plate

was rocked back-and-forth as well as side-to-side for equal distribution of the complexes.
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Subsequently, cells were transferred back into the incubator and incubated with the

Transit-X2:plasmid DNA complexes for 24 h.
2.2.1.4 Knockdown of the intrinsic murine Rac1 (mRac1)

A transient gene knockdown of mRac? was induced by transfection with siRNA against
mRac1 (mRac1 siRNA). To this end, three different siRNAs were combined (see
sequences under Table 2.18). Lipofectamine RNAIMAX was used as transfection
reagent. 10,000 cells were seeded onto 12-well plates. The final concentration of mRac1
siRNA was 10 nM. The transfection procedure was performed according to the

manufacturer’s instructions.

In brief, for each well to be transfected, siRNA and 50 pl serum- and antibiotics-free
medium were mixed in the well of the culture plate. 1 pl Lipofectamine RNAIMAX was
added, the solution was gently mixed and incubated for 20 min at room temperature.
During incubation, the cells were prepared for seeding. 10,000 cells were resuspended
in 250 yl DMEM supplemented with 10 % FCS. The cells were added to the well with the
Lipofectamine RNAIMAX-siRNA complexes. The plate was rocked back-and-forth as
well as side-to-side for distribution of the complexes and the cells. Subsequently, cells
were transferred back into the incubator and incubated with the Lipofectamine
RNAIMAX-siRNA complexes.

2.2.1.5 Lentiviral vector production and transduction of cells to induce murine
Rac1 (mRac1) knockout

Lentiviral vector production was performed in 293T cells. 293T cells are commonly used,
because this cell line is easy to transfect and supports high-level expression of viral
proteins (Gama-Norton et al. 2011). 5x10° 293T cells were seeded on gelatin-coated
10 cm dishes. On the next day, the cells were transfected using the transfection reagent
PEI and various plasmids for production of lentiviruses containing a transgene. For
mRac1 knockout induction Cre recombinase was used as transgene. The viruses were
used for induction of mRac1 knockout in MEF harbouring a mRac1 gene flanked by loxP
sites (see Table 2.6 and 2.2.1.1). The plasmid pCD/NL-BH contains the gene for group-
specific antigen (gag), which is a polyprotein and encodes the structural viral proteins,
as well as the gene for the replication enzymes (pol) of retroviruses. The gene for the
retrovirus envelope (env) is packed in plasmid pcoMEEtm (Elsner et al. 2017). The
plasmid “Puro.Cre empty vector” encodes for Cre recombinase, which cuts at loxP sites,
and delivers puromycin resistance which is necessary for selection of the transduced
cells. For control experiments regarding puromycin-related cell death cells were

transduced with virus containing the plasmid “pSico PGK puro” which genes encode for
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puromycin resistance only. For transfection two solutions were prepared. Solution A
contained 5 ug of the helper plasmids pCD/NL-BH (for gag/pol) and pcoMEEtm (for env),
as well as the vector containing the transgene cassette (Puro.Cre empty vector or pSico
PGK puro) and 985 ul serum- and antibiotic-free DMEM. Solution B contained the
transfection reagent PEI (45 ug) and 955 pl serum- and antibiotic-free DMEM. Both
solutions were pooled, vortexed and incubated at room temperature for 20 min. During
this time, medium of 293T cells was changed to DMEM supplemented with 15 % FCS
(without antibiotics). After incubation, the transfection solution was added to the cells.
24 hours post transfection the medium was changed to IMDM supplemented with 2 mM
L-glutamine, 10 % FCS, and 1 % Penicillin/Streptomycin. On the next day, the medium
containing the viral supernatant was collected in a falcon tube and filtered through a

0.45 um syringe filter to get rid of detached cells.

The day before the lentiviral transduction, 5x10° MEF cells were seeded on a 10 cm dish.
For transduction of MEF, medium was replaced by undiluted, freshly harvested viral
supernatant. On the following day, the medium was changed to DMEM, supplemented
with 10 % FCS and 1 % Penicillin/Streptomycin. Additionally, selection with puromycin
was started for selection of successfully transduced cells (expressing the puromycin
resistance gene) and non-transduced cells (Figure 2.2). Subsequent evaluation of
mRac1 knockout was performed like described under 2.2.2.7.2.

Medium change:
virus host cells

* Medium change:
Seeding: Virus Seeding: Transduction:  target cells
Virus host cells induction target cells target cells selection start
| 24 h I 24 h I 24 h I 24 h |

#ﬁ
e Eo

Figure 2.2: Scheme of virus production and transduction of target cells.

Virus host cells were seeded and 24 h later, cells were transfected for induction of virus
production. The next day, medium of virus host cells was changed and target cells were seeded.
24 h later target cells were transduced by adding the filtered virus host cell medium containing
the virus to the target cells. Medium of the target cells was changed 24 h later and the puromycin
[2 pg/ml] selection was started.

2.2.1.6 Retroviral vector production and transduction of cells for stable Cre.ER

expression to induce murine Rac1 (mRac1) knockout

Retroviral vector production was performed in Phoenix-ECO cells. Phoenix-ECO cells

are based on 293T cells, but in contrast to their parental cell line they stably express
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gag/pol and envelope proteins (Swift et al. 2001). For production of a retrovirus
containing a transgene, only transfection with the vector containing the transgene
cassette is necessary. 6x10° Phoenix-ECO cells were seeded on gelatin-coated 10 cm
dishes. 24 h later, the cells were transfected with PEIl and pRetroQ-Cre-ERT2. This
vector contains the DNA sequence for a mutated estrogen receptor (ER), which is fused
to Cre recombinase (Cre.ER). Cre recombinase cuts at loxP sites and therefore induces
a mRac1 knockout in the transduced MEF harbouring the mRac? gene flanked by loxP
sites (see Table 2.6 and 2.2.1.1). The plasmid also delivers puromycin resistance which
allows the selection of successfully transduced cells. For the transfection procedure two
solutions were prepared. Solution A contained 10 pg of the vector containing the
transgene cassette (pRetroQ-Cre-ERT2) and 990 ul serum- and antibiotic-free DMEM.
Solution B contained the transfection reagent PEI (30 pg) and 970 yl serum- and
antibiotic-free DMEM. Both solutions were pooled, vortexed and incubated at room
temperature for 20 min. During this time, medium of Phoenix-ECO cells was changed to
DMEM supplemented with 15 % FCS (without antibiotics). After incubation, the
transfection solution was added to the cells. 24 hours post transfection the medium was
changed to IMDM supplemented with 2 mM L-glutamine, 10 % FCS, and 1%
Penicillin/Streptomycin. At the next day, the medium containing the viral supernatant was
collected in a falcon tube and filtered through a 0.45 ym syringe filter to get rid of

detached cells.

2.2.1.7 Generation of a MEF cell line with stable Cre.ER expression for a

tamoxifen-inducible mRac1 KO

The viral transduction with the expression vector pRetroQ-Cre-ERT2 was used for the
generation of a stable Cre.ER expressing MEF cell line. The aforementioned vector
contains the DNA sequence for a mutated estrogen receptor, which is fused to the Cre
recombinase (Cre.ER). Cre.ER stays in an inactive state in the absence of tamoxifen
meaning the mRac1 knockout is inducible upon tamoxifen treatment (Feil et al. 1996;
Indra et al. 1999; Chucair-Elliott et al. 2019). Additionally, the vector contains the DNA
sequence for puromycin resistance which allows selection between transduced and non-
transduced cells. The optimal dose of puromycin was determined beforehand. To this
end, MEF cells were treated with different concentrations of puromycin and the dose
which induced 100 % cell death within one week (2 pg/ml) was used for further

experiments.

The day before the transduction, 5x10° MEF cells were seeded onto a 10 cm dish. For
transduction, medium was replaced with undiluted, freshly harvested viral supernatant

(described under 2.2.1.7). The next day, medium was changed to DMEM, supplemented
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with 10 % FCS and 1 % Penicillin/Streptomycin. Additionally, selection with puromycin
(2 pg/ml) was started for generation of a stable Cre.ER expressing cell line. Medium was
replaced thrice a week until colonies of puromycin-resistant cell clones formed. A few
colonies were picked with a pipette tip under a microscope and each colony was
transferred to a well of a 96 well plate. To extend the cell numbers, the cells were
transferred to a bigger well plate or a bigger cell culture dish after they were confluent,
meaning from a 96-well plate cells were transferred to a 12-well plate, then to a 6-well
plate and finally to a 10 cm dish. The clones were kept under constant selection pressure
with puromycin. For verification of stable integration of transduced DNA an endpoint PCR

was performed like described under 2.2.2.8.

2.2.1.8 Delivery of Cre recombinase via Cre recombinase Gesicles to induce

mRac1 knockout in Rac1™* MEF

Cre recombinase Gesicles are nanovesicles produced in 293T cells and were used to
deliver the Cre recombinase protein into Rac1™™ MEF. The Gesicles fuse with the
plasma membrane and release active Cre recombinase into the lumen of the cell. After
translocating to the nucleus, the active Cre recombinase will then cut at loxP sites. The
procedure was performed according to the manufacturer’s instructions. In brief, cells
were seeded onto a 12 well plate the day before treatment. At a confluency of
60 % - 80 % they were treated with the Gesicles. The Gesicles were thawed and stored
on ice. The cell medium was replaced by antibiotics-free DMEM supplemented with
protamine phosphate (6 ug/ml) to improve transfection efficiency. Subsequently,
Gesicles were added in different concentrations (10 pl, 25 pl) and the cells were
incubated overnight (37 °C). On the next day, the medium was changed to DMEM with
10 % FCS and 1 % P/S and cells were harvested 48 h post transfection. Subsequent

evaluation of mRac1 knockout was performed like described under 2.2.2.7.2.
2.2.2 Molecular biology

2.2.2.1 Cloning of hRAC1 expression vectors with additional nuclear

localization sequence

To distinguish between nuclear and cytosolic effects of RAC1 on the DDR, an additional
N-terminal NLS was added to hRAC1 (Figure 2.3). All plasmids (GFP-hRAC1(WT), GFP-
hRAC1(Q61L), GFP-hRAC1(T17N)) harbor an EcoRI restriction site between the
sequence coding for GFP and the hRAC1 insert. Thus, NLS oligonucleotides with EcoRI
restriction sites were designed to insert an NLS sequence between the sequence coding
for GFP and the hRAC1 insert. NLS Oligonucleotides were dissolved in annealing buffer

(for composition of the buffer see Table 2.22). For annealing of the NLS oligonucleotides
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100 uM oligonucleotides stock solutions were mixed and incubated for 5 min at 95 °C on
a heat block. The reaction tube containing the oligonucleotides was left to allow cool
down to room temperature. In the next step the annealed NLS oligonucleotides (£ insert)
and the different hRAC1 plasmid variants (£ vector) (Table 2.11) were digested with
EcoRI. The linearized plasmids were dephosphorylated with rSAP (shrimp alkaline
phosphatase) to prevent re-ligation. Then, dephosphorylated NLS oligonucleotides and
dephosphorylated vectors were each loaded into a pocket of the agarose-gel and were
electrophoretic separated according to their size. GeneRuler DNA ladder (100 bp and
1 kb) was used in parallel to samples for size verification. By performing this step, the
bases which were cut off from the NLS oligonucleotides and the hRAC1T plasmids by
EcoRI were separated from the insert and the vectors needed for ligation. Vectors and
oligonucleotides were excised from the gel and purification was performed with the
QlAquick Gel Extraction Kit. Afterwards vectors and oligonucleotides were ligated
overnight (16 °C). Different ratios of oligonucleotides to vectors were used (1:1, 3:1, 5:1).
For ligation a T4 DNA ligase was used, which ligates oligonucleotides and vectors by
connecting the 3-hydroxyl group and the &’phosphate group and rebuilding
phosphodiester bounds (Engler et al. 1982) (Figure 2.3). The next day, competent
bacteria (DH5 alpha) were transformed and ~16 h later colonies were picked for plasmid
preparation. To confirm the successful integration of the NLS sequence, the newly
synthesized plasmids were sent to BMFZ (Biologisch-Medizinisches
Forschungszentrum) at the Heinrich Heine University to verify the plasmid sequence
identity by Sanger sequencing. Due to the two EcoRI restriction sites in the NLS
oligonucleotides the chance of correct orientation of the NLS is 50 %. To this end, also
the proper orientation was checked. The obtained sequence was analyzed by
SnapGene® to create the following maps (Figure 2.4 A-C). GFP is marked bright green,
SV40 NLS is marked blue, hRAC1(WT) is marked golden (A), hRAC1(Q61L) is marked
purple (B), and hRAC1(T17N) is marked light blue (C).
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Figure 2.3: Scheme of cloning GFP-hRAC1 with an additional nuclear localization
sequence.

The GFP-hRACT1 constructs harbor a unique EcoRI restriction site between the GFP sequence
and the hRACT DNA sequence. To insert the nuclear localization sequence (NLS) between GFP
and hRAC1, oligonucleotides consisting of the NLS sequence and EcoRl restriction sites at each
end were ordered. After annealing of the NLS oligonucleotides (£ insert) they were digested with
EcoRIl. GFP-hRACT (& vector) was also digested with EcoRI and afterwards vector and insert
were dephosphorylated. Vector and insert were each loaded into a pocket of the agarose-gel and
they were electrophoretic separated according to their size. In this step the bases which were cut
off by EcoRI were also separated from the insert and vector. After excision from the gel and
purification, vector and insert were ligated overnight. Next day, competent bacteria were
transformed with the ligation mix. After plasmid preparation, the constructs were sent to BMFZ for
sanger sequencing to verify the plasmid sequence identity and orientation.
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Figure 2.4: Maps of the different GFP-NLS-hRAC1 expression vectors.

The sequence of the plasmids was analyzed by SnapGene® to create the plasmid maps. GFP is
marked in bright green, SV40 NLS is marked in blue, hRAC1(WT) is marked in golden (A),
hRAC1(Q61L) is marked in purple (B), and hRAC1(T17N) is marked in light blue (C).

2.2.2.2 Transformation of bacteria

The natural competence of bacteria to take up DNA is used in order to amplify plasmid

DNA. The competence of bacteria can be enhanced by treatment with calcium chloride.

Frozen bacteria stocks (DH5 alpha or One shot® Top10, see Table 2.8) were thawed on

ice. 100 ul of bacteria were carefully mixed with 5 pl ligation reaction and incubated on
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ice for 30 min. A short heat shock of 90 s at 42°C was used for enhancement of the
permeability of the bacteria to take up DNA. Subsequently, bacteria were put on ice for
a short time. After addition of 300 pl pre-warmed LB media, the bacteria were incubated
at 37 °C for 60 min at constant shaking, followed by centrifugation (2 min; 4,000 rpm).
300 ul of supernatant were decanted and the pellet was resuspended with the remaining
medium. 50 ul of the bacteria were seeded on LB agar plates supplemented with the
appropriate antibiotic (depending on the resistance gene of the plasmid) and incubated
over night at 37°C.

2.2.2.3 Plasmid preparation

Preparation of purified plasmid DNA in small quantities was performed with the Qiagen
Plasmid Mini Kit to test for positive transformed bacterial clones (cloning of GFP-hRAC1
expression vectors with additional NLS). For isolation of purified plasmid DNA in high
quantities the Qiagen Plasmid Maxi Kit was used. In both cases the preparation of the
plasmid DNA was performed according to the manufacturer’s instructions. The isolation
of plasmid DNA is based on the binding of plasmid DNA to a silica membrane in the
presence of chaotropic salts. After isolation, the purity and concentration of the plasmid

DNA was measured with a NanoVue ™ Plus spectrophotometer.

In brief, overnight bacterial culture was centrifuged at 4 °C and the bacterial pellet was
resuspended in RNase A containing buffer P1. After addition of buffer P2, the solution
was mixed and an incubation of 5 min at room temperature was carried out. Next, buffer
P3 was added, the solution was mixed and incubated on ice for 5 min — 20 min
(depending on the used kit). Afterwards, the mixture was centrifuged at 4 °C and in the
meantime the column was equilibrated with QBT buffer. After centrifugation, the
supernatant was applied to the column and allowed to enter the resin by gravity flow.
Next, the column was washed two times with QC buffer and elution buffer was added to
elute the DNA. Afterwards, the DNA was precipitated through addition of isopropanol
and mixing. Then the mixture was centrifuged and the supernatant carefully decanted.
This was followed by another washing and centrifugation step. The pellet was air-dried

and dissolved in DNase free water.
2.2.2.4 Isolation of genomic DNA

The isolation was performed semi-automatically using the DNeasy Blood & Tissue Kit
and QIlAcube according to the manufacturer’s instructions. In brief, cells were washed
with PBS, detached with Trypsin/EDTA and centrifuged. Each cell pellet was
resuspended in PBS and proteinase K was added. Next, Buffer AL was added, cells

were vortexed and incubated for 10 min at 56 °C. Afterwards pure ethanol was added
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and the cells were vortexed again, before they were transferred into a column (included
in the DNeasy Blood & Tissue Kit). After centrifugation and washing, the genomic DNA
was eluted in DNase free water. After isolation, the purity (absorption ratios of A260/280
and A260/230) and concentration [ng/ul] of the genomic DNA was determined with a

NanoVue™ Plus spectrophotometer.
2.2.2.5 RNA isolation

The isolation was performed semi-automatically using the RNeasy Mini Kit and a
QIAcube according to the manufacturer’s instructions. In brief, cells were washed with
PBS, detached with Trypsin/EDTA and centrifuged. Each cell pellet was resuspended in
RLT buffer containing DTT and then vortexed for homogenization. After several
centrifugation and washing steps, DNase digestion was carried out on the mRNA-binding
column. This step was followed again by several centrifugation and washing steps. RNA
was finally eluted with RNase free water. After the isolation, the purity (absorption ratios
of A260/280 and A260/230) and concentration [ng/ul] of the RNA was determined with a

NanoVue™ Plus spectrophotometer.
2.2.2.6 cDNA synthesis

cDNA synthesis was carried out using the High-Capacity cDNA Reverse Transcription
Kit according to the manufacturer’s instructions. The reverse transcriptase, an RNA-
dependent DNA polymerase, is used to synthesize the cDNA complementary to the
RNA. Oligo-dT primers were used, that are complementary to the poly-A tail of the mRNA
and thus enable the synthesis to start. For cDNA synthesis 500 ng - 2,000 ng RNA were
used. The reaction mixture was incubated in a Thermal Cycler for 120 min at 37 °C and

stored at -20 °C until use.
2.2.2.7 Real-time PCR
2.2.2.71 RT-qPCR for evaluation of mMRNA expression

Before the RT-gPCR was performed, mRNA was isolated and cDNA was synthesized
with reverse transcription (see 2.2.2.5 and 2.2.2.6). cDNA fragments were amplified
using the CFX96TM real-time PCR detection system and the SensiMix SYBR® Hi-ROX
kit for semi-quantitative analysis of gene expression. This PCR measurement is based
on the fact that the used fluorescent dye (SYBR-Green) intercalates into double-stranded
cDNA. The amplification of the target sequence leads to an increase in fluorescence,
which is directly proportional to the amount of synthesized DNA. The fluorescence of
SYBR-Green was detected after each cycle and a fluorescence threshold value (Cr

value) was calculated. The Cr value indicates the cycle at which the exponential phase
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of the PCR begins. For each reaction mixture 20 ng - 40 ng cDNA and primers with end
concentration of 250 nM were mixed with SensiMix SYBR® Hi-ROX and filled up to a
final volume of 20 ul with sterile PCR-grade water. The PCR reaction was carried out in
duplicates according to the protocol listed in Table 2.26. Amplified B-Actin and GAPDH

cDNA were used as reference within each experiment based on the AACq method.

Table 2.26: Real-time PCR protocol

Step Temperature Time [min:sec]
TAQ activation o .
1 /denaturation of cDNA 95 °C 10:00
2 Denaturation 95 °C 0:15
3 Primer hybridization 58 °C 0:15
4 Elongation 72 °C 0:17
Detection of fluorescence

5 repeat of step 2 - 4, 44 more times
6 95 °C 1:00
7 55 °C 1:00
8 Melting curve 65°Cto95 °C

2.2.2.7.2 Real-time qPCR for determination of mRac1 knockout efficiency

This method was used for determination of mRac? knockout efficiency after viral
transduction/transfection with Cre Recombinase Gesicles. Genomic DNA was isolated
from transduced MEF and amplified using the CFX96 real-time PCR detection system
and the SensiMix SYBR® Hi-ROX kit. The PCR reaction was carried out in duplicates
according to the protocol listed in Table 2.26. The genomic DNA was isolated from cells
which harbor loxP sites in the mRac1 gene (see Table 2.6, 2.2.1.1, and Figure 3.32).
After lentiviral transduction (see 2.2.1.6) genomic DNA was isolated like described above
(see 2.2.2.4). For discrimination between the non-truncated and the Cre-mediated
truncated mRac1 form, three different Rac? primers were used (see Table 2.16 and
Figure 2.5). The forward primer binds to a specific site in exon 3 of the mRac1 gene,
reverse primer 1 binds to a specific site in exon 4, and reverse primer 2 binds to a specific
site in exon 6. Due to the Cre recombinase induced excision at the loxP sites, exon 4
and 5 are cut out. Thus, with the combination of the forward primer and reverse primer
1 there will be no PCR product detectable in potential mRac1 knockout cells. Instead, in
these cells a product based on the combination of the forward primer and reverse primer
2 (163 bp) will be detectable. In contrast, the cells without mRac1 gene flanked by loxP
sites or cells which were not cut by Cre recombinase a product based on reverse primer
1 (183 bp) will be detectable, but not with reverse primer 2 because of its size (>1600 bp).
Products >1000 bp need more time to be completed during the elongation step than

given by the used protocol. The used Taqg polymerase takes about 1 min to generate a
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product of 1000 bp length, meaning for a product of 1600 bp a time of about 1.5 min is
needed. Due to the fact that the elongation step in the used protocol is only 17 seconds,
there is not enough time for the polymerase to build the product of forward primer and
reverse primer 2 in cells where the Cre recombinase did not truncate the mRac1 gene.
The mean values of Cr values of potential mRac1 knockout cells (pKO) and cells with
intact mRac1 gene (WT) were determined. The mRac?1 knockout efficiency was

calculated as follows:

pmean Ct pKO

100/(1 + (W)) = % knockout efficiency.

This formula assumes that the PCR products obtained from the use of the different
primers must always add up to 100 %. Meaning that the decrease of the WT PCR product
(forward primer and reverse primer 1, 183 bp) is direct proportional to an increase of the

KO PCR product (forward primer and reverse primer 2, 163 bp) to the same extend.

183 bp no product
(>1600 bp)
[ |
for primer rev primer 1 rev primer 2

E Swild-type*

l Cre recombinase

163 bp

\
( |

for primer rev primer 2

knockout

Figure 2.5: Schematic representation of primer binding at non-truncated and Cre-induced
truncated mRac1 form.

The forward primer binds to a specific site in exon 3, the reverse primer 1 binds to a specific site
in exon 4, and the reverse primer 2 binds to a specific site in exon 6. PCR with forward primer
and reverse primer 1 is resulting in a PCR product of 183 bp in length. PCR with the forward
primer and reverse primer 2 generates no PCR product in cells where Cre recombinase did not
truncate the mRac1 gene, because the Taq polymerase is not able to complete the PCR product
during the elongation step in the used protocol. Due to the excision of Exon 4 and 5 there will be
no binding of reverse primer 1 in cells with mRac1 gene cut by Cre recombinase. PCR with the
forward primer and reverse primer 2 is resulting in a PCR product of 163 bp in length in Cre-
induced truncated mRac1. Abbreviations: for primer: forward primer, rev primer: reverse primer.

54



Material and methods

2.2.2.8 End point PCR for detection of stably integrated DNA

For verification of stable integration of transduced plasmid DNA an endpoint PCR was
performed. In brief, cells were transduced with Cre.ERT2 vector and 24 h later puromycin
selection was started to select for stable Cre.ER expressing cells. Selection was
performed until colonies of puromycin resistant cell clones appeared. These clones were
harvested, and the cell pellet was resuspended in lysis buffer containing proteinase K
[80 ug]. Lysis was performed overnight (55 °C) at constant shaking. On the next day, the
proteinase was heat inactivated (10 min, 95 °C) and the sample was prepared for PCR.
For this purpose, 500 ug DNA and Cre primers (see Table 2.16) with a final concentration
of 250 nM were mixed with RedTaq, MgCl. and sterile PCR-grade water to a final volume
of 20 ul. The PCR reaction was carried out according to the protocol listed in Table 2.27.
Finally, the PCR products were separated using an 2 % agarose gel containing ethidium
bromide. This dye intercalates into the DNA and allows the detection of bands with the

Imaging System Fusion FX7.

Table 2.27: End point PCR protocol.

Step Temperature Time [min:sec]

1 94 °C 5:00

2 94 °C 1:00

3 58 °C 1:00

4 72 °C 1:00

5 repeat of step 2 - 4 for 34 more times

6 72 °C 10:00

7 8 °C o0

2.2.3 Immunofluorescence
2.2.3.1 Microscopical detection of nuclear yH2AX and 53BP1 foci

For the detection of DNA DSB, the formation of yH2AX and 53BP1 foci (as surrogate
markers for DNA DSB) was visualized. However, phosphorylation of H2AX can also
occur during certain cellular events that are independent of DSB formation (Turinetto et
al. 2015). Therefore, a second marker for DNA DSB was visualized, namely 53BP1
(Panier et al. 2014). Colocalization of yH2AX and 53BP1 foci as markers for DSB is
regarded as highly specific for DSB (Schultz et al. 2000; Ward et al. 2003; Chronis et al.
2007).
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For foci analysis, cells were seeded onto coverslips in 12-well plates or 3.5 cm dishes.
After treatment with Dox or IR, the medium was removed, the cells washed with PBS
and fixed with 4 % formaldehyde/PBS (15 min, RT). Subsequently, cells were washed
with PBS (3 x 5 min) and incubated with cold methanol at -20 °C for at least 20 min. Then
methanol was removed, cells were washed with PBS and 5 % BSA-PBST (PBS with
0.3 % Triton X-100) was added for blockage of unspecific binding sites (60 min, RT,
constant shaking). After removal of the blocking solution, primary antibodies were diluted
with 5 % BSA-PBST (yH2AX 1:500, 53BP1 1:250), added to the cells and incubated
overnight at 4 °C in a humidified chamber. The next day, cells were washed with PBS,
PBS high salt (0.4 M NaCl), and PBST before the secondary antibody was added (Alexa
Fluor 555 goat anti-mouse 1:500, Alexa Fluor 647 goat anti-rabbit 1:250). Incubation was
performed for at least 1 h in the dark (RT), followed by washing with PBS (3 x 5 min; RT;
in the dark) and PBST. As final step, cells were mounted with Vectashield containing
DAPI, sealed with nail polish and stored at 4 °C until analysis. yH2AX and 53BP1 foci
were visualized under a fluorescence microscope due to the fluorophore-coupled
secondary antibodies. Pictures were taken and the number of single yH2AX and 53BP1

foci as well as their colocalization was determined using ImagedJ (Oeck et al. 2015).

2.2.3.2 Microscopical detection of pATM foci formation after doxorubicin

treatment

The ATM kinase is a key regulatory kinase of the DDR and a main mediator of DNA DSB
repair, which activates a broad spectrum of proteins (Marechal et al. 2013). For
evaluation of ATM activation, the formation of nuclear pATM foci was visualized. For this
purpose, cells were plated onto coverslips in 12-well plates. After treatment with Dox,
the medium was removed, cells washed with PBS, and then fixed in 4 %
formaldehyde/PBS for 15 min at room temperature. Next, cells were washed with PBS
and PBST was added for permeabilization of the cells (15 min, RT) at constant shaking.
This step was followed by blocking with 5 % BSA-PBST (1 h, RT, constant shaking) to
block unspecific binding sites. After removal of the blocking solution, the primary antibody
was diluted in 5 % BSA-PBST (1:250), added to the cells and incubated overnightat 4 °C
in a humidified chamber. Next day, cells were washed with PBS (3 x 5 min) before the
secondary antibody was added (Alexa Fluor 555 goat anti-mouse 1:500). Incubation was
performed for at least 1 h in the dark (RT), followed by washing with PBS (3 x 5 min; RT;
in the dark). As final step, cells were mounted with Vectashield containing DAPI, sealed
with nail polish and stored at 4 °C until analysis. pATM foci were visualized under a
fluorescence microscope due to the fluorophore-coupled secondary antibody. Pictures

were taken and the number of pATM foci was determined using ImageJ.
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2.2.3.3 Staining of the actin cytoskeleton

TRITC-coupled phalloidin is a fluorescent phallotoxin and was used for cytochemical
staining of the actin cytoskeleton. The phalloidin toxicity is attributed to the ability to bind
filamentous (F-)actin and thereby preventing the depolymerization of actin fibers
(Dancker et al. 1975).

Cells were seeded onto coverslips in 12-well plates. After treatment, the cells were
washed with PBS for two times and subsequently fixed in freshly prepared 4 %
formaldehyde/PBS (methanol-free) for 15 min. Next, cells were washed two times with
PBS for 5 min and acetone was added for 3 min. This was followed by two washing steps
with PBS (5 min) and by blocking of unspecific binding sites with 1 % BSA-PBS for 1 h.
Thereafter, Phalloidin-TRITC was added to the cells (0.1 ug diluted in PBS) for 1 h.
Staining was performed in dark at room temperature. After two washing steps with PBS
(5 min) the stained cells were mounted with Vectashield containing DAPI and sealed with

nail polish before fluorescence microscopy-based analysis was performed.
2.2.4 Protein biochemistry
2.2.41 Preparation of protein extracts for SDS-PAGE and western blot analysis

For total cell extracts, cell monolayer was washed with PBS and afterwards 100 pl 1x
Roti-load 1 (Roth) (95 °C) was added to a 10 cm dish. For a 6 cm dish 50 pl Roti-load 1
was used. The lysis buffer was spread across the plate followed by short rotation. With
the help of a cell scraper, the lysate was transferred to a reaction tube, immediately put
on ice and afterwards sonicated for disruption of macromolecules (50 amplitude; 1 s
pulse; 1 s pause; 5 bumps; 2 passes; Sonicator EpiShear™ Probe sonicator). The cell
debris was pelleted by centrifugation (10,000 x g; 10 min), the supernatant was

transferred into a new reaction tube and was used for SDS-PAGE.
2.2.4.2 SDS-PAGE

Electrophoretic separation of the proteins according to their molecular weight was
achieved by discontinuous SDS-PAGE. Due to the negative charged detergent SDS in
the Roti-load buffer as well as the heating of the samples at 95 °C secondary and tertiary
protein structures of the samples are denatured. Furthermore, SDS-protein-complexes
are formed. The native protein charge is masked by the negative charged SDS. Hence,
the proteins migrate through the gels” pores to the anode during electrophoresis resulting
in their separation according to their molecular weight. The protein ladder PageRuler™
prestained Plus was loaded in the first lane of every gel for protein size verification. The
electrophoresis was performed with the help of the Mini-PROTEAN® Tetra Vertical
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Electrophoresis Cell system with 15 mA per gel until the dye front of the protein ladder
reached the separation gel. Afterwards the electrophoresis was performed with 30 mA

per gel.
2.2.4.3 Western blot analysis of proteins involved in the DNA damage response

Transfer of the proteins from the gel onto a nitrocellulose membrane was performed in a
tank blot system (Mini Trans-Blot® Cell system) with 300 mA for 90 min. The successful
protein transfer, as well as the equal loading of the samples, was verified by staining of
the membrane with Ponceau S. To remove the ponceau S staining, the membrane was
washed with tab water and afterwards with TBST (Tris buffered saline and Tween20).
Subsequently, non-specific antigen binding sites were saturated with 5 % milk powder
or 5 % BSA solved in TBST (1 h) at constant shaking. The decision for the usage of milk
or BSA for blockage was depending on the protein of interest and the manufacturer’s
recommendations. Afterwards, the membrane was washed 3 x 5 min with TBST and
incubated overnight (4 °C) with the antibody of interest. At the next day, the membrane
was washed again 3 x 5 min with TBST to remove excess antibody. Subsequently, the
membrane was incubated at constant shaking with a horseradish peroxidase-(HRP)
coupled secondary antibody, which is directed against the primary antibody. Incubation
was performed for 2 h at room temperature. Membrane was washed again (TBST, 3 x
5 min) before a solution containing luminol was applied. Luminol reacts with HRP and
the intensity of the signal was detected with ChemiDoc™. The signals of the target

proteins were normalized to the signal of the reference protein GAPDH.
2.2.5 Flow cytometry
2.2.5.1 Analysis of cell cycle distribution and apoptotic cell fraction (SubG1)

Mammalian cells were stained with the DNA-intercalating agent propidium iodide. As a
result, the cell cycle status can be determined due to the proportional increase of the PI
fluorescence with the DNA content (Crowley et al. 2016). A typical cell cycle profile of
untreated cells reveals a GO/G1 peak (2n) and a G2 peak (4n), whereby G2 peak shows
double the fluorescence intensity of the GO/G1 peak. The fluorescence intensity of cells
in S phase is somewhere between the intensities of GO/G1 peak and G2 peak. The so-
called SubG1 fraction represents cells with sub-diploid DNA content and thus these cells

are considered as apoptotic (Darzynkiewicz et al. 1997).

After treatment, the medium of each sample was collected in a falcon tube. The
monolayer was washed with PBS and the PBS was transferred to the corresponding
falcon. After trypsinization the cells were also transferred to the corresponding falcon.

Next, cells were pelleted by centrifugation (300 g, 5 min), the supernatant was carefully
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decanted, and the remaining cell pellet was resuspended in 1.5 ml hypotonic Pl solution.
After overnight incubation (4 °C, dark), cells were analyzed using the Flow Cytometer
BD Accuri™ C6.

2.2.6 Statistical data evaluation

Statistical comparisons between treatments were made by one-way analysis of variance
(ANOVA) with Dunnett post-hoc test or 2-way analysis of variance (ANOVA) with Dunnett
or Tukey post-hoc test. Statistical significance was also evaluated using the two-sided,
unpaired T-Test according to Student. Statistically significant differences were marked
with *, *, # °, % or~. *p £ 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.
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3 Results

3.1 Establishment of a transfection protocol for mouse embryonic
fibroblasts and dose determinations of doxorubicin as well as of the
RAC1 inhibitor EHT 1864

3.1.1 Establishment of a transfection protocol for mouse embryonic fibroblasts

Mouse embryonic fibroblasts (MEF) should be transiently transfected with different
human GFP-RACT1 mutants to analyse the influence of RAC1 on the DNA damage
response (DDR) after treatment with doxorubicin (Dox). The used mutants were GFP-
hRAC1(WT), GFP-hRAC1(Q61L), and GFP-hRAC1(T17N) with and without an
additional NLS. GFP-hRAC1(Q61L) is a constitutive active form of RAC1. The
endogenous as well as the GAP-stimulated GTPase activity is blocked in this mutant,
therefore RAC1 stays in an active state (Khosravi-Far et al. 1995; Bai et al. 2018). GFP-
hRAC1(T17N) is permanently in its inactive state, due to a defective GDP to GTP
exchange (Feig et al. 1988; Davis et al. 2013). Dominant-negative RAC1 is bound to
GDP which sets the protein in its inactive state. MEF are a challenging cell line to
transfect and often show a poor transfection efficiency (Lim et al. 2012; Lee et al. 2017).
Only very few comparisons of transfection methods and transfection reagents in MEF
regarding their transfection efficiency are available (Lee et al. 2017). To this end, a
transfection reagent is needed to be found that transfects MEF cells with a high
efficiency. Various transfection reagents were tested for transfection of MEF. The GFP-
hRAC1(WT) plasmid was chosen for the transfection efficacy tests. Transfected cells will
appear green under the microscope due to the expressed GFP-hRAC1 fusion protein.
As starting point the protocol was performed according to the respective manufacturer’s
instructions. The following transfection reagents were used: jetPEIl, Effectene,
Geneduice, Metafectene, Metafectene Pro, FuGene HD, Dreamfect Gold, Eco Transfect,
Lipofectamine 3000, and TransIT-X2 (see material and methods for more details).
40,000 MEF were seeded onto 12 well plates and 24 h later the transfection was
performed. For each transfection reagent three different DNA-transfection reagent ratios
were tested. To this end, the recommended starting conditions for transfection were
chosen as well as further volumes of transfection reagent/DNA which were
recommended for optimization. For detailed information see 2.2.1.3.1. If excited with a
wavelength in the range of 460 — 495 nm, GFP emits a green fluorescence at 510 —
550 nm (495 nm/519 nm at the used microscope). Due to the expressed GFP-coupled
protein, a fluorescence-based evaluation of the transfection efficiency was performed
24 h and 48 h after transfection.
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For this purpose, representative pictures of the transfected cells were made and the
percentage of green fluorescent cells was calculated. For some of the used transfection
reagents a transfection efficiency of 8 % - 13 % in MEF was described (Han et al. 2015).
However, as found in the presented study the transfection efficiency for almost all tested
reagents was below 5 %. Only two of the transfection reagents reached a transfection
efficiency above 10 % (Figure 3.1 A). Pictures taken 24 h and 48 h post-transfection

revealed no difference in the transfection efficiency between the two time points.

To further increase the efficiency of the two most promising reagents, namely
Lipofectamine 3000 and TransIT-X2, the cell number was reduced to 25,000 cells per
well. The protocol for Lipofectamine 3000 recommended to test different volumes of
Lipofectamine 3000 reagent, while the volume of DNA should be stable [1 ug]. The tested
volumes for the transfection reagent were 1.5 pl, 2.25 pl, and 3 pl. For Lipofectamine
3000 the new protocol did not improve the transfection efficiency. For TransIT-X2 the
tested DNA to TransIT-X2 ratios were 1:2, 1:3, and 1:4. The ratio of 1:3 in combination
with the reduced cell number increased the transfection efficiency of TransIT-X2 to up to
25 % (Figure 3.1 B). To this end, TransIT-X2 (1:3 ratio) was routineously used as

transfection reagent to transiently express human RAC1 mutants in MEF for all following

experiments.
A Transfection Fluorescence Brightfield Merge Transfection
reagent B . efficiency
jetPEI <5%
Effectene <5%
Geneduice <5%
Metafectene <5%
Metafectene Pro <5%
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Eco Transfect - . % <5%
~12%

Lipofectamine 3000 - i = 1 . :

Transfection Fluorescence Brightfield Merge Transfection

reagent efficiency
TransIT-X2 ~ 259
= - 0,
Lipofectamine 3000 - : 10 %

Figure 3.1: Transfection efficiency in mouse embryonic fibroblasts.

A 40,000 cells were seeded per well (12 well plate). Transfection of MEF was performed with
various transfection reagents according to the respective manufacturer's instructions.
Representative pictures were taken 48 h after transfection with human GFP-RACT1(WT)
expression vector. Successful transfected cells are shown in green. Ratio of DNA to transfection
reagent was 1:2 (jetPEl), 1:50 (Effectene), 1:3 (Geneduice), 1:4 (Metafectene), 1:4 (Metafectene
Pro), 1:3 (FuGeneHD), 1:3 (Dreamfect Gold), 1:3 (Eco Transfect), 1:1.5 (Lipofectamine 3000),
and 1:3 (TransIT-X2). Scale bar: 150 um. B 25,000 cells were seeded per well (12-well plate).
Transfection of MEF was performed with TransIT-X2 or Lipofectamine 3000 according to the
manufacturer’s instructions. Representative pictures were taken 48 h after transfection with
human GFP-RAC1(WT) expression vector. Successful transfected cells reveal a green
fluorescence. The ratio of DNA to transfection reagent was 1:3 (TransIT-X2) and 1:1.5
(Lipofectamine 3000). Scale bar: 150 pm.
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3.1.2 Dose kinetics of doxorubicin treatment to define a moderate DDR-inducing

dose

For investigation of the influence of RAC1 on the doxorubicin-induced DDR suitable
doses of Dox have to be used, that induce a strong and well detectable DDR while still
allowing to detect a modulation (i.e., potentiation or inhibition) of the DDR. As a
consequence of DNA damage various cellular stress responses are activated. DNA
repair, cell cycle progression and apoptosis are affected and are collectively quoted as
DDR (Harper et al. 2007). A commonly used surrogate marker for detection of DNA
double-strand breaks (DNA DSB) is the on serine 139 phosphorylated histone 2A
(yH2AX), because it occurs only at sites surrounding the DSB (Olive 2004; Kinner et al.
2008). A Dox dose was needed to be identified which induces a well countable number
of distinct yH2AX foci in cell nuclei. For that purpose MEF were treated with 0.1 yM,
0.3 uM, 1 uM, or 3 uM Dox for 1 h because the dominant DSB-inducing effect through
irreversible inhibition of Top Il were shown to occur at concentrations from 0.5 uM to
5 uM (Gewirtz 1999). Another reason for the used concentrations is the fact that Dox
loses its inhibitory effect on topoisomerase Il at concentrations above 3 uM Dox (Bodley
et al. 1989; Gewirtz 1999; Huelsenbeck et al. 2012).

The number of foci (DNA DSB) was dose-dependent increasing (Figure 3.2). Cells
treated with 1 yM Dox had significantly more nuclear yH2AX foci compared to the non-
treated cells. The foci were well countable and allowed the detection of an increased or
decreased number. 3 uM Dox represented a dose where the cells reached yH2AX foci
numbers that were difficult to count as distinct foci in some cases and so this

concentration was not considered for further experiments.
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Figure 3.2: Fluorescence-based quantification of doxorubicin-induced DNA double-strand
breaks (YyH2AX foci).

MEF were treated with 0 uM, 0.1 uM, 0.3 uM, 1 pM, or 3 uM Dox for 1 h. A Pictures were taken
after the end of the Dox treatment. Representative microscopical fluorescence pictures are
shown; blue: DAPI-stained nuclei, red: yH2AX (Ser139) foci (DSB). Scale bar: 10 ym. B
Quantification of the counted foci. DNA DSB (yH2AX foci) in nuclei were quantified (mean+SD;
n=3 with 50 nuclei counted per experiment in each treatment group, *p < 0.05, ***p < 0.001 vs.
untreated cells (0 uM Dox); one-way ANOVA with Dunnett post-hoc test). The data underlying the
graph are shown in Table 7.1 of the appendix.

To determine a dose of Dox which allows a further modulation of the DDR representative
DDR-related proteins were analyzed by western blot analysis. The Dox treatment was
prolonged to two hours in case of western blot analysis since 1 h pulse-treatment did not
induce a sufficiently strong phosphorylation of the selected DDR proteins. One major
mediator of the DSB-induced DDR is the serine/threonine kinase ATM. Substrates for
this protein are amongst other the proteins P53 and KAP1 (Banin et al. 1998; White et
al. 2012). Therefore, these proteins were selected as representative proteins for the

analysis of the doxorubicin-induced DDR.

The signal of phosphorylated KAP1, H2AX, and P53 was dose- and time-dependent
intensified by doxorubicin treatment (Figure 3.3). pKAP1 was well detectable early after
doxorubicin treatment (0 h -4 h) but disappeared nearly completely after 24 h post-
incubation period independent of the dose used while pP53 and yH2AX were still
detectable under identical experimental conditions. Western blot analysis displayed 1 yM
Dox as an appropriate dose which led to a strong DDR that still allows to detect a
modulation (i.e., potentiation or inhibition) and was therefore used for all following

western blot experiments.
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Figure 3.3: Western blot analysis of representative DDR-related proteins after doxorubicin
treatment.

MEF were 2 h pulse-treated with 0 uM, 0.1 pM, 0.3 uM, 1 uM, or 3 uM Dox. A Cells were
harvested after the indicated time points. Afterwards, cells were lysed, and protein extracts were
analyzed by western blot analysis as described in methods. GAPDH was used as reference
protein. B The change in protein expression after Dox treatment was quantified. The protein level
of cells treated with 1 yM Dox was normalized to GAPDH and set to 1 (mean+SD; n=3; *p < 0.05
compared to control (0 uM Dox); one-way ANOVA with Dunnett post-hoc test). The data
underlying the graph are shown in Table 7.2 of the appendix.

3.1.3 Establishment of a EHT 1864 (RAC1 inhibitor) dose that modulates the
doxorubicin induced DNA damage response in mouse embryonic

fibroblasts

Previous work already revealed a protection of non-transformed cells against
topoisomerase Il poisons by inhibiting RAC1 via the lipid lowering drug lovastatin
(Damrot et al. 2006; Huelsenbeck et al. 2011) or by direct inhibition of RAC1 with the
RAC1 inhibitors EHT 1864 or NSC23766 (Huelsenbeck et al. 2012; Wartlick et al. 2013).
This cytoprotection against topoisomerase |l poisons was based on less DNA damage
and less cell death. In the aforementioned studies MEF were not included. Therefore, a
dose of EHT 1864 had to be established for this cell line which weakens the doxorubicin-
induced DDR.

As stated above, 1 uM Dox was established as a suitable concentration for induction of
the DDR. In this work EHT 1864 will be used as RAC1 inhibitor and therefore as putative
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modulator of the DDR. In previous experiments cells were treated with 10 uM EHT 1864
for 1 h prior to treatment with Dox (Wartlick et al. 2013). The used concentration [10 pM]
and duration [1 h] were not suitable for MEF cells (Figure 3.4), since the pre-treatment
with EHT 1864 did not diminish the Dox-induced signal of pP53 and yH2AX.
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Figure 3.4: Western blot analysis of doxorubicin-induced P53 and H2AX phosphorylation
after pre-treatment with EHT 1864.

MEF were pre-treated for 1 h with 10 uM EHT 1864 and afterwards treated with 1 uM Dox for 2 h.
A Cells were harvested after the end of the Dox treatment. Afterwards cells were lysed, and
protein extracts were analyzed by western blot analysis as described in methods. GAPDH was
used as reference protein. B Changes in signal of phosphorylated proteins was quantified. The
protein expression of cells treated with 1 yM Dox was set to 1 (mean+SD; n=3). The data
underlying the graph are shown in Table 7.3 of the appendix.

Therefore, the time of EHT 1864 treatment was prolonged and different EHT 1864
concentrations were tested. MEF were pre-treated with 10 yM, 30 yM, or 100 uM of the
RAC1 inhibitor for 3 h prior to the treatment with Dox. The evaluation of the different
doses was performed by yH2AX foci analyses (Figure 3.5 A, B) and the detection of

representative DDR-related proteins by western blot analysis (Figure 3.5 C, D).

All three doses of the RAC1 inhibitor showed similar inhibitory effects on the Dox-
stimulated yH2AX foci formation, which was independent of the EHT 1864 concentration
(Figure 3.5 A, B).

As detected by western blot analysis, the untreated control cells as well as EHT 1864
treated cells showed no signal of pCHK1, pP53, yH2AX, and pKAP1 (Figure 3.5 C, D).
The biggest amount of phosphorylated proteins was detected in the cells treated with
Dox alone (mono-treatment). Pre-treatment with the RAC1 inhibitor resulted in a reduced
protein level of the evaluated representative DDR proteins. 10 yuM and 30 uM EHT 1864
caused a significantly reduced level of phosphorylated CHK1 an P53 as compared to
Dox mono-treatment. 100 uM EHT 1864 showed a significant reduction in the signal of

all analyzed phosphorylated proteins compared to Dox treatment alone.
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Figure 3.5: Fluorescence-based quantification of doxorubicin-induced DNA double-strand
breaks (YyH2AX foci) as well as western blot analysis of doxorubicin-induced
representative DDR-related proteins after pre-treatment with EHT 1864.

MEF were pre-treated for 3 h with different doses of EHT 1864 [10 uM, 30 uM, or 100 uM] and
afterwards treated for 1 h (yH2AX foci) or 2 h (western blot) with 1 yM Dox. A Pictures were taken
after the end of the Dox treatment. Representative microscopical fluorescence pictures are
shown; blue: DAPI-stained nuclei, red: yH2AX (Ser139) foci. Scale bar: 10 um. B Quantification
of the counted foci numbers. DNA DSB (yH2AX foci) in nuclei were quantified (mean; n=1 with
50 nuclei counted). The data underlying the graph are shown in Table 7.4 of the appendix. C Cells
were harvested after the Dox treatment period. Afterwards, cells were lysed, and protein extracts
were analyzed by western blot analysis as described in methods. GAPDH was used as reference
protein. D Change in protein expression was quantified as described in methods. The protein
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expression of cells treated with 1 uM Dox was set to 1 (mean+SD; n=3; *p < 0.05 compared to
Dox monotreatment; one-way ANOVA with Dunnett post-hoc test). The data underlying the graph
are shown in Table 7.5 of the appendix.

Since pre-treatment with 100 uM EHT 1864 would make a further reduction (e.g., by
combining two modulators of the DDR) of the selected proteins difficult. For this reason,
30 uM EHT 1864 were chosen for the following western blot experiments.
Immunocytochemical staining for yH2AX was repeated with 30 yM EHT 1864 (Figure
3.6). The decrease in foci number of pre-treated cells was significant compared to the
cells treated with Dox alone. Consequently, 30 yM EHT 1864 was also chosen for further

fluorescence microscopy experiments.
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Figure 3.6: Fluorescence-based quantification of doxorubicin-induced DNA double-strand
breaks (YH2AX foci) after pre-treatment with EHT 1864.

MEF were pre-treated for 3 h with a single dose of EHT 1864 [30 uM] and afterwards treated with
1 uM Dox for 1 h. A Pictures were taken after the end of the Dox treatment. Representative
microscopical fluorescence pictures are shown; blue: DAPI-stained nuclei, red: yH2AX (Ser139)
foci. Scale bar: 10 ym. B Quantification of the counted foci. DNA DSB (yH2AX foci) in nuclei were
quantified (mean+SD; n=6 with 50 nuclei counted per experiment, ***p < 0.001 compared to Dox
monotreatment; one-way ANOVA with Dunnett post-hoc test). The data underlying the graph are
shown in Table 7.6 of the appendix.
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3.2 Influence of a forced RAC1 translocation into the nucleus on the

doxorubicin-induced DNA damage response

Previous experiments which demonstrated a protection against topoisomerase |l poison-
induced DNA damage and cell death by pharmacological inhibition of RAC1 (Damrot et
al. 2006; Huelsenbeck et al. 2011; Wartlick et al. 2013) are underlying this work. Rho
proteins, like RAC1, were recently found inside the nucleus (Sandrock et al. 2010). Until
today, it is unclear whether the described protection against topoisomerase Il poison-
induced DNA damage is dependent on cytosolic RAC1 and/or nuclear RAC1. Nuclear
functions of RAC1 are still poorly characterized. In this work various human RAC1
mutants were transiently expressed in MEF prior to Dox or IR treatment. To distinguish
between effects promoted by nuclear RAC1 and cytosolic RAC1, the GFP-hRACT
mutants were used with and without an additional nuclear localization sequence (NLS).
The hypothesis is that expression of wild-type hRAC1 (GFP-hRAC1(WT)) or
constitutively active hRAC1 (GFP-hRAC1(Q61L)) does not influence the doxorubicin-
induced DDR or even enhances the DDR, while dominant-negative hRAC1 (GFP-
hRAC1(T17N)) should dampen the DDR similar to a pharmacological inhibition of RAC1.

3.2.1 Generation of GFP-hRAC1 constructs with an additional nuclear

localization sequence

As stated in the introduction, RAC1 possesses a weak C-terminal NLS. The intrinsic
murine RAC1 as well as the expressed human RAC1 variants are thought to be mainly
localized in the cell’'s cytoplasm. To force more nuclear localization of hRAC1 an
additional, stronger NLS (from SV40 Large T-antigen) was added N-terminal. DNA-
sequencing confirmed the presence of the additional NLS in the human RACT
expression vectors. The cloning of GFP-NLS-hRAC1 mutants was performed as

described in methods under 2.2.2.1.

3.2.2 Analysis of the subcellular distribution of mRAC1 and GFP-hRAC1 in
mouse embryonic fibroblasts transiently transfected with various human
GFP-RAC1 mutants (with and without additional NLS)

To confirm the functionality of the NLS introduced into the hRAC1 expression vectors
and to analyze if there is a difference in localization of GFP-hRAC1 and GFP-NLS-
hRAC1 as compared to the endogenous mRAC1, MEF were transiently transfected with
GFP-hRAC1(WT), GFP-NLS-hRAC1(WT), GFP-hRAC1(Q61L), GFP-NLS-
hRAC1(Q61L), GFP-hRAC1(T17N), or GFP-NLS-hRAC1(T17N) expression vector.
Constructs with additional NLS are thought to be located in the nucleus to a bigger extent

than the variants without the additional NLS.

69



Results

The quantification was performed by measuring the fluorescence intensity of GFP-
coupled hRAC1 (with and without additional NLS) in the cytoplasm and the nucleus of
successfully transfected cells. The total fluorescence of each cell was set to 100 %.
Individual cells that were not successfully transfected following the transfection, and
hence were GFP negative, could be included as an additional “intrinsic” control
(transfection control; TR Con) in the same experimental setup. In cells without GFP-
tagged hRAC1 a fluorescence-coupled secondary antibody which binds to the used

primary RAC1 antibody was used to detect the intrinsic mMRAC1.

In advance control experiments were performed to answer two questions regarding the
subcellular distribution of endogenous mRAC1 as well as of the human GFP-RAC1
variants. (i) Does the transfection method affect the subcellular distribution of the intrinsic
mRAC1? (ii) Does the GFP-tag has an impact on the transgenic human RAC1
subcellular distribution? The transfection method itself had no impact on intracellular
mRAC1 distribution. Regarding the second question, even though GFP was significantly
augmented in the nucleus compared to intrinsic mRAC1 it had no influence on
distribution of the transgenic human RAC1 since not all GFP-hRAC1 mutants were

significantly enriched in the nucleus (Figure 3.7, Appendix Figure 7.11).

80 % of the intrinsic mMRAC1 was located in the cytoplasm in control cells (Figure 3.7).
Transgenic GFP-hRAC1(Q61L) as well as transgenic GFP-hRAC1(T17N) expressing
cells showed a similar distribution compared to the distribution of intrinsic mMRAC1. In
cells expressing GFP-hRAC1(WT) about 70 % of GFP-hRAC1 was located in the
cytoplasm. These experiments revealed a similar subcellular distribution of the
transgenic human GFP-fused RAC1 and the intrinsic mMRAC1 (Figure 3.7). More than
80 % of the GFP-NLS-hRAC1(WT) was localized in the nucleus (Figure 3.7). Cells
transfected with GFP-NLS-hRAC1(Q61L) expression vector and GFP-NLS-
hRAC1(T17N) expression vector had about 35 % GFP-NLS-hRAC1 in the nucleus.
Summarizing the results, a comparison of hRAC1 localization between GFP-hRAC1
mutants with and without additional NLS demonstrated a significant increase in nuclear
hRAC1 (Figure 3.7) in cells transfected with the NLS constructs. The hRAC1 constructs
with the additional NLS showed a 2 - 4 times stronger nuclear accumulation than their
counterpart without additional NLS. This experiment verified that the NLS worked as

expected.
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Figure 3.7: Fluorescence-based quantification of intrinsic mMRAC1 as well as GFP-hRAC1
distribution in cells expressing human GFP-RAC1 with and without additional NLS.

MEF were transiently transfected with GFP-hRAC1(WT), GFP-NLS-hRAC1(WT), GFP-
hRAC1(Q61L), GFP-NLS-hRAC1(Q61L), GFP-hRAC1(T17N), or GFP-NLS-hRAC1(T17N)
expression vector. Transfection control cells (TR Con) were treated with TransIT-X2. A Pictures
were taken 24 h after transfection. Representative microscopical pictures are shown; blue: DAPI-
stained nuclei, green: GFP signal (GFP-tagged hRAC1 or fluorescence-coupled antibody against
primary antibody directed against intrinsic mMRAC1). Scale bar: 25 ym. B Quantification of the
fluorescence. Fluorescence intensity for cytoplasm and nucleus were quantified by measuring the
fluorescence intensity of GFP-coupled hRAC1. The total fluorescence of each cell was set to
100 % (mean+SD; n=3 with 50 cells counted per experiment; *p < 0.05; **p < 0.01, ***p < 0.001,
***p < 0.0001 compared to control (TR Con); one-way ANOVA with Dunnett post-hoc test;
“p<0.05; "p=<0.01, ***p <0.0001 compared to GFP-hRAC1 without NLS; T-Test, unpaired,
two-sided): The data underlying the graph are shown in Table 7.7 of the appendix. Abbreviations:
TR Con: control cells treated with transfection reagent (TransIT-X2), WT: wild-type RAC1, NLS-
WT: wild-type RAC1 with additional NLS, Q61L: constitutively active RAC1, NLS-Q61L:
constitutively active RAC1 with additional NLS, T17N: dominant-negative RAC1, NLS-T17N:
dominant-negative RAC1 with additional NLS.

3.2.3 Expression of human GFP-RAC1 mutants with and without additional NLS

alters lamellipodia and stress fibers formation

It is well-known that RAC1 is involved in the regulation of the actin cytoskeleton.
Adjustment of the polymerization of actin for the production of stress fibers (RHOA), as
well as formation of lamellipodia (RAC1) and filopodia (CDC42) is under control of small
Rho GTPases (Nobes et al. 1995). Actin polymerization induces the expansion of rod-
like protrusions, named filopodia, as well as sheet-like protrusions, named lamellipodia.
Restructuring of filamentous actin (F-actin) into lamellipodia or membrane ruffles is
promoted by RAC1 (Karnoub et al. 2001). The RAC1 inhibitor EHT 1864 was shown to
prevent RAC1-dependent lamellipodia formation (Shutes et al. 2007). Changes in the
actin cytoskeleton was evaluated in cells transfected with hRAC 7 mutants to confirm that

they are functional.

For visualization of changes in the actin cytoskeleton, more precisely the lamellipodia

formation, stress fibers formation and membrane ruffles, TRITC-phalloidin was used.
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Phalloidin is a phallotoxin used for cytochemical staining of the actin cytoskeleton and

binds to F-actin. For quantification, a custom stress fiber score was used (Figure 3.8):
Score 1: no or single stress fibers; thin stress fibers
Score 2: several stress fibers; partly over the whole cell; thin stress fibers

Score 3: “normal condition”; several stress fibers; thicker than in score 2; mainly across

the whole cell; free space detectable; sometimes even individual thick stress fibers

Score 4: stress fibers over the whole cell, thicker than in score 3, individual fibers are no

longer properly noticeable; partially free space detectable

Score 5: stress fibers all over the cell, pretty thick, individual fibers are no longer

noticeable; looks like “a big red mass”

Score 1 Score 2 Score 3 Score 4 Score 5

Figure 3.8: Examples for custom stress fibers score.

Cells were stained with Phalloidin-TRITC. Representative microscopical fluorescence pictures of
the custom stress fibers score are shown; red: cytoskeleton stained with Phalloidin-TRITC. Scale
bar: 25 pm.

For stress fibers score quantification 50 cells per experiment were rated and a mean

score was calculated.

In advance the influence of the transfection reagent and GFP as well as NLS-GFP as
part of the hRAC1 constructs on the actin cytoskeleton was analyzed. There was no
change in lamellipodia formation, stress fibers formation or membrane ruffles upon
transfection with GFP or NLS-GFP expression vector or the treatment with transfection

reagent (Appendix, Figure 7.12).

In GFP-hRAC1(WT) and GFP-NLS-hRAC1(WT) expressing cells, there was no change
in lamellipodia formation compared to the control cells (Figure 3.9 A, B). An induction of
lamellipodia was seen in cells expressing constitutively active hRAC1 with and without
additional NLS. Cells transfected with GFP-hRAC1(Q61L) expression vector had twice
the number of lamellipodia compared to the transfection control cells (TR Con), whereas
GFP-NLS-hRAC1(Q61L) expressing cells showed 1.5x the number of lamellipodia
compared to the transfection control cells (TR Con) (Figure 3.9 A, B). GFP-
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hRAC1(T17N) expression had no influence on lamellipodia formation (Figure 3.9 A, B),
whereas dominant-negative hRAC1 with additional NLS led to a decrease in lamellipodia

formation.

Furthermore, the impact of hRAC1 expression on stress fiber formation was investigated.
Cells transfected with GFP-hRAC1(WT) or GFP-NLS-hRAC1(WT) expression vector
showed no difference in stress fiber formation compared to the transfection control cells
(TR Con) (Figure 3.9 A, C). GFP-hRAC1(Q61L) expression vector transfected cells
revealed a decreased stress fiber score, whereas stress fibers formation remained
unaffected by transfection of constitutively active GFP-hRAC1 harbouring an additional
NLS. GFP-hRAC1(T17N) expression led to an increased stress fibers score compared
to the transfection control cells (TR Con). Transfection with GFP-NLS-hRAC1(T17N)
expression vector had no influence on stress fiber formation, whereas the stress fiber
formation was significantly decreased compared to GFP-hRAC1(T17N) expressing cells
(Figure 3.9 A, C).

In regard of the number of cells with membrane ruffles the transient transfection with the
different hRAC1 mutants with and without additional NLS had no detectable effect.
(Figure 3.9 A, D).

Taken together, alteration of the actin cytoskeleton is dependent on the activation status
of RAC1. Cells transfected with GFP-hRAC1(Q61L) expression vector with and without
additional NLS showed a similar number of lamellipodia compared to the transfection
control cells (TR Con). Expression of GFP-hRAC1(T17N) but not of GFP-NLS-
hRAC1(T17N) augmented the stress fibers formation in contrast to the control cells,
whereas expression of GFP-hRAC1(Q61L) led to a decrease in stress fibers formation.
hRAC1 constructs with additional NLS had no effect on stress fibers formation, leading
to the conclusion that stress fibers formation is depending on the activation status of
RACH1.
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Figure 3.9: Influence of the different human GFP-RAC1 mutants (with and without
additional NLS) on the lamellipodia, stress fibers, and membrane ruffles formation.

MEF were transiently transfected with GFP-hRAC1(WT), GFP-NLS-hRAC1(WT), GFP-
hRAC1(Q61L), GFP-NLS-hRAC1(Q61L), GFP-hRAC1(T17N), or GFP-NLS-hRAC1(T17N)
expression vector. Transfection control cells (TR Con) were treated with TransIT-X2. 24 h after
transfection, cells were stained with phalloidin-TRITC. A Representative microscopical
fluorescence pictures are shown; blue: DAPI-stained nuclei, green: GFP signal, red: cytoskeleton
stained with phalloidin-TRITC, white arrow: membrane ruffles, blue arrow: lamellipodia, grey
arrow: stress fibers. Scale bar: 25 ym. B Quantification of lamellipodia formation. Lamellipodia of
each cell were counted (mean+SD; n=3 with 50 cells counted per experiment; ***p < 0.001,
****n < 0.0001 compared to control (TR Con); one-way ANOVA with Dunnett post-hoc test). The
data underlying the graph are shown in Table 7.8 of the appendix. C Quantification of stress fibers
score. Stress fibers score of each cell was rated (mean+SD; n=3 with 50 cells counted per
experiment; *p < 0.05, ***p < 0.001 compared to control (TR Con); one-way ANOVA with Dunnett
post-hoc test; *p < 0.05 compared to GFP-hRAC1 without NLS, (T-test, unpaired, two-sided). The
data underlying the graph are shown in Table 7.9 of the appendix. D Quantification of cells with
membrane ruffles. Counted cells were grouped in cells showing no membrane ruffles or having
at least one membrane ruffle (mean+SD; n=3 with 50 cells counted per experiment). The data
underlying the graph are shown in Table 7.10 of the appendix. Abbreviations: TR Con: control
cells treated with transfection reagent (TransIT-X2), WT: wild-type RAC1, NLS-WT: wild-type
RAC1 with additional NLS, Q61L: constitutively active RAC1, NLS-Q61L: constitutively active
RAC1 with additional NLS, T17N: dominant-negative RAC1, NLS-T17N: dominant-negative
RAC1 with additional NLS.
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3.2.4 Influence of a dominant-negative hRAC1 expression on the doxorubicin-

induced DNA damage response

Dominant-negative hRAC1 with and without additional NLS was used to scrutinize the
results of already published data as well as the data presented in 3.1.3 in this thesis
regarding the effect of pharmacological RAC1 inhibition. Pharmacological RAC1
inhibition by EHT 1864 as well as mRac1 silencing were combined with transfection of
GFP-hRAC1(T17N) expression vector with and without additional NLS to answer the
following questions. (i) Do GFP-hRAC1(T17N) and GFP-NLS-hRAC1(T17N) expression
vector transfected, mRac1 siRNA transfected and EHT 1864 treated cells show similar
results? (ii) Is it possible to further enhance the effect of dominant-negative hRAC1,
EHT 1864, or mRac1 siRNA by combining the treatments?

3.2.41 Influence of expression of human dominant-negative GFP-RAC1 with and
without additional NLS on doxorubicin-induced yH2AX and 53BP1 foci

formation and the DNA damage response

Beforehand control experiments (see appendix) were performed to exclude effects of the
used transfection method and plasmids on basal foci formation. Neither the transfection
method nor the expression vectors had an impact on the basal foci formation (Appendix,
Figure 7.13).

Cells expressing predominantly cytoplasmic dominant-negative hRAC1 showed only half
the number of yH2AX and 53BP1 foci as well as colocalized foci compared to the Dox
control (TR) cells (Figure 3.10). Forcing the translocation of dominant-negative hRAC1
into the nucleus did not reduce the number of foci any further than GFP-hRAC1(T17N)
did. The results of the dominant-negative mutants are similar to the results obtained upon
pharmacological RAC1 inhibition in previous work as well as in part 3.1.3 of this thesis.
Overall, there was no significant difference in the decline of yH2AX and 53BP1 foci
following Dox treatment in cells expressing mainly cytoplasmic dominant-negative

hRAC1 or forced nuclear accumulation of dominant-negative hRAC1.
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Figure 3.10: Influence of mainly cytosolic and targeted nuclear expression of dominant-
negative hRAC1 on doxorubicin-induced yH2AX and 53BP1 foci formation.

MEF were transiently transfected with GFP-hRAC1(T17N) or GFP-NLS-hRAC1(T17N)
expression vector. Transfection control cells (TR Con, TR) were treated with TransIT-X2. 24 h
after transfection cells were treated with Dox [1 uM] for 1 h. A After the end of the Dox treatment,
the staining of yH2AX and 53BP1 foci was carried out as described in methods. Representative
microscopical fluorescence pictures are shown; blue: DAPI-stained nuclei, green: GFP signal,
red: yH2AX (Ser139), yellow: 53BP1. Scale bar: 10 ym. B Quantification of yH2AX and 53BP1
foci formation, as well as colocalization of these foci. Foci of each cell were counted (mean+SD;
n=6 - 38 with 50 nuclei counted per experiment; *p < 0.05, **p < 0.01 compared to Dox treated
cells (TR); one-way ANOVA with Dunnett post-hoc test). The data underlying the graph are shown
in Table 7.11 of the appendix. Abbreviations: TR Con, TR: cells treated with TransIT-X2, T17N:
dominant-negative RAC1, NLS-T17N: dominant-negative RAC1 with additional NLS.
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For western blot analysis representative DDR-related proteins were chosen to
investigate the Dox-induced DDR signalling in cells expressing dominant-negative
hRAC1. MEF were transiently transfected with GFP-hRAC1(T17N) or GFP-NLS-
hRAC1(T17N) expression vector. 24 h after transfection cells were pulse-treated with
1 M Dox (2 h) and harvested after the indicated time-points (Figure 3.11). An antibody
against GFP was used to confirm the transfection of the cells. GAPDH was used as
reference protein.

Non-transfected Dox-treated cells exhibited high pKAP1 levels which were only slightly
decreasing over time. Cells expressing GFP-hRAC1(T17N) revealed a significantly
decreased pKAP1 signal 24 h post-treatment (Figure 3.11 A, C), whereas the signal of
Dox-induced pKAP1 was completely missing 24 h post-treatment in GFP-NLS-
hRAC1(T17N) expression vector transfected cells (Figure 3.11 B, C). In mainly
cytoplasmic dominant negative hRAC1 expressing cells Dox-induced phosphorylation of
H2AX was reduced compared to non-transfected cells. Expression of GFP-NLS-
hRAC1(T17N) had no effect on yH2AX expression (Figure 3.11 A, B, D). PP53
expression was decreasing 24 h post-treatment in non-transfected Dox-treated cells,
whereas GFP-hRAC1(T17N) expression vector transfected cells displayed a significantly
reduced Dox-induced pP53 expression directly after treatment as well as 24 h after
treatment (Figure 3.11 A, E), whereas cells expressing GFP-NLS-hRAC1(T17N)
exhibited a reduction of pP53 protein levels only 24 h post-treatment (Figure 3.11 B, E).
Control experiments with sole GFP expression are shown in the appendix and showed
no significant change in protein expression (Appendix, Figure 7.14).

Taken together, the dominant-negative hRAC1 mutant (with or without NLS) showed a
tendency to diminish the Dox-induced DDR represented by the depicted set of DDR-
related phosphorylated proteins. The decrease in DDR signalling occurred at the same
time points, independent of the used plasmids (i.e., with or without NLS) but with different

intensities.
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Figure 3.11: Western blot analysis after doxorubicin treatment in dominant-negative
hRAC1-expressing cells with and without additional NLS.

MEF were transiently transfected with GFP-hRAC1(T17N) (A) or GFP-NLS-hRAC1(T17N) (B)
expression vector. 24 h after transfection cells were 2 h pulse-treated with 1 uM Dox. Cells were
harvested after indicated time-points. Afterwards cells were lysed, and protein extracts were
analyzed by western blot analysis as described in methods. As reference protein GAPDH was
used. C-F Change in protein expression in GFP-hRAC1(T17N) or GFP-NLS-hRAC1(T17N)
expression vector transfected and non-transfected cells after Dox treatment was quantified as
described in methods. The protein expression of non-transfected cells treated with Dox (NT) was
set to 1 (mean+SD; n=3; *p < 0.05 compared to non-transfected Dox-treated cells (NT); one-way
ANOVA with Dunnett post-hoc test; *p <0.05 compared to GFP-hRAC1(T17N) expression
treated with Dox, T-test, unpaired, two-sided). The data underlying the graph are shown in Table
7.12 of the appendix. Abbreviations: NT Con, NT: non-transfected cells, T17N: dominant-negative
RAC1, NLS-T17N: dominant-negative RAC1 with additional NLS.

To check if it is possible to further enhance the effect of dominant-negative hRAC1,
pharmacological inhibition of RAC1 was combined with the expression of GFP-
hRAC1(T17N) with and without additional NLS.
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3.2.4.2 Influence of pharmacological RAC1 inhibition on doxorubicin-induced
YH2AX and 53BP1 foci formation in cells expressing human GFP-
RAC1(T17N) with and without additional NLS

To investigate the effects of a RAC1 inhibitor on Dox-induced DSB formation (foci
formation) in MEF, EHT 1864 was included for pharmacological inhibition of RAC1
additionally to the transfection with human GFP-RAC1(T17N) expression vector with and
without additional NLS. The Dox-induced DDR was investigated by evaluation of yH2AX
and 53BP1 foci numbers. 24 h after transfection cells were pre-treated with 30 yM
EHT 1864 for 3 h prior to Dox [1 uM, 1 h] treatment. After doxorubicin treatment cells
were fixed and stained for yH2AX and 53BP1.

Control experiments are shown in the appendix. Neither the transfection method nor the

EHT 1864 treatment had an impact on the basal foci formation (Appendix, Figure 7.15).

EHT 1864 treatment prior to Dox reduced the yH2AX as well as 53BP1 foci numbers by
about 50 % in the doxorubicin treated cells treated with transfection reagent (TR) (Figure
3.12). GFP-hRAC1(T17N) expressing cells showed about ~50 % less foci after pre-
treatment with EHT 1864. In case of GFP-NLS-hRAC1(T17N) expression vector
transfected cells pre-treatment with EHT 1864 prior to Dox treatment did not decrease
the foci formation any further than GFP-NLS-hRAC1(T17N) expression did. Overall, the
data show that the pre-treatment with EHT 1864 could not further decrease the number
of foci beyond the inhibitory effect of mainly cytoplasmic dominant-negative hRAC1 or
targeted nuclear accumulation of dominant-negative hRAC1 on Dox-stimulated foci

formation and vice versa.
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Figure 3.12: Influence of pharmacological RAC1 inhibition on doxorubicin-induced foci
formation in cells expressing GFP-hRAC1(T17N) GFP-NLS-hRAC1(T17N).

MEF were transiently transfected with GFP-hRAC1(T17N) or GFP-NLS-hRAC1(T17N)
expression vector. Transfection control cells (TR Con, TR) were treated with TransIT-X2. 24 h
after transfection cells were pre-treated with 30 uM EHT 1864 for 3 h prior to treatment with Dox
[1 uM, 1 h]. A After the end of the Dox treatment, staining of the yH2AX and 53BP1 foci was
carried out as described in methods. Representative microscopical fluorescence pictures are
shown; blue: DAPI-stained nuclei, green: GFP signal, red: yH2AX (Ser139), yellow: 53BP1. Scale
bar: 10 um. B Quantification of yH2AX and 53BP1 foci formation, as well as colocalization of
these foci in GFP-hRAC1(T17N) and GFP-NLS-hRAC1(T17N) expressing cells. Foci of each
nucleus were counted (mean+SD; n=3 - 38 with 50 nuclei counted per experiment; *p < 0.05,
**p < 0.01 compared to cells treated with Dox (TR); one-way ANOVA with Dunnett post-hoc test;
#p < 0.01 compared to cells treated with Dox (TR), 2-way ANOVA with Tukey post-hoc test). The
data underlying the graph are shown in Table 7.13 of the appendix. Abbreviations: TR Con, TR:
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cells treated with TransIT-X2, T17N: dominant-negative RAC1, NLS-T17N: dominant-negative
RAC1 with additional NLS.

In addition, western blot analysis of representative DDR proteins was performed for
investigation of the Dox-induced DDR signalling in GFP-hRAC1(T17N) expression
vector transfected cells with and without EHT 1864 co-treatment. 24 h after transfection
cells were pre-treated with EHT 1864 [3 h, 30 uM] prior to treatment with 1 uM Dox (2 h)
(Figure 3.13). Non-transfected Dox-treated cells showed an elevated pKAP1 as well as
pP53 protein expression which was reduced in the case of pre-treatment with EHT 1864.
Cells expressing GFP-hRAC1(T17N) (Figure 3.13) showed a strong signal of pKAP1
right after treatment with Dox and the signal was not weakened by pre-treatment with
EHT 1864. In dominant-negative hRAC1 expressing cells the pP53 signal was not
detectable (Figure 3.13). Since this experiment was only performed 1 -2 times, no
statistical evaluation was possible. Nevertheless, the results so far do not indicate a
further reduction of Dox-induced DDR signalling proteins by linking GFP-hRAC1(T17N)

expression and EHT 1864 compared to expression of dominant-negative hRAC1 alone.
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Figure 3.13: Influence of pharmacological RAC1 inhibition on doxorubicin-induced DDR in
cells expressing human dominant-negative GFP-RAC1.

MEF were transiently transfected with GFP-hRAC1(T17N) expression vector. 24 h after
transfection cells were pre-treated with 30 uM EHT 1864 for 3 h prior to treatment with Dox [1 uM,
2 h]. Cells were harvested after the end of the Dox treatment. Afterwards cells were lysed, and
protein extracts were analyzed by western blot analysis as described in methods. As reference
protein GAPDH was used. B Change in protein expression in GFP-hRAC1(T17N) expression
vector transfected and non-transfected cells after EHT 1864 and Dox treatment was quantified as
described in methods. The protein expression of non-transfected cells (NT) treated with Dox was
set to 1 (mean+SD; n=1 - 2). The data underlying the graph are shown in Table 7.14 of the
appendix. Abbreviations: NT: non-transfected cells, TR: cells transfected with GFP-hRAC1(T17N)
expression vector.

Since pharmacological RAC1 inhibition could not significantly further reduce the Dox-
induced foci formation in cells transfected with dominant-negative GFP-hRACT

expression vector with and without additional NLS, a temporary gene knockdown of
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mRac1 was combined with the expression of dominant-negative GFP-hRAC1 in the

following experiment.

3.2.4.3 Influence of GFP-hRAC1(T17N) (with and without additional NLS)
expression on doxorubicin-induced yH2AX and 53BP1 foci formation in

cells with silenced mRac1

Pharmacological inhibition only blocks the function of a protein, but the protein is still
present. EHT 1864 blocks the activity of intrinsic mMRAC1 as well as of the transfected
hRAC1. However, it can also inhibit RAC2 and RAC3 activity as stated above. To
exclude the effects of RAC2 and RACS3 inhibition and the resulting possible
misinterpretation of RAC1 as relevant target protein a transient gene silencing (mRac1)
was performed. The transfection with siRNA targets specifically the cell’s intrinsic
mMRAC1 mRNA resulting in a decrease of target protein level. This allows analysis of the
impact of hRAC1 on the DDR without interference by the endogenous mRAC1. The
procedure of the upcoming experiment is shown in material and methods (Figure 2.1 E,
F).

Beforehand control experiments were performed to ensure a specific silencing of mRac1
without any influence on the transgenic GFP-hRAC1. In summary, the temporary
knockdown worked and was specific for the intrinsic mMRAC1. Neither the transfection
with hRAC1 expression vectors altered the mRac1 knockdown efficiency, nor did siRNA
against mRac1 alter the expression of human GFP-RAC1. The transfection methods had

no impact on the basal foci formation (Appendix, Figure 7.16, Figure 7.17, Figure 7.18).

The hypothesis was, that the temporary silencing of mRac1 prevents the cells from Dox-
induced yH2AX and 53BP1 foci formation similar to a treatment with EHT 1864 (Figure
3.6, Figure 3.12) and transfection with GFP-hRAC1(T17N) and GFP-NLS-hRAC1(T17N)
expression vector (Figure 3.10). Simultaneous transfection of GFP-hRAC1(T17N) or
GFP-NLS-hRAC1(T17N) expression vector could enhance the prevention of foci

formation or does not distress this effect.

Silencing of mRac1 prevented from Dox-induced yH2AX and 53BP1 foci formation by
about 60 %, perfectly mimicking the effect seen with the pharmacological RAC1 inhibitor.
Neither the combination of a mRac1 knockdown and expression of mainly cytoplasmic
dominant-negative hRAC1 nor the additional expression of GFP-NLS-hRAC1(T17N)
further decreased the Dox-induced foci formation compared to mRac? siRNA alone or

expression of dominant-negative hRAC1 alone (Figure 3.14).
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Figure 3.14: Influence of GFP-hRAC1(T17N) with or without additional NLS on doxorubicin-
induced foci formation in mRac1 silenced MEF.

mRac1 knockdown was achieved by transfection with mRac1 siRNA. The treatment scheme is
shown in material and methods (Figure 2.1 E, F). Cells were additionally transfected with GFP-
hRAC1(T17N) or GFP-NLS-hRAC1(T17N) expression vector. A After the end of the Dox
treatment, cells were fixed and staining of yH2AX and 53BP1 foci was carried out as described
in methods. Representative microscopical fluorescence pictures are shown; blue: DAPI-stained
nuclei, green: GFP signal, red: yH2AX (Ser139), yellow: 53BP1. Scale bar: 10 um. B
Quantification of yH2AX and 53BP1 foci formation, as well as colocalization of these fociin mRac1
silenced cells expressing GFP-hRAC1(T17N) or GFP-NLS-hRAC1(T17N). Foci of each nucleus
were counted (mean+SD; n=3-38 with 50 nuclei counted per experiment; *p < 0.05, **p < 0.01
compared to TR; one-way ANOVA with Dunnett post-hoc test; #p < 0.05, #p < 0.01 compared to
cells treated with Dox (TR), 2-way ANOVA with Tukey post-hoc test). The data underlying the
graph are shown in Table 7.15 of the appendix. Abbreviations: TR Con, TR: cells treated with
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TransIT-X2 only or treated with Lipofectamine RNAIMAX and TransIT-X2, T17N: dominant-
negative RAC1, NLS-T17N: dominant-negative RAC1 with additional NLS.

3.2.4.4 Comparison of mainly cytosolic and targeted nuclear expression of
dominant-negative hRAC1, EHT 1864, and mRac1 siRNA on doxorubicin
induced yH2AX and 53BP1 foci formation.

With the performed experiments the published results regarding Dox-induced DSB
formation have been confirmed in several ways. MEF transfected with GFP-
hRAC1(T17N) or GFP-NLS-hRAC1(T17N) expression vector exhibited comparable
results as cells treated with EHT 1864 or transfected with mRac1 siRNA regarding Dox-
induced yH2AX and 53BP1 foci formation. In all cases yH2AX and 53BP1 foci formation
was reduced by ~ 43 - 60 %. Pre-treatment with EHT 1864 as well as transfection with
mRac1 siRNA combined with expression of GFP-hRAC1(T17N) with or without
additional NLS could not further decease yH2AX and 53BP1 foci formation (Figure 3.15).
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Figure 3.15: Comparison of GFP-hRAC1(T17N) with and without additional NLS, EHT 1864,
and mRac1 siRNA on doxorubicin induced yH2AX and 53BP1 foci formation.

Cells were transfected with GFP-hRAC1(T17N) or GFP-NLS-hRAC1(T17N) expression vector.
Transfection control cells (TR Con, TR) were treated with TransIT-X2 only or with Lipofectamine
RNAIMAX and TransIT-X2. 24 h after transfection cells were pre-treated with 30 uM EHT 1864
for 3 h prior to treatment with Dox [1 uM, 1 h] or were only treated with Dox [1 uM, 1 h]. mRac1
knockdown was achieved by transfection with mRac1 siRNA. The treatment scheme is shown in
material and methods (Figure 2.1 E, F). Cells were additionally transfected with GFP-
hRAC1(T17N) or GFP-NLS-hRAC1(T17N) expression vector. Quantification of yH2AX and
53BP1 foci formation, as well as colocalization of these foci. Foci of each nucleus were counted
(mean+SD; n=3 - 38 with 50 nuclei counted per experiment; *p <0.05, **p < 0.01 compared to
cells treated with Dox (TR) one-way ANOVA with Dunnett post-hoc test; #p < 0.05, #p < 0.01
compared to cells treated with Dox (TR), 2-way ANOVA with Tukey post-hoc test). The data
underlying the graph are shown in Figure 3.10, Figure 3.12,Figure 3.14, and Table 7.16 of the
appendix. Abbreviations: TR Con: cells treated with TransIT-X2, TR: cells treated with TransIT-
X2 only or treated with Lipofectamine RNAIMAX and TransIT-X2, T17N: dominant-negative
RAC1, NLS-T17N: dominant-negative RAC1 with additional NLS.
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3.2.4.5 Influence of mainly cytoplasmic and forced nuclear expression of human
GFP-RAC1(T17N) on doxorubicin-induced pATM foci formation

Previous publications revealed a potential role of RAC1 in the DDR and the results of
this work confirmed this role. Expression of dominant-negative hRAC1 with and without
additional NLS altered the doxorubicin-induced foci formation. DSB-inducing chemicals
like doxorubicin are known to activate the serine/threonine kinase ATM (Kurz et al. 2004;
Huang et al. 2011) which is a major mediator regulator of the DDR (Hoekstra 1997).
Substrates for this protein are amongst other proteins H2AX, P53, and KAP1 (Banin et
al. 1998; Burma et al. 2001; White et al. 2012) which were altered in cells expressing
GFP-hRAC1(T17N) or GFP-NLS-hRAC1(T17N) upon treatment with Dox as seen in the
presented data. To analyze whether dominant-negative hRAC1 has an influence on
activation (phosphorylation) of ATM in the Dox-induced DDR, pATM foci formation was

evaluated.

Control experiments were carried out beforehand. There was no significant change in

basal pATM foci number upon transfection (Appendix, Figure 7.19).

Treatment with 1 uM Dox induced pATM foci in all cells. Transfection with GFP-
hRAC1(T17N) or GFP-NLS-hRAC1(T17N) expression vector did not alter the number of
pATM foci following Dox treatment compared to cells treated with TransIT-X2 (TR)
(Figure 3.16). In conclusion, dominant-negative GFP-hRAC1 had no effect on Dox-

induced pATM foci formation.
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Figure 3.16: Influence of human dominant-negative GFP-RAC1 (with and without additional
NLS) on doxorubicin-induced pATM foci formation.

Cells were ftransiently transfected with GFP-hRAC1(T17N) or GFP-NLS-hRAC1(T17N)
expression vector. Transfection control cells (TR Con, TR) were treated with TransIT-X2. 24 h
after transfection cells were treated with Dox [1 uM] for 1 h. A After the end of the Dox treatment,
cells were fixed and staining of pATM foci was carried out as described in methods.
Representative microscopical fluorescence pictures are shown; blue: DAPI-stained nuclei, green:
GFP signal, red: pATM. Scale bar: 10 um. B Quantification of pATM foci formation. Foci of each
nucleus were counted (mean+SD; n=3 - 18 with 50 nuclei counted per experiment). The data
underlying the graph are shown in Table 7.17 of the appendix. Abbreviations: TR Con, TR: cells
treated with TransIT-X2, T17N: dominant-negative RAC1, NLS-T17N: dominant-negative RAC1
with additional NLS.

In further experiments wild-type hRAC17 and constitutively active hRAC1 variants with
and without additional NLS were used to analyze their effects on the Dox-induced DDR.
The hypothesis is that expression of wild-type RAC1 or constitutively active RAC1 does
not influence the doxorubicin-induced DDR or enhances the DDR. To distinguish
between effects promoted by targeted nuclear expression of RAC1 and cytosolic RAC1,

human RAC1 mutants were used with and without an additional NLS.
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3.2.5 Influence of wild-type and constitutively active hRAC1 expression on the

doxorubicin-induced DNA damage response

3.2.5.1 Influence of expression of human GFP-RAC1 mutants (with and without
additional NLS) on doxorubicin-induced yH2AX and 53BP1 foci formation

and the DNA damage response

To evaluate the assumption that expression of wild-type RAC1 or constitutively active
RAC1 could enhance the doxorubicin-induced DDR or does not affect the DDR at all,
the effect of wild-type and constitutively active hRAC1 on Dox-induced DDR and foci
formation was analyzed on the one hand, and the difference between forced nuclear
expression and mainly cytosolic expression of hRAC1 on the Dox-induced DDR and foci

formation was assessed on the other hand.

Beforehand control experiments were performed to exclude effects of the used
transfection method and plasmids on basal foci formation. Neither the transfection
method nor the plasmids had an impact on the basal foci formation (Appendix, Figure
7.20).

GFP-hRAC1(WT) expressing cell showed a lower number of yH2AX and yH2AX/53BP1
colocalized foci compared to the cells which were treated with TransIT-X2 and treated
with Dox (TR) (Figure 3.17). There was no influence on the 53BP1 foci formation
following Dox treatment upon expression of GFP-hRAC1(WT). The additional NLS in
wild-type hRAC1 only reduced Dox-induced yH2AX foci numbers. GFP-hRAC1(Q61L)
did not alter the Dox-induced foci formation at all (Figure 3.17), whereas forcing
constitutively active hRAC1 into the nucleus reduced the Dox-induced foci formation
even more than GFP-hRAC1(T17N) with and without additional NLS (Figure 3.10, Figure
3.17). Dominant-negative hRAC1 with or without additional NLS reduced the yH2AX foci
formation about 43 % - 46 %, while expression of GFP-NLS-hRAC1(Q61L) reduced the
yH2AX foci formation about 60 %.

Taken together, mainly cytoplasmic as well as mainly nuclear wild-type hRAC1 reduced
the Dox-induced yH2AX foci formation but there was no significant difference between
cytoplasmic and nuclear expression of wild-type hRAC1. GFP-NLS-hRAC1(Q61L)
reduced the Dox-induced foci formation even more than dominant-negative hRAC1,
which implicates that active nuclear RAC1 is essential for a pronounced doxorubicin-
induced DDR.
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Figure 3.17: Influence of wild-type and constitutively active hRAC1 (with and without
additional NLS) expression on doxorubicin-induced foci formation.

MEF were transiently transfected with GFP-hRAC1(WT), GFP-NLS-hRAC1(WT), GFP-
hRAC1(Q61L) or GFP-NLS-hRAC1(Q61L) expression vector. Transfection control cells (TR Con,
TR) were treated with TransIT-X2. 24 h after transfection cells were treated with Dox [1 uM] for
1 h. A After the end of the Dox treatment, cells were fixed and staining of yH2AX and 53BP1 foci
was carried out as described in methods. Representative microscopical fluorescence pictures are
shown; blue: DAPI-stained nuclei, green: GFP signal, red: yH2AX (Ser139), yellow: 53BP1. Scale
bar: 10 um. B Quantification of yH2AX and 53BP1 foci formation, as well as colocalization of
these foci. Foci of each nucleus were counted (mean+SD; n=6 - 38 with 50 nuclei counted per
experiment; *p < 0.05, **p <0.01 compared to TR; one-way ANOVA with Dunnett post-hoc test;
p<0.01 compared to GFP-hRAC1 without NLS, T-test, unpaired, two-sided). The data
underlying the graph are shown in Table 7.18 of the appendix. Abbreviations: TR Con, TR: cells
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treated with TransIT-X2, WT: wild-type RAC1, NLS-WT: wild-type RAC1 with additional NLS,
Q61L: constitutively active RAC1, NLS-Q61L: constitutively active RAC1 with additional NLS.

In addition, western blot analysis of representative DDR-related proteins was performed
for investigation of the Dox-induced DDR signalling in GFP-(NLS-)hRAC1 expressing
cells. MEF were transiently transfected with GFP-hRAC1(WT), GFP-NLS-hRAC1(WT),
GFP-hRAC1(Q61L), or GFP-NLS-hRAC1(Q61L) expression vector. 24 h after
transfection cells were pulse-treated with 1 uM Dox (2 h) and harvested after the
indicated time-points (Figure 3.18, Figure 3.19). An antibody against GFP was used to

confirm the successful transfection of the cells. GAPDH was used as reference protein.

Non-transfected Dox-treated cells exhibited high pKAP1 levels which were only slightly
decreasing over time. Expression of GFP-hRAC1(WT) significantly decreased Dox-
induced pKAP1 protein levels 0 h and 24 h post-treatment (Figure 3.18 A, C), whereas
cells transfected with GFP-NLS-hRAC1(WT) expression vector revealed a significant
reduced level of pKAP1 only 24 h after the end of the pulse-treatment (Figure 3.18 B, C).
Non-transfected Dox-treated cells showed yH2AX expression over time. Only GFP-NLS-
hRAC1(WT) expressing cells showed a significant decreased level of phosphorylated
H2AX 4 h post-treatment (Figure 3.18 B, D). Non-transfected Dox-treated cells showed
a pP53 expression over time which was decreasing 24 h post-treatment. Cells
transfected with GFP-hRAC1(WT) expression vector showed a reduced Dox-induced
pP53 expression for all three time-points (Figure 3.18 A, E). The results for cells
expressing GFP-NLS-hRAC1(WT) demonstrated a decreased pP53 signal directly after
the pulse-treatment with Dox (0 h) as well as 24 h post-treatment (Figure 3.18 B, E).
There was no significant difference in Dox induced pP53 expression in cells expressing

mainly cytoplasmic or mainly nuclear wild-type hRAC1.
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Figure 3.18: Western blot analysis after doxorubicin treatment in wild-type hRAC1-
expressing cells with and without additional NLS.

MEF were transiently transfected with GFP-hRAC1(WT) (A) or GFP-NLS-hRAC1(WT) (B)
expression vector. 24 h after transfection cells were 2 h pulse-treated with 1 uM Dox. Cells were
harvested after indicated time-points. Afterwards cells were lysed, and protein extracts were
analyzed by western blot analysis as described in methods. As reference protein GAPDH was
used. C-F Change in protein expression in GFP-hRAC1(WT) or GFP-NLS-hRAC1(WT)
expression vector transfected and non-transfected cells after Dox treatment was quantified as
described in methods. The protein expression of non-transfected cells treated with Dox was set
to 1 (mean+SD; n=3; *p <0.05 compared to non-transfected Dox-treated cells (NT); one-way
ANOVA with Dunnett post-hoc test; *p <0.05 compared to GFP-hRAC1(WT)/GFP-NLS-
hRAC1(WT) expressing cells treated with Dox, T-test, unpaired, two-sided). The data underlying
the graph are shown in Table 7.19 of the appendix. Abbreviations: NT Con, NT: non-transfected
cells, WT: wild-type RAC1, NLS-WT: wild-type RAC1 with additional NLS.

No significant change in Dox-induced expression of pKAP1, yH2AX, or pP53 was
observed in cells transfected with GFP-hRAC1(Q61L) expression vector with or without
additional NLS (Figure 3.19).
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Figure 3.19: Western blot analysis after doxorubicin treatment in constitutively active
hRAC1-expressing cells with and without additional NLS.

MEF were transiently transfected with GFP-hRAC1(Q61L) (A) or GFP-NLS-hRAC1(Q61L) (B)
expression vector. 24 h after transfection cells were 2 h pulse-treated with 1 uM Dox. Cells were
harvested after indicated time-points. Afterwards cells were lysed, and protein extracts were
analyzed by western blot analysis as described in methods. As reference protein GAPDH was
used. C -F Change in protein expression in GFP-hRAC1(Q61L) or GFP-NLS-hRAC1(Q61L)
expression vector transfected and non-transfected cells after Dox treatment was quantified as
described in methods. The protein expression of non-transfected cells treated with Dox (NT) was
set to 1 (mean+SD; n=3). The data underlying the graph are shown in Table 7.20 of the appendix.
Abbreviations: NT Con, NT: non-transfected cells, Q61L: constitutively active RAC1, NLS-Q61L:
constitutively active RAC1 with additional NLS.

Taken together, only wild-type hRACT mutants diminished the Dox-induced DDR
represented by the depicted set of DDR-related phosphorylated proteins. The decrease
in protein signalling occurred at the same time points in GFP-hRAC1(WT) and GFP-NLS-
hRAC1(WT) expressing cells but in different intensities.

The hypothesis was that expression of wild-type RAC1 or constitutively active RACA1
could enhance the doxorubicin-induced DDR or does not influence the DDR at all. Based
on the results of the foci analysis and the western blot analysis, the working hypothesis
was both confirmed and refuted. Expression of mainly cytoplasmic constitutively active
RAC1 confirmed the working hypothesis and did not influence the DDR, whereas
expression of GFP-NLS-hRAC1(Q61L) reduced the Dox induced foci formation but had
no influence on the selected proteins analyzed by western blot analysis. Expression of
wild-type RAC1 either had no effect or attenuated the DDR.

93



Results

3.2.5.2 Influence of pharmacological RAC1 inhibition on doxorubicin-induced
YH2AX and 53BP1 foci formation in cells expressing cytoplasmic and

nuclear human GFP-RAC1 variants

Another question of this work was if expression of wild-type RAC1 or constitutively active
RAC1 can revert the inhibitory effect of EHT 1864 on foci formation upon Dox treatment.
Like shown above, cells expressing dominant-negative hRAC1 showed no additional
effect on foci formation upon treatment with EHT 1864 and Dox independent of the
subcellular distribution of hRAC1 (see Figure 3.12).

First of all, the influence of the transfection and the GFP-hRAC1 mutants in combination
with EHT 1864 treatment on the basal foci formation was analyzed. Neither the
transfection method nor the EHT 1864 treatment had an impact on the basal foci

formation (Appendix, Figure 7.21).

Transfection control cells (TR Con) treated with EHT 1864 prior to Dox showed about
50 % reduced yH2AX as well as 53BP1 foci numbers compared to the doxorubicin
treated cells (TR) (Figure 3.20, Figure 3.21). Pre-treatment with EHT 1864 reduced the
Dox-induced foci formation independent of the transfected expression vector. Only half
as much yH2AX foci and about 1/3 of 53BP1 foci could be detected in mainly cytoplasmic
wild-type hRAC1 expressing cells administered with EHT 1864 prior to Dox exposure
compared to TR cells as well as the GFP-hRAC1(WT) expression vector transfected
cells treated with Dox only (Figure 3.20). Cells expressing GFP-NLS-hRAC1(WT)
showed 50 % - 60 % less doxorubicin-induced foci after pre-treatment with EHT 1864
compared to the GFP-NLS-hRAC1(WT) expressing cells as well as the TR cells after

Dox monotreatment (Figure 3.20).
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Figure 3.20: Influence of pharmacological RAC1 inhibition on doxorubicin-induced foci
formation in cells expressing cytosolic or nuclear human GFP-RAC1(WT).

MEF were transiently transfected with GFP-hRAC1(WT) or GFP-NLS-hRAC1(WT) expression
vector. Transfection control cells (TR Con, TR) were treated with TransIT-X2. 24 h after
transfection cells were pre-treated with 30 uM EHT 1864 for 3 h prior to treatment with Dox [1 uM,
1 h]. A After the end of the Dox treatment, cells were fixed and staining of yH2AX and 53BP1 foci
was carried out as described in methods. Representative microscopical fluorescence pictures are
shown; blue: DAPI-stained nuclei, green: GFP signal, red: yH2AX (Ser139), yellow: 53BP1. Scale
bar: 10 ym. B Quantification of yH2AX and 53BP1 foci formation, as well as colocalization of
these foci in GFP-hRAC1(WT) and GFP-NLS-hRAC1(WT) expressing cells. Foci of each nucleus
were counted (mean+SD; n=3 - 38 with 50 nuclei counted per experiment; *p < 0.05 compared to
cells treated with Dox (TR); one-way ANOVA with Dunnett post-hoc test; #p < 0.01 compared to
cells treated with Dox (TR), 2-way ANOVA with Dunnett post-hoc test, ®p < 0.05 compared to
GFP-hRAC1(WT) expression treated with Dox, 2-way ANOVA with Tukey post-hoc test;
°°p < 0.01 compared to GFP-NLS-hRAC1(WT) expression treated with Dox, 2-way ANOVA with
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Dunnett post-hoc test). The data underlying the graph are shown in Table 7.21 of the appendix.
Abbreviations: TR Con, TR: cells treated with TransIT-X2, WT: wild-type RAC1, NLS-WT: wild-
type RAC1 with additional NLS.

Mainly cytoplasmic constitutively active hRAC1 expressing cells showed about 50 % less
foci after pre-treatment with EHT 1864 (Figure 3.21) compared to GFP-hRAC1(Q61L)
with Dox monotreatment as well as TR cells. Pre-treatment with EHT 1864 prior to Dox
did not make a difference in foci formation in GFP-NLS-hRAC1(Q61L) expressing cells
compared to the similarly transfected cells with Dox monotreatment. Under both
conditions, the yH2AX and 53BP1 foci formation as well as the colocalized foci were

reduced by 50 % compared to TR (Dox monotreatment) (Figure 3.21).
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Figure 3.21: Influence of pharmacological RAC1 inhibition on doxorubicin-induced foci
formation in cells expressing cytosolic or nuclear human GFP-RAC1(Q61L).

MEF were transiently transfected with GFP-hRAC1(Q61L) or GFP-NLS-hRAC1(Q61L)
expression vector. Transfection control cells (TR Con, TR) were treated with TransIT-X2. 24 h
after transfection cells were pre-treated with 30 yM EHT 1864 for 3 h prior to treatment with Dox
[1 uM, 1 h]. A After the end of the Dox treatment, cells were fixed and staining of yH2AX and
53BP1 foci was carried out as described in methods. Representative microscopical fluorescence
pictures are shown; blue: DAPI-stained nuclei, green: GFP signal, red: yH2AX (Ser139), yellow:
53BP1. Scale bar: 10 ym. B Quantification of yH2AX and 53BP1 foci formation, as well as
colocalization of these foci in GFP-hRAC1(Q61L) and GFP-NLS-hRAC1(Q61L) expressing cells.
Foci of each nucleus were counted (mean+SD; n=3 - 38 with 50 nuclei counted per experiment;
**p < 0.01 compared to cells treated with Dox (TR); one-way ANOVA with Dunnett post-hoc test;
**p < 0.01 compared to GFP-hRAC1(Q61L) expression treated with Dox, T-test, unpaired, two-
sided; #p < 0.01 compared to cells treated with Dox (TR), 2-way ANOVA with Dunnett post-hoc
test, %¥p < 0.01 compared to GFP-hRAC1(Q61L) expression treated with Dox, 2-way ANOVA with
Tukey post-hoc test). The data underlying the graph are shown in Table 7.22 of the appendix.
Abbreviations: TR Con, TR: cells treated with TransIT-X2, Q61L: constitutively active RAC1, NLS-
Q61L: constitutively active RAC1 with additional NLS.

Summarizing, it can be stated that the number of Dox-induced yH2AX and 53BP1 foci
was significantly reduced by pre-treatment with EHT 1864. Expression of wild-type
hRAC1 and constitutively active hRAC1 could not compensate for the inhibitory effect of
EHT 1864 independent of whether RAC1 is expressed mainly in the cytoplasm or the
nucleus (Figure 3.20, Figure 3.21).

In addition, western blot analysis of representative DDR proteins was accomplished to
investigate the Dox-induced DDR signalling in GFP-hRAC1 expressing cells with and
without EHT 1864 treatment. Non-transfected Dox-treated cells showed a pKAP1 as well
as pP53 protein expression after treatment which was reduced in the case of pre-
treatment with EHT 1864. GFP-hRAC1(WT) expressing cells showed a weak pKAP1
signal after treatment with Dox alone compared to the Dox-treated non-transfected cells.
Pre-treatment with EHT 1864 did not make a difference in Dox-induced signal intensity

in wild-type hRAC1 expressing cells (Figure 3.22).
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Figure 3.22: Influence of pharmacological RAC1 inhibition on doxorubicin-induced DDR in
cells expressing human GFP-RAC1(WT).

MEF were transiently transfected with GFP-hRAC1(WT) expression vector. 24 h after transfection
cells were pre-treated with EHT 1864 [3 h, 30 uM] prior to treatment with 1 uM Dox for 2 h. Cells
were harvested after the end of the Dox treatment. Afterwards cells were lysed, and protein
extracts were analyzed by western blot analysis as described in methods. As reference protein
GAPDH was used. B Change in protein expression in GFP-hRAC1(WT) expression vector
transfected and non-transfected cells after EHT 1864 and Dox treatment was quantified as
described in methods. The protein expression of non-transfected cells treated with Dox (NT) was
set to 1 (mean+SD; n=1). The data underlying the graph are shown in Table 7.23 of the appendix.
Abbreviations: NT: non-transfected cells, TR: cells transfected with GFP-hRAC1(WT) expression
vector.

Cells expressing GFP-hRAC1(Q61L) (Figure 3.23) showed a strong signal of pKAP1
right after treatment with Dox and the signal was not weakened by pre-treatment with
EHT 1864. Dox-induced phosphorylation of P53 was attenuated after pre-treatment with
EHT 1864 in GFP-hRAC1(Q61L) expressing cells (Figure 3.23).
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Figure 3.23: Influence of pharmacological RAC1 inhibition on doxorubicin-induced DDR in
cells expressing human GFP-RAC1(Q61L).

MEF were transiently transfected with GFP-hRAC1(Q61L) expression vector. 24 h after
transfection cells were pre-treated with EHT 1864 [3 h, 30 uM] prior to treatment with 1 yM Dox
for 2 h. Cells were harvested after the end of the Dox treatment. Afterwards cells were lysed, and
protein extracts were analyzed by western blot analysis as described in methods. As reference
protein GAPDH was used. B Change in protein expression in GFP-hRAC1(Q61L) expression
vector transfected and non-transfected cells after EHT 1864 and Dox treatment was quantified as
described in methods. The protein expression of non-transfected cells treated with Dox (NT) was
set to 1 (mean+SD; n=1). The data underlying the graph are shown in Table 7.24 of the appendix.
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Abbreviations: NT: non-transfected cells, TR: cells transfected with GFP-hRAC1(Q61L)
expression vector.

Since this experiment was only performed once, no statistical evaluation was possible,
and the results can only be considered with reservations. The results so far do indicate
a change in Dox-induced protein expression after pre-treatment with EHT 1864 in cells
expressing wild-type or constitutively active hRAC1 as opposed to expression of hRAC1

and Dox treatment alone.

3.2.5.3 Influence of cytoplasmic and nuclear GFP-hRAC1 expression on
doxorubicin-induced yH2AX and 53BP1 foci formation in MEF with

silenced mRac1

For elimination of endogenous mMRAC1 a temporary gene knockdown specific for the
cell’s intrinsic MRAC1 mRNA was performed. The treatment scheme for the following
experiments is shown in material and methods (Figure 2.1 E, F). After knockdown of
mRac1, cells were additionally transfected with GFP-hRAC1(WT), GFP-NLS-
hRAC1(WT), GFP-hRAC1(Q61L), or GFP-NLS-hRAC1(Q61L) expression vector.

Performed control experiments are shown in the appendix. The used methods did not

affect the basal number of foci (Appendix, Figure 7.22).

Silencing of mRac1 prevented from Dox-induced yH2AX and 53BP1 foci formation by
about 60 % in non-transfected cells (TR), perfectly mimicking the effect seen with the
pharmacological RAC1 inhibitor (Figure 3.6, Figure 3.12, Figure 3.20, Figure 3.21) or
expression of dominant-negative hRAC1 (Figure 3.10). In cells expressing mainly
cytoplasmic wild-type hRAC1 with simultaneous mRac?1 knockdown yH2AX foci were
reduced by 50 % and 53BP1 foci were even decreased by 70 % in contrast to Dox-
treated cells without mRac1 siRNA transfection (TR). Additional expression of GFP-NLS-
hRAC1(WT) during knockdown of mRac1 decreased the doxorubicin-induced yH2AX
and 53BP1 foci formation by 60 % in contrast to Dox-treated cells without mRac1 siRNA
transfection (TR) (Figure 3.24).
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Figure 3.24: Influence of GFP-hRAC1(WT) with or without additional NLS on doxorubicin-
induced foci formation in mRac1 silenced MEF.

mRac1 knockdown was achieved by transfection with mRac1 siRNA. The treatment scheme is
shown in material and methods (Figure 2.1 E, F). Cells were additionally transfected with GFP-
hRAC1(WT) or GFP-NLS-hRAC1(WT) expression vector. A After the end of the Dox treatment,
cells were fixed and staining of yH2AX and 53BP1 foci was carried out as described in methods.
Representative microscopical fluorescence pictures are shown; blue: DAPI-stained nuclei, green:
GFP signal, red: yH2AX (Ser139), yellow: 53BP1. Scale bar: 10 um. B Quantification of yH2AX
and 53BP1 foci formation, as well as colocalization of these foci in mRac1 silenced cells
expressing GFP-hRAC1(WT) or GFP-NLS-hRAC1(WT). Foci of each nucleus were counted
(mean+SD; n=3 - 38 with 50 nuclei counted per experiment; *p < 0.05 compared to cells treated
with Dox (TR); one-way ANOVA with Dunnett post-hoc test; #p < 0.01 compared to cells treated
with Dox (TR), 2-way ANOVA with Dunnett post-hoc test; ®p <0.05 compared to GFP-
hRAC1(WT) expression treated with Dox, 2-way ANOVA with Tukey post-hoc test; °°p < 0.01
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compared to GFP-NLS-hRAC1(WT) expression treated with Dox, 2-way ANOVA with Tukey post-
hoc test). The data underlying the graph are shown in Table 7.25 of the appendix. Abbreviations:
TR Con, TR: cells treated with TransIT-X2 only or treated with Lipofectamine RNAIMAX and
TransIT-X2, WT: wild-type RAC1, NLS-WT: wild-type RAC1 with additional NLS.

Surprisingly, in cells with silenced mRac1 gene and expression of human GFP-
RAC1(Q61L) foci formation was reduced by 70 % (53BP1) to 80 % (yH2AX) as opposed
to TR cells with Dox monotreatment. In opposite, expression of GFP-NLS-hRAC1(Q61L)
with simultaneous mRac1 knockdown increased the Dox-induced foci formation
compared to the Dox-treated cells with silenced mRac1 gene. The combination of
constitutively active hRAC1 forced to the nucleus and transfection with mRac1 siRNA
restored the foci formation after Dox to the level of cells without mRac?1 knockdown
(Figure 3.25). The additional transfection with GFP-hRAC1(Q671L) expression vector in
cells with silenced mRac1 decreased the Dox-induced foci formation by about 80 %
compared to the mainly cytoplasmic constitutively active hRAC1 expressing cells without
mRac1 manipulation. In contrast to this, the Dox-induced foci formation was induced by
about 40 % in mRac1 silenced MEF expressing GFP-NLS-hRAC1(Q61L) compared to
Dox-treated MEF expressing GFP-NLS-hRAC1(Q61L) alone.
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Figure 3.25: Influence of GFP-hRAC1(Q61L) with or without additional NLS on doxorubicin-
induced foci formation in mRac1 silenced.

mRac1 knockdown was achieved by transfection with mRac1 siRNA. The treatment scheme is
shown in material and methods (Figure 2.1 E, F). Cells were additionally transfected with GFP-
hRAC1(Q61L) or GFP-NLS-hRAC1(Q61L) expression vector. A After the end of the Dox
treatment, cells were fixed and staining of yH2AX and 53BP1 foci was carried out as described
in methods. Representative microscopical fluorescence pictures are shown; blue: DAPI-stained
nuclei, green: GFP signal, red: yH2AX (Ser139), yellow: 53BP1. Scale bar: 10 um. B
Quantification of yH2AX and 53BP1 foci formation, as well as colocalization of these foci in mRac1
silenced cells expressing GFP-hRAC1(Q61L) or GFP-NLS-hRAC1(Q61L). Foci of each nucleus
were counted (mean+SD; n=3 - 38 with 50 nuclei counted per experiment; **p < 0.01 compared
to cells treated with Dox (TR); one-way ANOVA with Dunnett post-hoc test; **p < 0.01 compared
to GFP-hRAC1(Q61L) expression treated with Dox, T-test, unpaired, two-sided; #p < 0.05,
#p < 0.01 compared to cells treated with Dox (TR), 2-way ANOVA with Dunnett post-hoc test,
$p < 0.01 compared to GFP-hRAC1(Q61L) expression treated with Dox, 2-way ANOVA with
Tukey post-hoc test, "p < 0.0, ~"p < 0.01 compared to GFP-hRAC1(Q61L) expression and mRac1
silencing treated with Dox, 2-way ANOVA with Tukey post-hoc test; °p < 0.05 compared to GFP-
NLS-hRAC1(Q61L) expression treated with Dox, 2-way ANOVA with Tukey post-hoc test). The
data underlying the graph are shown in Table 7.26 of the appendix. Abbreviations: TR Con, TR:
cells treated with TransIT-X2 only or treated with Lipofectamine RNAIMAX and TransIT-X2, Q61L:
constitutively active RAC1, NLS-Q61L: constitutively active RAC1 with additional NLS.

Since expression of GFP-NLS-hRAC1(Q61L) decreased the Dox-induced yH2AX and
53BP1 foci formation (in cells without mRac? silencing) whereas expression of GFP-
NLS-hRAC1(Q61L) in mRAC1 knockdown cells restored the Dox-induced yH2AX and
53BP1 foci formation to the original level of Dox-treated cells, it can be concluded that
nuclear and cytoplasmic constitutively active hRAC1 have different effects on the Dox-
induced DDR.
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3.2.5.4 Comparison of mainly cytosolic and targeted nuclear expression of wild-
type and constitutively active hRAC1, EHT 1864, and mRac1 siRNA on
doxorubicin induced yH2AX and 53BP1 foci formation.

For better comparison of the different DDR modulators in cells transfected with hRAC1
mutants as well as the difference in mainly cytoplasmic and forced nuclear expression
of hRAC1, the results obtained were combined in one single graph. Dox-induced yH2AX
and 53BP1 foci formation was reduced by ~15 - 25 % in wild-type hRAC1 expressing
cells independent of an additional NLS. Pre-treatment with EHT 1864 as well as
transfection with mRac1 siRNA combined with expression of GFP-hRAC1(WT) with or
without additional NLS reduced the Dox-induced foci formation by ~55 - 75 %. There
was no significant difference between mainly cytoplasmic and forced nuclear expression
of wild-type hRAC1 (Figure 3.26).
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Figure 3.26: Comparison of GFP-hRAC1(WT) with and without additional NLS, EHT 1864,
and mRac1 siRNA on doxorubicin induced yH2AX and 53BP1 foci formation.

Cells were transfected with GFP-hRAC1(WT) or GFP-NLS-hRAC1(WT) expression vector.
Transfection control cells (TR Con, TR) were treated with TransIT-X2 only or with Lipofectamine
RNAIMAX and TransIT-X2. 24 h after transfection cells were pre-treated with 30 uM EHT 1864
for 3 h prior to treatment with Dox [1 uM, 1 h] or were only treated with Dox [1 uM, 1 h]. mRac1
knockdown was achieved by transfection with mRac1 siRNA. The treatment scheme is shown in
material and methods (Figure 2.1 E, F). Cells were additionally transfected with GFP-hRAC1(WT)
or GFP-NLS-hRAC1(WT) expression vector. Quantification of yH2AX and 53BP1 foci formation,
as well as colocalization of these foci. Foci of each nucleus were counted (mean+SD; n=3 - 38
with 50 nuclei counted per experiment; *p < 0.05 compared to cells treated with Dox (TR) one-
way ANOVA with Dunnett post-hoc test; #p < 0.01 compared to cells treated with Dox (TR), 2-
way ANOVA with Tukey post-hoc test; ®p < 0.05 compared to GFP-hRAC1(WT) treated with Dox,
2-way ANOVA with Tukey post-hoc test; °°p <0.01 compared to GFP-NLS-hRAC1(WT)
expressing cells treated with Dox, 2-way ANOVA with Tukey post-hoc test). The data underlying
the graph are shown in Table 7.27 of the appendix. Abbreviations: TR Con: cells treated with
TransIT-X2, TR: cells treated with TransIT-X2 only or treated with Lipofectamine RNAIMAX and
TransIT-X2, WT: wild-type RAC1, NLS-WT: wild-type RAC1 with additional NLS.
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Pre-treatment with EHT 1864 reduced the Dox-induced foci formation by ~40 - 60 % in
constitutively active hRAC1 expressing cells (with and without additional NLS).
Expression of GFP-NLS-hRAC1(Q61L) exhibited the same phenotype regarding Dox-
induced foci formation as cells expressing mainly cytoplasmic or forced nuclear
dominant-negative hRAC1. Monotreatment with Dox reduced the foci formation by
~50 % in GFP-NLS-hRAC1(Q61L) expressing cells whereas cells expressing mainly
cytoplasmic constitutively active hRAC1 exhibited no change in Dox-induced foci
formation in comparison to non-transfected cells. Transfection with mRac? siRNA
combined with the expression of GFP-NLS-hRAC1(Q61L) restored the foci formation
after Dox to the level of cells without mRac?1 knockdown. Combined transfection of
mRac1 siRNA with GFP-hRAC1(Q61L) expression vector could not restore the Dox-
induced foci formation. The combination rather decreased the foci by ~75 -80 %
compared to cells without mRac1 knockdown (Figure 3.27). This implicates that active

(GTP-bound) nuclear RAC1 is essential for a pronounced doxorubicin-induced DDR.
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Figure 3.27: Comparison of GFP-hRAC1(Q61L) with and without additional NLS, EHT 1864,
and mRac1 siRNA on doxorubicin induced yH2AX and 53BP1 foci formation.

Cells were transfected with GFP-hRAC1(Q61L) or GFP-NLS-hRAC1(Q61L) expression vector.
Transfection control cells (TR Con, TR) were treated with TransIT-X2 only or with Lipofectamine
RNAIMAX and TransIT-X2. 24 h after transfection cells were pre-treated with 30 uM EHT 1864
for 3 h prior to treatment with Dox [1 uM, 1 h] or were only treated with Dox [1 uM, 1 h]. mRac1
knockdown was achieved by transfection with mRac71 siRNA. The treatment scheme is shown in
material and methods (Figure 2.1 E, F). Cells were additionally transfected with GFP-
hRAC1(Q61L) or GFP-NLS-hRAC1(Q61L) expression vector. Quantification of yH2AX and
53BP1 foci formation, as well as colocalization of these foci. Foci of each nucleus were counted
(mean+SD; n=3 - 38 with 50 nuclei counted per experiment; **p < 0.01 compared to cells treated
with Dox (TR) one-way ANOVA with Dunnett post-hoc test; #p < 0.05, #p < 0.01 compared to cells
treated with Dox (TR), 2-way ANOVA with Tukey post-hoc test; **p < 0.01 compared to GFP-
hRAC1(Q61L) treated with Dox, T-test, unpaired, two-sided; *¥p <0.01 compared to GFP-
hRAC1(Q61L) treated with Dox, 2-way ANOVA with Tukey post-hoc test; "p <0.05, ~"p < 0.01
compared to mRac1 siRNA + GFP-hRAC1(Q61L) treated with Dox, 2-way ANOVA with Tukey
post-hoc test; °p < 0.05 compared to GFP-NLS-hRAC1(Q61L) treated with Dox, 2-way ANOVA
with Tukey post-hoc test). The data underlying the graph are shown in Table 7.28 of the appendix.
Abbreviations: TR Con: cells treated with TransIT-X2, TR: cells treated with TransIT-X2 only or
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treated with Lipofectamine RNAIMAX and TransIT-X2, Q61L: constitutively active RAC1, NLS-
Q61L: constitutively active RAC1 with additional NLS.

3.2.5.5 Influence of human GFP-RAC1(WT) and human GFP-RAC1(Q61L) with and

without additional NLS on doxorubicin-induced pATM foci formation

Forced nuclear accumulation as well as cytoplasmic hRAC1 expression affected ATM-
activated proteins (Figure 3.18, Figure 3.19). To investigate the hRAC1 involvement in

activation of ATM in the Dox-induced DDR, pATM foci formation was evaluated.

Control experiments were performed beforehand and are shown in the appendix. There
was no significant change in basal pATM foci number upon the used methods (Appendix,
Figure 7.23).

Treatment with 1 uM Dox induced pATM foci in all transfected and non-transfected cells.
Transfection with GFP-hRAC1 expression vectors with and without additional NLS did
not alter the amount of Dox-induced pATM foci as opposed to cells treated with TransIT-
X2 and Dox (TR) (Figure 3.28). Cells with silenced mRac1 showed a significant increase

in pATM foci counts after doxorubicin contrary to non-transfected cells.
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Figure 3.28: Influence of human GFP-RAC1 expression and mRac71 gene silencing on
doxorubicin-induced pATM foci formation.

Cells were transiently transfected with GFP-hRAC1(WT), GFP-NLS-hRAC1(WT), GFP-
hRAC1(Q61L) or GFP-NLS-hRAC1(Q61L) expression vector or mRac1 siRNA. Transfection
control cells (TR Con, TR) were treated with TransIT-X2. 24 h after transfection with GFP-hRAC1
expression vectors or 48 h after transfection with mRac1 siRNA cells were treated with Dox [1 uM,
1 h]. A After the end of the Dox treatment, cells were fixed and staining of pATM foci was carried
out as described in methods. Representative microscopical fluorescence pictures are shown;
blue: DAPI-stained nuclei, green: GFP signal, red: pATM. Scale bar: 10 um. B Quantification of
pATM foci formation. Foci of each nucleus were counted (mean+SD; n=1- 18 with 50 nuclei
counted per experiment; *p < 0.05 compared to Dox treated cells (TR), one-way ANOVA with
Dunnett post-hoc test). The data underlying the graph are shown in Table 7.29 of the appendix.
Abbreviations: TR Con, TR: cells treated with TransIT-X2, WT: wild-type RAC1, NLS-WT: wild-
type RAC1 with additional NLS, Q61L: constitutively active RAC1, NLS-Q61L: constitutively active
RAC1 with additional NLS, mRac1 siRNA: siRNA against murine Rac1.

In conclusion, mainly cytoplasmic as well as forced nuclear expression of wild-
type/constitutively active hRAC1 had no effect on pATM foci formation. Nevertheless,
RAC1 might influence Dox-induced origination of the aforementioned foci since mRac1
silencing induced appearance of pATM foci. It would have been expected that cells
transfected with GFP-hRAC1(T17N) expression vector with and without additional NLS
(Figure 3.16) show a similar phenotype as cells transfected with mRac7 siRNA in Dox-
induced pATM foci formation. Since this is not the case, the role of RAC1 in Dox-induced

pATM foci formation needs to be further investigated in future experiments.
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3.3 Influence of a forced RAC1 translocation to the nucleus on the ionizing

radiation-induced foci formation

The data so far show a role of RAC1 in the doxorubicin-induced DDR. Previous work
already presented a connection between RAC1 and Top Il poisons (Henninger et al.
2012; Huelsenbeck et al. 2012; Wartlick et al. 2013). To answer the question whether
the observed effects are specific for Top Il poisons like doxorubicin or if they are similar
for different types of DSB-inducing agents, IR was used since it induces DSB

independent of Top Il.

Performed control experiments are shown in the appendix. Even though IR-induced
53BP1 foci were significantly decreased in GFP expression vector transfected cells
compared to non-transfected cells it had no influence on foci formation upon IR treatment
since this decrease was not observed in all cells expressing GFP-hRAC1 mutants
(Appendix, Figure 7.24).

For DSB-induction doses of 1 Gy and 3 Gy were used. Irradiation with 1 Gy induced an
average formation of ~17 yH2AX and ~13 53BP1 foci per cell in TR control cells (TR).
Expression of mainly cytoplasmic human GFP-RAC1(WT) as well as predominantly
nuclear expression of wild-type hRAC1 had no influence on IR-induced yH2AX and
53BP1 foci formation (Figure 3.29).

Irradiation with 3 Gy induced an average formation of ~25 yH2AX and 20 53BP1 foci per
cell in TR control cells (TR). A similar number of foci was visible in irradiated cells
transfected with GFP-hRAC1(WT) expression vector contrary to the TR control cells (TR)
(Figure 3.29). The number of colocalized yH2AX and 53BP1 foci was significantly
decreased in GFP-hRAC1(WT) expressing cells. However, upon irradiation with 3 Gy
yH2AX and 53BP1 foci formation as well as colocalization of these foci was significantly
reduced in GFP-NLS-hRAC1(WT) expressing cells (Figure 3.29).
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Figure 3.29: Influence of GFP-hRAC1(WT) with or without additional NLS on IR-induced
YH2AX and 53BP1 foci formation.

Cells were transiently transfected with GFP-hRAC1(WT) or GFP-NLS-hRAC1(WT) expression
vector. Transfection control cells (TR Con, TR) were treated with TransIT-X2. 24 h after
transfection cells were irradiated [1 Gy, 3 Gy]. A 1 h after treatment with IR, cells were fixed and
staining of yH2AX and 53BP1 foci was carried out as described in methods. Representative
microscopical fluorescence pictures are shown; blue: DAPI-stained nuclei, green: GFP signal,
red: yH2AX (Ser139), yellow: 53BP1. Scale bar: 10 ym. B Quantification of yH2AX and 53BP1
foci formation, as well as colocalization of these foci. Foci of each nucleus were counted
(mean+SD; n=3 - 18 with 50 nuclei counted per experiment; **p < 0.01 compared to TR [3 Gy];
one-way ANOVA with Dunnett post-hoc test). The data underlying the graph are shown in Table
7.30 of the appendix. Abbreviations: TR Con, TR: cells treated with TransIT-X2, WT: wild-type
RAC1, NLS-WT: wild-type RAC1 with additional NLS.
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Expression of GFP-hRAC1(Q61L) or GFP-NLS-hRAC1(Q61L) had no influence on foci

formation following irradiation with 1 Gy as well as 3 Gy (Figure 3.30).
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Figure 3.30: Influence of GFP-hRAC1(Q61L) with or without additional NLS on IR-induced
YH2AX and 53BP1 foci formation.

Cells were ftransiently transfected with GFP-hRAC1(Q61L) or GFP-NLS-hRAC1(Q61L)
expression vector. Transfection control cells (TR Con, TR) were treated with TransIT-X2. 24 h
after transfection cells were irradiated [1 Gy, 3 Gy]. A 1 h after treatment with IR, cells were fixed
and staining of yH2AX and 53BP1 foci was carried out as described in methods. Representative
microscopical fluorescence pictures are shown; blue: DAPI-stained nuclei, green: GFP signal,
red: yH2AX (Ser139), yellow: 53BP1. Scale bar: 10 ym. B Quantification of yH2AX and 53BP1
foci formation, as well as colocalization of these foci. Foci of each nucleus were counted
(mean+SD; n=3 - 18 with 50 nuclei counted per experiment). The data underlying the graph are
shown in Table 7.31 of the appendix. Abbreviations: TR Con, TR: cells treated with TransIT-X2,
Q61L: constitutively active RAC1, NLS-Q61L: constitutively active RAC1 with additional NLS.
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Expression of GFP-hRAC1(T17N) had no influence on 1 Gy-induced yH2AX and 53BP1
foci formation (Figure 3.31). The only significant reduction of yH2AX foci (about 35 %
less foci) compared to TR control cells (TR) was seen upon irradiation with 1 Gy of GFP-
NLS-hRAC1(T17N) expressing cells (Figure 3.31). Expression of dominant-negative
hRAC1 (with and without additional NLS) had no influence on foci formation following
irradiation with 3 Gy (Figure 3.31)
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Figure 3.31: Influence of GFP-hRAC1(T17N) with or without additional NLS on IR-induced
YH2AX and 53BP1 foci formation.

Cells were ftransiently transfected with GFP-hRAC1(T17N) or GFP-NLS-hRAC1(T17N)
expression vector. Transfection control cells (TR Con, TR) were treated with TransIT-X2. 24 h
after transfection cells were irradiated [1 Gy, 3 Gy]. A 1 h after treatment with IR, cells were fixed
and staining of yH2AX and 53BP1 foci was carried out as described in methods. Representative
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microscopical fluorescence pictures are shown; blue: DAPI-stained nuclei, green: GFP signal,
red: yH2AX (Ser139), yellow: 53BP1. Scale bar: 10 ym. B Quantification of yH2AX and 53BP1
foci formation, as well as colocalization of these foci. Foci of each nucleus were counted
(mean+SD; n=3 - 18 with 50 nuclei counted per experiment; *p < 0.05 compared to TR [1 Gy];
one-way ANOVA with Dunnett post-hoc test). The data underlying the graph are shown in Table
7.32 of the appendix. Abbreviations: TR Con, TR: cells treated with TransIT-X2, T17N: dominant-
negative RAC1, NLS-T17N: dominant-negative RAC1 with additional NLS.

It can be stated that the detected effects of both mainly cytoplasmic and forced nuclear
hRAC1 on the DDR seem to be rather doxorubicin-specific, although a dose-dependent
effect on the IR-induced DDR was seen in GFP-hRAC1(WT) as well as GFP-NLS-
hRAC1(WT) expressing cells.

In summary, targeted nuclear expression of dominant-negative hRAC1 as well as
constitutively active hRAC1 disclosed similar effects, namely a reduced number of Dox-
induced yH2AX and 53BP1 foci. Only cells expressing constitutively active hRAC1
showed a difference between mainly cytosolic and forced nuclear hRAC1 expression in
regard to Dox-induced foci formation. This implicates that active (GTP-bound) nuclear
RAC1 is essential for a pronounced doxorubicin-induced DDR. Furthermore, RAC1
seems to have downstream DDR functions beyond the involvement in DSB formation.
The signal of phosphorylated protein (pP53, pKAP1, yH2AX) was depending on the time-
point of analysis and/or the presence or absence of an additional NLS in the fusion
proteins. Apparently RAC1 not only influences the formation of DSB following Dox
treatment but also the DDR signaling after the DSB are formed. Since cells expressing
hRAC1 mutants exhibited no influence on the Dox-induced pATM Ser1981 foci
formation, RAC1 seems to act downstream of ATM in the DDR. The following
experiments were made to generate a stable mRac1 knockout cell line and to completely

eliminate the endogenous mRAC1 for further elucidation of the role of RAC1 in the DDR.
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3.4 Generation of mRac1 knockout cells

3.4.1 Lentiviral transduction with Puro.Cre vector to induce mRac71 knockout in

mouse embryonic fibroblasts with mRac1 gene flanked by loxP sites

For reduction of endogenous mRAC1 different approaches were used so far. The
pharmacological inhibition of endogenous mRAC1 was achieved with EHT 1864. For
downregulation of endogenous mRac1, MEF were transfected with mRac1 siRNA. The
aim of the following experiments was to generate mRac1 knockout cells. Hereby, the
influence of endogenous murine RAC1 should be completely excluded in the
experiments, leading to a cleaner experimental setup. After successful knockout, the
cells could be re-transfected with the human GFP-RAC1 mutants with and without
additional NLS to analyze the role of the human RAC1 in the DDR.

The used MEF cells were derived from Rac1™™ Mx1-Cre-loxP mice which have been
described in previous work (Bopp et al. 2015). The mRac1 gene of the cells is partially
flanked by loxP sites. The Cre/loxP system is a site-specific recombinase technology
and Cre, as a site-specific DNA recombinase, catalyzes the recombination of DNA
between loxP sequences. In the used MEF the loxP sites are located between exon 3
and 4, as well as between exon 5 and 6 of the mRac1 gene (Figure 3.32). Cre
recombinase will therefore cut out exon 4 and 5 (1400 bp), which is leading to a
truncation and a frame shift mutation causing a non-functional Rac? gene product
(Walmsley et al. 2003). The used cells have an intrinsic Cre recombinase which is under
control of the Mx-1 promoter as described under 2.2.1.1 (Bopp et al. 2015). The Mx-1
promoter/the intrinsic Cre recombinase can be induced by treatment with Poly(l:C) or
interferon. Since the cells were not interferon responsive in vitro, the Cre remained in its
inactive state (data not shown). Due to the already existing loxP sites the decision was
made to use lentiviral transduction of and additional Cre recombinase as tool to induce

a genetic mRac1 knockout in MEF.

Gene of Rac1

1 Cre recombinase

Figure 3.32: Schematic representation of the mRac1 gene flanked by loxP sites.
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LoxP sites were inserted between exon 3 and 4, as well as between exon 5 and 6 (Walmsley et
al. 2003; Bopp et al. 2015). After addition of Cre recombinase (in the following experiments by
viral transduction) exon 4 and 5 should be cut out, leading to a frameshift mutation in the mRac1
gene.

A lentivirus containing the gene for Cre recombinase as well as a transgene cassette
with a resistance gene (puromycin) was used for the generation of mRac? knockout
MEF. The vector which delivered the genes for Cre recombinase and puromycin
resistance was a Puro.Cre empty vector. The lentivirus/viral supernatant for introducing
the mRac1 knockout was produced as described under 2.2.1.5. 24 h after viral
transduction a selection with puromycin was started to discriminate between transduced
and non-transduced cells and afterwards cells were analyzed for knockout efficiency
and/or cell cycle distribution. Calculation of knockout efficiency is described under
22272

As no published data were available of the used cell line regarding viral transduction,
different concentrations of the virus supernatant were used to define the optimal amount
of lentivirus. With the different concentrations (diluted and undiluted virus supernatant) a
low transduction efficiency should be avoided, which can occur due to insufficient amount
of lentivirus (Shalem et al. 2014). Another reason for testing different dilutions of the virus
supernatant is the possible sensitive reaction of the MEF cells to lentiviral treatment
which could result in low viability. Protamine phosphate (PP) was added during
transduction to some samples to check whether this improves the transduction efficiency.
PP is a positively charged polycation and reduces the repulsion forces between the virus
and the cell (Denning et al. 2013; Gouvarchin Ghaleh et al. 2020). 24 h after the
transduction puromycin was added for selection for puromycin resistant (Cre expressing
and potential mRac1 knockout) cells. The selection dose of puromycin was determined
beforehand. For this, MEF without puromycin resistance were treated with ascending
concentrations of puromycin and the dose which caused 100 % cell death [2 pg/ml]
within one week was used for further experiments. Incubation with puromycin [2 pg/ml]

was continued for 144 h.

As control for a possible cytotoxicity of the viral transduction itself, MEF without loxP sites
(Rac1"""') were transduced with different dilutions of Puro.Cre expression vector. The

viral supernatant used for transduction itself is not cytotoxic (Appendix, Figure 7.25).

Viral supernatant was applied undiluted and 1:2 diluted to MEF with loxP sites (Rac1™/%)
to define a suitable concentration to induce mRac1 knockout and to exclude non-specific

cytotoxicity. After puromycin-based selection and consecutive DNA-extraction a real-
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time qPCR was performed to evaluate the mRac1 knockout efficiency (Figure 3.33). The
highest achieved knockout efficiency was ~50 % in cells transduced with the undiluted
Puro.Cre vector and without protamine phosphate. Using 1:2 diluted Puro.Cre vector a
knockout efficiency of almost 40 % was achieved. The addition of protamine phosphate
did not significantly affect the knockout efficiency and was omitted in following

experiments.
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Figure 3.33: Real-time qPCR analysis of mRac1 knockout efficiency after lentiviral
transduction with Puro.Cre vector in mouse embryonic fibroblasts with mRac1 flanked by
loxP sites (Rac1™/x),

Cells were transduced with two concentrations of Puro.Cre vector (undiluted, 1:2 diluted) with and
without protamine phosphate. Control cells (Rac1™™) were left non-transduced. 24 h later
puromycin selection was started. 144 h post transduction cells were analyzed by real-time qPCR.
Mean values and standard deviation are shown (mean+SD; n=5-7; **p <0.01, **p < 0.001;
compared to Con; one-way ANOVA with Dunnett post-hoc test; #p < 0.01, ##p < 0.001 compared
to Con, 2-way ANOVA with Dunnett post-hoc test). Abbreviations: Con: non-transduced control
cells (Rac1™™), PP: protamine phosphate. The data underlying the graph are shown in Table
7.33 of the appendix.

Furthermore, the cell cycle distribution and apoptotic fraction of cells (Rac1™™)
transduced with undiluted Puro.Cre vector was analyzed by flow cytometry. For this
purpose, cells were lysed, and the nuclei were stained with the DNA-intercalating agent
propidium iodide. A typical cell cycle profile of untreated cells reveals a GO/G1 peak (2n)
and a G2 peak (4n), whereby G2 peak shows double the fluorescence intensity of the
GO0/G1 peak. The fluorescence intensity of cells in S phase is somewhere between the
intensities of GO/G1 peak and G2 peak. The so-called SubG1 fraction represents cells
with sub-diploid DNA content and thus are considered as apoptotic cells (Darzynkiewicz
et al. 1997).

Control samples (non-transduced MEF (Rac1™™)) and Puro.Cre transduced samples
were harvested 144 h after transduction. The potential mRac? knockout in puromycin
resistant cells resulted in a drastic increase in SubG1 fraction, which represents the

apoptotic cell population (Figure 3.34). Unfortunately, puromycin resistant cells exhibited
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over 90 % cells in the apoptotic fraction. The question which arose was what is
responsible for the cell death of transduced cells, since the viral supernatant itself was
not cytotoxic. Two possibilities are conceivable (i) the used concentration of puromycin
killed the cells, (ii) caspases might get activated upon transduction. Since the MEF
without loxP sites (Rac7*"™!) did not show an increased cell death upon transduction
(Appendix, Figure 7.25), the possible activation of caspases is probably associated with
mRac1 knockout. The aim was at least 75 % mRac1 knockout efficiency. Due to the fact,
that RAC1 is involved in the adherence of cells and previously published work described
a round cell type after treatment with statins (pan Rho GTPases inhibitor) (Koch et al.
1997), cells with mRac1 knockout might not be as firmly attached to the surface of the
cell culture dishes as cells without mRac? knockout. In consequence, mRac1 knockout
cells could be lost by washing steps during the selection procedure leading to a negative

impact on the mRac? knockout efficiency.
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Figure 3.34: Flow cytometric analysis of cell cycle distribution and apoptosis after lentiviral
transduction with Puro.Cre vector in mouse embryonic fibroblasts with mRac1 flanked by
loxP sites (Rac1™/x),

Cells were transduced with undiluted Puro.Cre vector and analyzed 144 h after puromycin
selection. Control cells (Rac1™™) were left non-transduced. Cells were lysed and the nuclei were
stained with the DNA-intercalating agent propidium iodide. The cell cycle distribution was
determined using a flow cytometer. Shown is the evaluation of the different fractions. Shown are
representative cell cycle distributions (A) and the evaluation of the different fractions (B) (n=1).
Abbreviations: Con: non-transduced control cells (Rac1™™), potential KO: cells transduced with
Puro.Cre and selected with puromycin. The data underlying the graph are shown in Table 7.34 of
the appendix. Abbreviations: SubG1: apoptotic cell fraction, GO/G1: fraction of cells in state of
quiescence/growth phase, G2/M: fraction of cells in growth phase (preparation for
mitosis)/mitosis.

To check whether a fraction of mRac1 knockout cells were accidently excluded from
evaluation, cells were washed with PBS after the selection procedure and detached cells
were collected as “supernatant” for analysis. After indicated time-points a real-time gPCR
was performed to evaluate the mRac? knockout efficiency (Figure 3.35). mRac1
knockout efficiency increased over time in “supernatant” cells. This experiment
confirmed that cells with mRac? knockout were not as properly attached to the surface

of the cell culture dishes as cells without mRac7 knockout and that there was a risk of
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losing them. In consequence, these cells of interest might be washed away easily while

changing the medium during the time until the cells were collected for analysis.
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Figure 3.35: Real-time qPCR analysis of the mRac71 knockout efficiency after lentiviral
transduction with Puro.Cre vector in not properly attached mouse embryonic fibroblasts
( Rac1 flx/flx) .

Cells were transduced with undiluted Puro.Cre vector. 24 h later puromycin selection was started.
24 h - 144 h after transduction cells were washed with PBS and collected for real-time qPCR.
Control cells (Rac1™) were non-transduced. Mean values and standard deviation are shown
(mean+SD; n=1 - 4). The data underlying the graph are shown in Table 7.35 of the appendix.

Regarding the previously asked questions whether the puromycin selection could be
responsible for the detected cell death, MEF (Rac1™™) were transduced with an
expression vector containing only puromycin resistance in the transgene cassette (Puro
vector). Transduced cells without puromycin treatment showed about 15 % cells in the
SubG1 fraction, this fraction was not significantly after treatment with puromycin (Figure
3.36). This increase might be due to the fact that not 100 % of the cells are transduced.
Nevertheless, this experiment demonstrated that neither viral transduction nor
puromycin selection is the reason for the increased cell death in MEF (Rac?1™™)

transduced with Puro.Cre expression vector.
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Figure 3.36: Impact of the transduction itself and/or puromycin treatment on cell death in
MEF (Rac1™/x) transduced with Puro vector (puromycin resistance only).

MEF (Rac1™) were transduced with Puro vector and harvested 96 h later. Meanwhile puromycin
selection was performed [2 pug/ml]. Cells were lysed and the nuclei were stained with the DNA-
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intercalating agent propidium iodide. The cell cycle distribution was determined using a flow
cytometer. Shown is the evaluation of the different fractions. Mean values and standard deviation
are shown (mean+SD; n=3). The data underlying the graph are shown in Table 7.36 of the
appendix. Abbreviations: SubG1: apoptotic cell fraction, GO/G1: fraction of cells in state of
quiescence/growth phase, G2/M: fraction of cells in growth phase (preparation for
mitosis)/mitosis.

Caspase activation plays a major role in apoptosis. Caspases are normally inactive and
must be activated so a cell can undergo apoptosis. They are divided into pro-
inflammatory caspases (caspase 1, 4, 5, 11, 12) and pro-apoptotic caspases (caspase
2,3,6,7,8,9, 10). The pro-apoptotic caspases can be further divided into initiator
caspases (caspase 2, 8, 9, 10) and effector caspases (caspase 3, 6, 7). Initiator
caspases are linked to the initiation of apoptosis whereas effector caspases cleave
cellular substrates which are needed for the survival of the cell. External and internal
stimuli can trigger the activation of initiator caspases which in turn activate their
substrates, the effector caspases. Afterwards cleavage of survival proteins as well as
DNA is performed by effector caspases resulting in apoptotic cell death (Li et al. 2008;
Keoni et al. 2015). To prevent mRac1 knockout cells from undergoing apoptosis, the pan
caspase inhibitor Q-VD-OPh hydrate (QVD) was used. QVD binds irreversibly to the
catalytic site of caspase proteases and inhibits apoptosis, inhibited caspases are 1, 3,7,
8,9, 10, and 12.

To prevent the detachment of the transduced cells, MEF (Rac1™™) were plated on
dishes with or without collagen-coated surface. 24 h after lentiviral transduction with
Puro.Cre expression vector, cells were permanently treated with 10 yM QVD and
puromycin. 24 h - 120 h post-transduction cells were analyzed by flow cytometry and
real-time gPCR. QVD prevented apoptosis at early time-points (24 h and 48 h), SubG1
fraction was reduced by about 70 % (Figure 3.37). In later time-points (72 h, 96 h, and
120 h) there was no difference between cells treated with or without QVD. In both cases
50 % of the cells were in SubG1 fraction 72 h and 96 h after lentiviral transduction, 120 h

post transduction showed 70 % apoptotic cells.
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Figure 3.37: Flow cytometric analysis of cell cycle distribution after lentiviral transduction
with Puro.Cre vector and treatment with pan caspase inhibitor QVD.

MEF (Rac1™*) were plated on collagen-coated dishes, transduced with Puro.Cre vector and 24 h
later permanently treated with QVD and puromycin. Cells were harvested after indicated time-
points. Cells were lysed and the nuclei were stained with the DNA-intercalating agent propidium
iodide. The cell cycle distribution was determined using a flow cytometer. Control cells (Rac1™/)
were non-transduced. Shown is the evaluation of the different fractions (n=1). The data underlying
the graph are shown in Table 7.37 of the appendix. Abbreviations: QVD: Q-VD-OPh hydrate (pan
caspase inhibitor). Abbreviations: SubG1: apoptotic cell fraction, GO/G1: fraction of cells in state
of quiescence/growth phase, G2/M: fraction of cells in growth phase (preparation for
mitosis)/mitosis.

A real-time gqPCR was performed to evaluate mRac? knockout efficiency under
permanent treatment with QVD (Figure 3.38). Cells without pan caspase inhibitor
reached a maximal mRac? knockout of 70 % after 72 h, afterwards the amount of
puromycin-selected cells with mRac1 knockout decreased. mRac1 knockout efficiency
peaked highest with 25 % 48 h post transduction in pan caspase inhibitor treated cells,
all other time-points demonstrated 8 % - 15 %. In total, QVD prevented apoptosis at early

time-points, but unfortunately also reduced the mRac? knockout efficiency.
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Figure 3.38: Real-time gPCR analysis of mRac1 knockout after lentiviral transduction with
Puro.Cre vector and permanent treatment with a pan caspase inhibitor.

MEF (Rac1™) were transduced with undiluted Puro.Cre vector. 24 h later puromycin selection
and QVD treatment were started. 24 h - 120 h after transduction cells were harvested for real-
time gPCR. Control cells (Rac1™) were non-transduced. Mean values are shown (mean; n=1in
duplicates). The data underlying the graph are shown in Table 7.38 of the appendix.
Abbreviations: QVD: Q-VD-OPh hydrate (pan caspase inhibitor).

In conclusion, a mRac1 knockout in MEF (Rac1™™) is possible, but it seems to be lethal
for the cells and could not be prevented by addition of a pan caspase inhibitor (Figure
3.37). Previous work of groups investigating RAC1 already discovered mRac1 knockout
to be embryonic lethal (Sugihara et al. 1998; Tan et al. 2008). The lentiviral transduction
itself was non-toxic, because control cells without loxP sites (Rac7"""!) survived
(Appendix, Figure 7.25). Also the puromycin concentration is non-toxic for cells
tranfected with a gene for puromycin resistance, which was evaluated through lentiviral

transduction of puromycin resistance only (Figure 3.36).

Another possibility for the observed cell death might be the Cre activity. According to
literature the permanent presence of active Cre recombinase could lead to cell death
(Loonstra et al. 2001; Pfeifer et al. 2001; Naiche et al. 2007). To test this hypothesis, two
other methods were used to generate mRac1 knockout cells. In one method, the Cre
recombinase will be active, but not permanently present and in the other method the Cre

recombinase will be permanently present but needs to be activated.

3.4.2 Transfection with Cre Recombinase Gesicles to induce mRac1 knockout in

mouse embryonic fibroblasts (Rac7™x)

To test the hypothesis that the mRac?1 knockout cells underwent apoptosis due to a
permanent present and active Cre recombinase, Rac1™™ cells were transfected with
Cre Recombinase Gesicles which are cell-derived nanovesicles. They deliver active Cre
recombinase, which will be eliminated after time and will not be permanently active or

even present in the cells. Transfection was performed according to the manufacturer’s
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instructions and described under 2.2.1.8. Two different volumes of Cre Recombinase
Gesicles were used and cells were harvested for analysis 48 h after transfection. This
early time point was chosen according to the manufacturer’s instructions. Experiments
with lentiviral transduction revealed, that cells with mRac1 knockout can be loosely
attached. Not properly attached cells were collected as “supernatant” for analysis. 10 pl
of Cre recombinase Gesicles induced 6 % mRac? knockout in attached cells, whereas
the loosely attached cells showed 13 % mRac1 knockout (Figure 3.39). After transfection
with 25 ul Cre Recombinase Gesicles, the attached cells showed 20 % mRac1 knockout,
whereas the loosely attached cells showed only 3 % mRac1 knockout. This knockout
efficiency was not sufficient for further experiments and a system with not permanently

active Cre Recombinase was tested to induce mRac1 knockout.
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Figure 3.39: Real-time qPCR analysis of mRac1 knockout after transfection with Cre
Recombinase Gesicles in mouse embryonic fibroblasts (Rac1™/x),

MEF (Rac1™) were transfected with Cre recombinase Gesicles (10 pl and 25 pl). 48 h after
transfection cells were analyzed by real-time qPCR. Control cells (Rac1™™) were left non-
transfected. Mean values are shown (mean; n=1). The data underlying the graph are shown in
Table 7.39 of the appendix.

3.4.3 Retroviral transduction with Cre.ER to establish a tamoxifen-inducible

mRac1 knockout in mouse embryonic fibroblasts (Rac1™/x)

Another option to generate mRac1 knockout cells without permanent present and active
Cre recombinase, was the creation of a tamoxifen-inducable knockout system. To this
end, cells were transduced with a retrovirus. The used vector was pRetroQ-Cre-ERT2
(Cre.ERT2). This vector contains the DNA sequence for a mutated estrogen receptor,
which is fused to Cre recombinase (Cre.ER). In the absence of tamoxifen (Tam), the Cre
recombinase stays in an inactive state. Activation is possible only by the addition of the
active tamoxifen metabolite 4-hydroxytamoxifen (4-OHT). After activation Cre.ER

translocates into the nucleus (Feil et al. 1997; Kim et al. 2018) (Figure 3.40). The vector
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also contains a transgene cassette with a gene for puromycin resistance. Virus

production was performed as described under 2.2.1.6.

retroviral transduction of Cre.ERT
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Figure 3.40: Schematic representation of the mRac1 with loxP sites and activation of Cre
recombinase by tamoxifen.

LoxP sites are located between exon 3 and 4, as well as between exon 5 and 6. Cre is fused to
a mutated estrogen receptor (Cre.ER). It is inactive until tamoxifen binds to the receptor. After
activation Cre.ER translocates into the nucleus. The cut out of exon 4 and 5 is leading to a
frameshift mutation in the mRac1 gene.
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As starting point, MEF (Rac1™) were transduced with Cre.ERT2 expression vector and
24 h later puromycin selection was started to create stable Cre.ER expressing cells.
Puromycin selection was performed until colonies of puromycin-resistant cell clones
formed. The tested clones were approved positive for stable Cre.ER expression by
Endpoint PCR (Figure 3.41). Clone no. 1 (Cre.ER #1) and clone no. 4 (Cre.ER #4) were

used for further experiments.

NC PC #1 #2 i

Figure 3.41: Endpoint RT-PCR of Cre.ER to select clones with stable Cre.ER expression.
An endpoint RT-PCR for Cre.ER expression was performed to test for stable Cre.ER expression
of the three clones. All the clones were tested positive. Abbreviations: NC: negative control (non-
transduced MEF (Rac1™™)), PC: positive control (Cre.ERT2 vector), #1: clone no. 1, #2: clone
no. 2, #4: clone no.4.

The clones were tretated with 1 yM 4-OHT for 5 min, 45 min, 90 min, 3 h, 6 h, 24 h, and
48 h. Cells treated for 24 h and 48 h were harvested after treatment, the other samples

were post-incubated for 24 h before they were harvested. mRac1 expression was
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analyzed by real-time RT-qPCR. Due to active Cre exon 4 and 5 should be cut out,
leading to a decrease in mRac1 wild-type expression. In Cre.ER #1 mRac1 wild-type
expression was deacreasing in samples treated for 5 min, 45 min, and 90 min with 4-
OHT, then peaked in cells treated for 3 h with 4-OHT, followed by an decrease. In cells
treated for 48 h the expression increased again (Figure 3.42). In Cre.ER #4 cells, the
expression of mRac1 wild-type was decreasing under all conditions with one exception.
It was increased in cells treated for 48 h. The expression of mRac1 wild-type was never
below 0.5 (50 %) in both clones. Because of the insufficient decrease in mRac1 wild-
type expression, different concentrations of 4-OHT were tested and also a test with
multiple 4-OHT treatments (1 yM) was performed. Already a 5 min and a 45 min
treatment with 4-OHT followed by 24 h post-incubation was adequate for a decrease of
mRac1 wild-type by 50 %, therefore these time-points were used to evaluate the different

concentrations of 4-OHT.

OCre.ER#1
20 BCre.ER #4
[}
Sc
=5 151
2%
58
-~ O
g0
X
¥
T £ 051
h ﬂ
0
Tam[1uM] - + + + + + + + + + + + + + o+
£ £ £ £ £ £ o £ £ £ £ £ c <
E E Em o T © E EE ™ ©o ¢
n wn o N w v o o
<~ & <+ &

Figure 3.42: Influence of tamoxifen (4-OHT) treatment on expression of mRac1 in stable
Cre.ER expressing cells.

Cells were treated with 1 yM tamoxifen (4-OHT) for 5 min, 45 min, 90 min, 3 h, 6 h, 24 h, or 48 h.
Cells treated for 24 h and 48 h were harvested after treatment, the other samples were post-
incubated for 24 h before they were harvested. The mRNA expression of mRac7-wild-type was
examined using quantitative real-time PCR. The relative mRNA expression of untreated, non-
transduced cells was set to 1. Mean values and standard error of the mean are shown
(mean+SEM; n=1 in duplicates). The data underlying the graph are shown in Table 7.40 of the
appendix. Abbreviations: Tam: Tamoxifen (4-OHT).

In the aforementioned experiment with 4-OHT (Figure 3.42) a decrease of mRac1 wild-
type mRNA expression was seen after treatment with 1 yM 4-OHT for 5 min and 45 min
and 24 h post-incubation in Cre.ER #1 cells. Here, no change in expression was seen
under these conditions (Figure 3.43 A). 5 min treatment with 10 uM 4-OHT (+ 24 h post-
incubation) reduced the expression by 70 %, whereas treatment for 45 min (+ 24 h post-
incubation) resulted in a 7-fold rise compared to the control (Figure 3.43 A). 100 M 4-

OHT caused an 8-fold increase after 5 min (+ 24 h post-incubation) and even a 25-fold
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increase after 45 min (+ 24 h post-incubation) (Figure 3.43 A). Cre.ER #4 cells did not
show the lowering effect of mRac1 wild-type expression after treatment with 1 yM 4-OHT
(Figure 3.43 B). 5 min treatment and 24 h post-incubation with 10 yM did not change the
expression, whereas 45 min treatment (+ 24 h post-incubation) resulted in an expression
which was reduced by 60 % (Figure 3.43 B). Treatment with 100 uM 4-OHT for 45 min
and 24 h post-incubation decreased the expression about 50 %, however 5 min
treatment (+ 24 h post-incubation) did not change the expression compared to the control
(Figure 3.43 B). In conclusion, the two clones showed no similar result regarding the time
of treatment or the concentration of 4-OHT to achieve a mRac1 knockout in stable
Cre.ER expressing MEF (Rac1™/™),

For the multiple treatment, cells were treated with 1 yM 4-OHT on two consecutive days
or they were treated three times per week (Monday, Wednesday, Friday) for two weeks.
Again, the results of Cre.ER#1 and Cre.ER #4 were not similar (Figure 3.43 C).
Cre.ER #1 showed an increase of 50 % compared to the control after treatment on two
consecutive days, whereas Cre.ER #4 showed a decrease of 50 %. The treatment for
two weeks resulted in a reduced expression (85 % less) in Cre.ER #1 but did not change
the expression in Cre.ER #4. No conditions regarding the concentration of 4-OHT or the

duration of treatment could be validated as suitable or not for mRac7 KO induction.
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Figure 3.43: Influence of tamoxifen (4-OHT) treatment on expression of mRac1 in stable
Cre.ER expressing MEF (Rac1™¥/x),

Cells were treated with 1 uM, 10 uM, or 100 yM Tam (4-OHT) for 5 min, or 45 min and post-
incubated for 24 h (A, B) or cells were treated with 1 yM Tam (4-OHT) on two consecutive days
or three times (Monday, Wednesday, Friday) per week for two weeks (C). The mRNA expression
of mRac1-wild-type was examined using real-time RT-gPCR. The relative mRNA expression of
untreated, non-transduced cells was set to 1. A Mean values and standard deviation are shown
(mean+SD; n=2 in duplicates) for Cre.ER #1. Abbreviations: Tam: Tamoxifen (4-OHT). The data
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underlying the graph are shown in Table 7.41 of the appendix. B Mean values and standard
deviation are shown (mean+SD; n=2 in duplicates) for Cre.ER #4. Abbreviations: Tam: Tamoxifen
(4-OHT). The data underlying the graph are shown in Table 7.41 of the appendix. C Mean values
and standard deviation are shown (mean+SD; n=2 in duplicates). Abbreviations: Tam: Tamoxifen
(4-OHT), 0 x: no treatment with Tam, 2 x: treatment on two consecutive days, 2 x 3 x: treatment
three times per week for two weeks. The data underlying the graph are shown in Table 7.42 of
the appendix.

The results of all attempts to generate mRac7 knockout cells can be summarized as
follows, the observed cell death seems to be linked to mRac1 knockout since the MEF
without loxP sites (Rac7*“*!) did not show an increased cell death upon transduction.
The hypothesis that the Cre activity might lead to cell death as proposed in literature was
not evaluated regarding the cell death, sind the used systems (i) with an active, but not
permanently present Cre recombinase and (ii) with a permanently present Cre
recombinase that needs to be activated did not induce a mRac? knockout that was

sufficient for further experiments.
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4 Discussion

The small Rho GTPase RAC1 was shown to play a role in the doxorubicin-induced DNA
damage response (DDR). Previous work showed a protection against doxorubicin (Dox)
and etoposide-induced DSB formation as well as cell death by pharmacological inhibition
of RAC1 (Damrot et al. 2006; Huelsenbeck et al. 2011; Huelsenbeck et al. 2012; Wartlick
et al. 2013). Other studies demonstrated a reduced DNA repair, cell proliferation, as well
as cell survival after exposure to UV light or y-irradiation in RAC1 deficient cells or cells
treated with a RAC1 inhibitor (Yan et al. 2014; Espinha et al. 2015). Also a protective
role of RAC1 in UV-light-induced skin carcinogenesis and keratinocyte apoptosis was
shown (Deshmukh et al. 2017). Recent studies indicated that RAC1 plays a role in DNA
repair, cell survival as well as cell death via regulation of mechanism of the DDR (Fritz
et al. 2006, 2013; Fritz et al. 2015). While it was initially assumed that these effects are
based on interference with RAC1 downstream signaling mechanisms originating from
the cell membrane, recently published data challenged that view. In the last few years
more and more studies were published where RAC1 as well as certain RAC1-GEF were
identified inside the nucleus, at the nuclear envelope, or nuclear membrane (Lanning et
al. 2003; Michaelson et al. 2008; Sandrock et al. 2010; Hajas et al. 2013; Tong et al.
2013; Chircop 2014; Woroniuk et al. 2018; Liu et al. 2019). These studies suggest that
a more direct interplay between RAC1-regulated nuclear functions and nuclear proteins
involved in the DDR is possible. Studies focusing on nucleocytoplasmic shuttling of
RAC1 revealed a direct interaction of RAC1 with Karyopherin alpha2 which mediates the
import of RAC1 into the nucleus (Sandrock et al. 2010). Recent data suggest an
involvement of RAC1 in the regulation of nuclear functions like apoptosis, cell cycle
arrest, mitosis (Bar-Sagi et al. 2000; Michaelson et al. 2008; Yoshida et al. 2010), and
the modulation of actin polymerization in the nucleus. Nucleophosmin, a
nucleocytoplasmic shuttling protein, was identified to promote RAC1 nuclear export
(Disanza et al. 2015; Navarro-Lerida et al. 2015). Furthermore, accumulation of nuclear
RAC1 was shown to control the nuclear membrane shape and adjusts cytoplasmic RAC1
as well as RHOA activity (Oh et al. 2014).

So far, it was hypothesized that the influence of RAC1-derived modulation of the
doxorubicin-induced DDR are based on a modulation of RAC1 downstream signaling
from the cell membrane to the nucleus, indicating a rather indirect role of RAC1 in the
DDR. Like stated above, RAC1 as well as guanine nucleotide exchange factors were
found inside the nucleus (Michaelson et al. 2008; Sandrock et al. 2010; Woroniuk et al.

2018), but nuclear-specific functions of Rho GTPases are sparsely characterized so far.
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In this context it is still unknown whether cytosolic RAC1 modulates the Dox-induced
DDR or if a nuclear fraction of RAC1 is involved. For the analysis of nuclear and
cytoplasmic RAC1 and its role in the Dox-induced DDR, RAC1 was silenced in MEF
either pharmacologically with EHT 1864 or by using siRNA against mRac1. Additionally,
MEF were transiently transfected with hRAC7 mutants (wild-type, constitutively active,
dominant-negative) with or without additional nuclear localization sequence (NLS).
Afterwards, the Dox-induced DDR was analyzed by evaluation of fluorescent nuclear
yH2AX and 53BP1 foci formation, as well as by detection of activated proteins of the
DDR by western blot to elucidate the role of cytoplasmic as well as nuclear RAC1 in the
DDR. As already mentioned, the RAC1 protein already harbours a weak C-terminal NLS
that can be masked by prenylation (Williams 2003; Lanning et al. 2004; Michaelson et
al. 2008; Abdrabou et al. 2018). The intrinsic murine RAC1 as well as the expressed
human RAC1 variants are thought to be mainly localized in the cell’'s cytoplasm. To
increase the nuclear localization of hRAC1 a stronger NLS (from SV40 Large T-antigen)
(Kalderon et al. 1984) was added N-terminal to the plasmids. The hypothesis was that
expression of dominant-negative RAC1 (GFP-hRAC1(T17N)) should dampen the DDR
similar to a pharmacological inhibition of RAC1 or knockdown of Rac1, while wild-type
hRAC1 (GFP-hRAC1(WT)) or constitutively active hRAC1 (GFP-hRAC1(Q61L)) has the
opposite effect on the DDR. The aim of the present work was to identify whether cytosolic
and/or nuclear RAC1 modulates the doxorubicin-induced DDR. Pharmacological RAC1
inhibition and mRac1 silencing were included in the examination of the doxorubicin-

induced DDR. Mouse embryonic fibroblasts (MEF) served as in vitro cell model.

4.1 Dose determinations of doxorubicin as well as of the RAC1 inhibitor
EHT 1864

For investigation of the influence of hRAC1 on the doxorubicin-induced DDR doses of
Dox had to be found, that induce a strong and well detectable DDR while still allowing a
modulation of the DDR, e.g., with the RAC1 inhibitor EHT 1864. MEF were pulse-treated
with 0.1 uM, 0.3 uM, 1 uM, or 3 uM Dox for 1 h because the dominant effect of DNA
damage induction by irreversible inhibition of Top Il mainly occurs at concentrations from
0.5 uM to 5 pM (Gewirtz 1999). Dox is a DSB inducer (Gewirtz 1999; Pommier et al.
2010). To this end yH2AX as surrogate marker for DSB (Olive 2004; Harper et al. 2007;
Kinner et al. 2008) as well as a subset of ATM downstream targets were evaluated for
finding the appropriate concentration of Dox which led to a strong DDR that could still be
further modulated. One major mediator of the DSB-induced DDR is the serine/threonine
kinase ATM. Substrates for this protein are amongst other proteins P53 and KAP1 (Banin
et al. 1998; White et al. 2012). The phosphorylation of KAP1, H2AX, and P53 was dose-
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and time-dependent intensified by doxorubicin treatment and also the number of nuclear
yH2AX foci were increasing with dose. The experiments confirmed 1 uM Dox as a strong
DDR inducing dose that still allowed a further modulation with EHT 1864. 1 yM Dox was
also used in other cell lines to investigate the influence of RAC1 on the Dox-induced
DDR (Maiso et al. 2009; Huelsenbeck et al. 2011; Chau et al. 2012; Huelsenbeck et al.
2012; Wartlick et al. 2013; Desantis et al. 2015). Moreover, cancer standard therapy with
Dox achieves a serum level of 1-2 uM Dox (Gewirtz 1999) meaning the in vitro

concentration of Dox used in this work is within the clinical relevant range.

Wartlick et al. treated the cells with 10 yM EHT 1864 for 1 h (Wartlick et al. 2013). In this
publication, treatment with 10 yM EHT 1864 decreased the Dox-stimulated increase in
YH2AX as well as Ser15 phosphorylated P53 and attenuated the phosphorylation of
stress kinases (pP38, pJNK). The data show that inhibition of RAC1 signaling protects
cells present in S- or G-phase from severe DNA damage following doxorubicin treatment
as shown by an increase in cell viability. In the present work MEF were pre-treated with
10 uM, 30 pM, or 100 uM of the RAC1 inhibitor for 3 h prior to the treatment with Dox to
define an appropriate dose for the used cell line. All three doses of RAC1 inhibitor
showed a similar reduction of Dox-induced yH2AX foci, which was reduced independent
of the used EHT 1864 concentration by about 30 % - 50 %. Pre-treatment with the RAC1
inhibitor resulted in a significant lower level of the evaluated Dox-induced phosphorylated
proteins. Between 10 yM and 30 uM EHT 1864 there was only a slight difference in
signal intensity of the selected proteins. This implicates that the treatment of MEF with
30 uM EHT 1864 for 3 h is useful for RAC1 inhibition.

The use of EHT 1864 as a RAC1 inhibitor in general can be criticized since it additionally
targets RAC1b, RAC2 and RAC3 (Shutes et al. 2007). However, RAC2 was shown to be
expressed in hematopoietic cells only and RAC3 to be mainly expressed in the brain
(Shirsat et al. 1990; Moll et al. 1991; Haataja et al. 1997). RAC1b, the splice variant of
RAC1, was mainly found in skin as well as epithelial tissues from the intestinal tract and
in breast cancer tissues (Jordan et al. 1999; Schnelzer et al. 2000; Melzer et al. 2019).
This is important to note, since the experiments presented in this work were performed
with mouse embryonic fibroblasts. Therefore, RAC1b, RAC2, and RAC3 can be

neglected in the setup used in the present study.

Dutting et al. described off-target effects of EHT 1864 when this inhibitor was used at
concentrations >30 yM. 100 uM EHT 1864 altered platelet viability in RAC1-deficient
mouse platelets and led to RAC1-independent inhibition of PAK1/PAK2 (downstream
effectors of RAC1) activation after stimulation with thrombin. Treatment with 200 yM
EHT 1864 resulted in induced apoptosis in platelets (Dutting et al. 2015). EHT 1864 did
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not block CDC42 or RHOA (Dutting et al. 2015), suggesting that the inhibitor is specific
for RAC1. A potent RAC1 inhibition with EHT 1864 was described already at the
concentration of 5 uM (Onesto et al. 2008). The concentration of EHT 1864 which was
applied in different studies ranged from 5 uM to 100 uM and the duration of treatment
ranged from 30 min to 24 h (Onesto et al. 2008; Wartlick et al. 2013; Hampsch et al.
2017; Yu et al. 2019; Li et al. 2020; Singh et al. 2020; Wang et al. 2020). Since unspecific
side effects only occurred at higher concentrations of EHT 1864 (=50 uM) (Dutting et al.
2015; Wang et al. 2020), the chosen concentration of 30 uM EHT 1864 for the
experiments performed in this work is in the range of non-critical concentrations of
EHT 1864. Therefore, it can be assumed that the observed effects result from specific
inhibition of RAC1. Unfortunately, the present work lacks a RAC1 pulldown to confirm

this assumption. This should be made up in future work.

4.2 Active RAC1 induces lamellipodia formation and is imported into the
nucleus

4.2.1 Constitutively active and dominant-negative hRAC1 alter the lamellipodia

and stress fibers formation in MEF

It is known that RAC1 is involved in the regulation of the actin cytoskeleton (Ridley,
Paterson, et al. 1992; Nobes et al. 1995; Hall 1998). Actin polymerization induces the
expansion of rod-like protrusions, named filopodia, as well as sheet-like protrusions,
named lamellipodia. Restructuring of filamentous actin (F-actin) into lamellipodia or
membrane ruffles is promoted by active RAC1 (Karnoub et al. 2001; Ridley 2011; Steffen
et al. 2013). The RAC1 inhibitor EHT 1864 was shown to prevent RAC1-dependent
lamellipodia formation (Shutes et al. 2007). To obtain evidence about the functionality of
the used hRAC1 mutants lamellipodia formation was evaluated in cells transfected with
hRAC1 mutants. Cells expressing constitutively active hRAC1 (with and without
additional NLS) revealed an increase of lamellipodia formation as anticipated,
demonstrating the functionality of the hRAC1 construct. This is in line with published data
of Ehrlich et al. who showed that MDCK cells expressing constitutively active RAC1
exhibited an increased rate of lamellipodia formation in contrast to cells expressing
dominant-negative RAC1 (Ehrlich et al. 2002). Steffen et al. could reconstitute the
lamellipodia formation in Rac7” MEF by transfection with constitutively active RAC7T

expression vector (Steffen et al. 2013).

Besides the formation of lamellipodia also the formation of membrane ruffles is promoted
by RAC1 (Ridley, Paterson, et al. 1992; Hall 2012). Constitutively active RAC1 was

shown to induce membrane ruffles in various fibroblast cell lines (Ridley, Paterson, et al.
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1992; Lietal. 1997; Schwartz et al. 1998) and macrophages (Fuijii et al. 2013). In contrast
expression of dominant-negative RAC1 (Ridley, Paterson, et al. 1992; Schwartz et al.
1998) and RAC1 knockout (Wells et al. 2004) reduced the formation of membrane ruffles.
Regarding the results obtained in the present study, it was impossible to count the single
membrane ruffles of each cell. Therefore, it was distinguished between cells showing no
membrane ruffles or having at least one membrane ruffle. The total number of cells with
membrane ruffles was not affected by transfection with the different GFP-hRACT
expression vectors. In the aforementioned publications, the number of membrane ruffles
per cell was evaluated or a score for membrane ruffles per cell was used. Consequently,
the data presented in this work can neither confirm nor refute the publications. The
images shown in the results part were taken with a 40x objective, as originally only the
stress fibers and the lamellipodia were to be observed. To get a better resolution of the
membrane ruffles, the images should be taken with a 100x objective. With these images,
the individual membrane ruffles per cell should be visible and it should be possible to

evaluate the potential change by manipulating the RAC1 status.

In fibroblasts expression of constitutively active mutants of Rho (RHOA) induce stress
fiber formation (Ridley and Hall 1992; Nobes et al. 1995; Machesky et al. 1996; Nobes
et al. 1999). In the present work, expression of mainly cytoplasmic constitutively active
hRAC1 led to a decrease in stress fibers formation whereas forced nuclear accumulation
as well as mainly cytoplasmic expression of dominant-negative hRAC1 led to an increase
in stress fibers formation. This is line with the data of Moorman et al. who showed that
BHK (baby hamster kidney) cells expressing dominant-negative RAC1 exhibited actin
microspikes and stress fiber formation. The co-expression of dominant-negative RAC1
and dominant-negative CDC42 led to a phenotype consisting of predominantly stress
fibers, similar to cells expressing RHOA (Moorman et al. 1999). This might be due to the
mutual relationship between RHOA and RAC1, in which a high RAC1 activity leads to
the reduction of RHOA and vice versa (Sander et al. 1999; Zondag et al. 2000; O'Connor
et al. 2013). The dominant-negative mutation of the transgenic hRAC1 leads to a loss of
function of hnRAC1 and impairs the function of intrinsic wildtype mRAC1. This dominant-
negative effect could increase the expression of RHOA leading to the phenotype shown
in the present work. In order to verify this assumption, further experiments could be
performed to analyze whether an altered expression of RHOA is seen in MEF transfected

with hRAC1 mutants compared to un-transfected MEF.
4.2.2 GDP to GTP exchange might be a prerequisite for efficient nuclear import

Transport of proteins into the nucleus as well as out of the nucleus occurs through

nuclear pore complexes (Stoffler et al. 1999; Allen et al. 2000). Carrier proteins, the so-
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called karyopherins or importins and exportins, facilitate the active transport of proteins
between the cytoplasm and the nucleus (Radu et al. 1995; Conti et al. 2001) and are
responsible for the majority of nucleocytoplasmic transport (Lee et al. 2006). Proteins
which are determined for nuclear import possess a nuclear localization sequence (NLS).
The NLS is recognized by importin a (adapter protein) which then forms a heterodimer
with importin B (transport receptor) resulting in nuclear import (Conti et al. 2001; Leung
et al. 2003). RAC1 harbors a weak NLS in the C-terminal polybasic region (PBR)
(Lanning et al. 2004; Michaelson et al. 2008; Abdrabou et al. 2018). Even though the
NLS can be masked by the prenylation of the CAAX box, activated as well as prenylated
RAC1 was found inside the nucleus (Michaelson et al. 2008; Sandrock et al. 2010; Hinde
et al. 2014). Studies focusing on nucleocytoplasmic shuttling of RAC1 revealed a direct
interaction of RAC1 with Karyopherin alpha2 which mediates the import of RAC1 into the
nucleus (Sandrock et al. 2010). The active state of RAC1 seems to be essential for the

karyopherin a-mediated nuclear import of RAC1.

In this work the intrinsic murine RAC1 (mRAC1) as well as the expressed human RAC1
(hRAC1) variants (without additional NLS) were found to be mainly localized in the cell’s
cytoplasm. Only 19 % of the intrinsic MRAC1 was found inside the nucleus. The nuclear
localization of the GFP-hRAC1 fusion proteins (without additional NLS) ranged from
19 % - 30 %. Published data (Michaelson et al. 2008; Tong et al. 2013; Navarro-Lerida
et al. 2015) stated about 10 % - 40 % of endogenous RAC1 to be localized inside the
nucleus in non-stimulated cells, showing that GFP-hRAC1 has a similar subcellular
distribution as endogenous mRAC1. The amount of nuclear RAC1 increased upon
treatment with apigenin, a plant pigment from the flavone group (Michaelson et al. 2008).
Hinde et al. described a distribution of RAC1 between the cytoplasm and the nucleus
upon micro-irradiation-induced DNA damage, whereby inactive RAC1 was exported from
the nucleus and active RAC1 was found inside the nucleus (Hinde et al. 2014). For
accumulation of GFP-hRAC1 fusion protein inside the nucleus independent of the
activation state an additional NLS originated from SV40 was added to the used hRAC1
mutants. This modification significantly enhanced the nuclear localization of the GFP-
hRAC1 fusion proteins as shown in this work. The GFP-hRAC1 fusion proteins with the
additional NLS showed 2 - 4 times more nuclear accumulation than their counterpart
without additional NLS. Cells expressing GFP-NLS-hRAC1(WT) showed greater GFP-
NLS-hRAC1 enrichment in the nucleus than cells expressing GFP-NLS-hRAC1(Q61L)
or GFP-NLS-hRAC1(T17N). The observed pronounced nuclear expression due to the
SV40 NLS is in line with published data (Luo et al. 2004; Saito et al. 2004; Li, Wu, et al.

2007; Ray et al. 2015). Up to 40 % increase in nuclear localization of proteins was shown
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when SV40 NLS was added (Collins et al. 2007; Ray et al. 2015). The additional NLS
increased nuclear accumulation of wild-type hRAC1 about 55 % whereas the nuclear
accumulation of constitutively active as well as dominant-negative hRAC1 was increased
about 18 %. To further enhance the nuclear expression of the GFP-NLS-hRAC1 fusion
proteins, expressing vectors without a NES could be designed. The NLS would force a

nuclear accumulation and the deleted NES would prevent the nuclear export.

The capability to exchange GDP to GTP as well as to interact with downstream effectors
seems be a prerequisite for efficient nuclear import since the strongest nuclear
accumulation was seen in GFP-NLS-hRAC1(WT) expression vector transfected cells.
The wild-type hRAC1 was the only used hRACT variant, which is able to do both (i) to
cycle between an active and an inactive state and (ii) to interact with downstream
effectors. The hRAC7 mutants used in this work only differ in a single amino acid
exchange which, however, seems to affect the required prerequisite for nuclear import.
By replacing a glutamine (Q) with leucine (L) at residue 61 RAC1 is stabilized in the
active state (RAC1(Q61L)) due to the blocked GAP-stimulated and endogenous GTPase
activity (Khosravi-Far et al. 1995; Bai et al. 2018). Substitution at residue 17 of threonine
(T) to asparagine (N) also appears to impair nuclear import. The mutation mentioned
places RAC1 in a permanently inactive state (RAC1(T17N)) due to a defective GDP GTP
exchange (Feig et al. 1988; Davis et al. 2013). RAC1(T17N) can also be bound to GEF
which are required for activation of endogenous RAC1 (Hansen et al. 2002). In both

cases, the possibility to switch between active and inactive state is no longer given.

4.3 Nuclear GTP-bound RAC1 is necessary for doxorubicin-induced

double strand break signaling

Expression of mainly cytoplasmic dominant-negative hRAC1 as well as forced nuclear
accumulation of dominant-negative hRAC1, pharmacological inhibition of RAC1 with
EHT 1864, as well as transfection of MEF with siRNA against mRac1 reduced the
number of Dox-induced yH2AX and 53BP1 foci as well as co-localization of these foci.
All three methods caused a qualitatively and quantitatively similar impairment of the Dox-
induced DSB formation. It can be concluded that pre-treatment of MEF with 30 uM
EHT 1864 is indeed specific for RAC1. Furthermore, this implicates that it is indeed
RAC1 that is of utmost relevance for the regulation of Dox-induced mechanisms of the
DDR. In addition, this finding indicates that RAC1 might not be the only factor diminishing
the Dox-induced DSB formation otherwise the combination of RAC1 inhibition/silencing
with dominant-negative hRAC1 should have reached 100 % reduction of Dox-induced

foci. To confirm this assumption, future experiments should use a pull-down activity
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measurement to biochemically demonstrate that RAC1 activity is 100% inhibited in the
combination treatment. Expression of mainly cytosolic dominant-negative hRAC1
mitigated Dox-induced foci formation and targeted nuclear expression of GFP-NLS-
hRAC1(T17N) revealed a similar effect. This shows that inhibition of cytosolic mMRAC1 is
not as important as the impairment of nuclear mRAC1 for the formation of DSB following

Dox treatment.

Surprisingly, cells transfected with GFP-NLS-hRAC1(Q61L) expression vector showed
the same phenotype with respect to Dox-induced foci formation as cells expressing
mainly cytoplasmic or targeted nuclear dominant-negative hRAC1. This was not seen in
cells expressing cytoplasmic constitutively active hRAC1. In contrast to the dominant-
negative mutants the constitutively active mutants are permanently GTP-bound and are
able to interact with downstream effectors. Maybe nuclear RAC1 can only interact with
DDR-related proteins when it is able to cycle between a GDP/GTP bound state and/or
its nuclear import and export works properly. The latter hypothesis is supported by the
observation that active (GTP-bound) RAC1 accumulates in the nucleus of G2 arrested
cells after treatment with ionizing radiation while GDP-bound inactive RAC1 is exported
from the nucleus (Yan et al. 2012; Hinde et al. 2014; Yan et al. 2014; Navarro-Lerida et
al. 2015).

The RAC1 inhibitor EHT 1864 targets the intrinsic mMRAC1 as well as the transgenic
hRAC1. Expression of GFP-hRAC1(WT) or GFP-hRAC1(Q61L) could not revert this
effect in the present work. Theoretically, the expression of GFP-hRAC1(WT) or GFP-
hRAC1(Q61L) (with or without additional NLS) was anticipated to revert the EHT 1864
mediated decrease of Dox-induced foci formation as these hRAC71 mutants should
neutralize the EHT 1864 mediated effect. However, EHT 1864 stimulates the nucleotide
release of RAC1. By direct binding to RAC1, the protein is put in an inert and inactive
state (Shutes et al. 2007; Onesto et al. 2008) and therefore also inhibits the activation of
transgenic hRAC1, expression of the hRAC1 mutants did not revert the effect of
EHT 1864 in the setup used in the present work. Considering that constitutively active
hRAC1 has to be activated once and then remains active it is just as affected by
EHT 1864 as wild-type hRAC1. Another reason why the decrease of genotoxin-induced
foci formation may not be reversed by GFP-hRAC1 expression may be that EHT 1864
might be present in excess. To confirm these statements future experiments with GFP-
hRAC1 expressing cells should be performed treated with lower concentrations of
EHT 1864 (< 30 uM) prior to doxorubicin treatment. Due to the lower concentration of
EHT 1864 it should be no longer present in excess and the neutralizing effect of GFP-

hRAC1 expression should be more easily detectable. To verify the inhibitory effect of
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EHT 1864 on GFP-hRAC1, GFP-hRAC1 expressing cells treated with EHT 1864 could
be studied for interaction with RAC1 downstream effectors since this interaction should
be prevented by EHT 1864 treatment.

For silencing of endogenous mRAC1 a transient gene knockdown of mRac1 was
achieved by transfection with small interfering RNA (siRNA) against mRac1 (mRac1
siRNA). Based on the observation that pharmacological RAC1 inhibition resulted in
reduced foci formation after Dox treatment, a similar effect was expected for Dox-treated
cells with silenced mRac1. Silencing of mRac? in MEF prevented from Dox-induced
yH2AX and 53BP1 foci formation and confirmed this expectation. The observed reduced
foci formation after Dox treatment in mRac1 silenced MEF could only be reverted by
simultaneous expression of GFP-NLS-hRAC1(Q61L). Wild-type hRAC1 with and without
additional NLS as well as GFP-hRAC1(Q61L) were also thought to revert the effects of
mRac1 silencing but they did not. The question remains why only the constitutively active
hRAC1 mainly expressed in the nucleus was capable of reversal. An explanation might
be that Dox-induced foci formation is modulated by nuclear RAC1, therefore mainly
cytosolic expressed hRAC1 was unable to revert the effects of mRac1 silencing. Since
only inactive RAC1 was described to be exported out of the nucleus (Hinde et al. 2014),
the constitutively active hRAC1 (GFP-NLS-hRAC1(Q61L)) might have been kept in the
nucleus leading to the observed doxorubicin-induced DSB signaling. This implicates, that
at least a fraction of active RAC1 in the nucleus is necessary for a full-blown doxorubicin-

induced DSB signaling.

4.3.1 RACH1 is involved in the regulation of downstream DDR functions beyond

the involvement in DSB formation

After the occurrence of DSB the serine-threonine kinases ATM, ATR, and DNA-PK get
activated (Jackson et al. 2009) which in turn phosphorylate their target proteins to initiate
the DDR (Matsuoka et al. 2007). Among others downstream targets that are
phosphorylated by the serine-threonine kinases after treatment with Dox are the histone
2AX (Burma et al. 2001; Lyu et al. 2007; Huelsenbeck et al. 2012; Wartlick et al. 2013;
Deng et al. 2014), the “guardian of the genome” P53 (Banin et al. 1998; Kurz et al. 2004;
Thompson et al. 2004; Liu, Mao, et al. 2008), and KAP1 (KRAB-associated protein-1)
(Li, Lee, et al. 2007; White et al. 2012; Bhatia et al. 2013; Xu et al. 2015) which were

selected for analysis in the presented work.

Only the expression of constitutively active hRAC1 with and without additional NLS
showed no effect on Dox-induced phosphorylation of KAP1, H2AX, and P53. Mainly

cytosolic and targeted nuclear expression of wild-type or dominant-negative hRAC1
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exhibited a tendency to diminish the Dox-induced DDR represented by the selected set
of DDR-related phosphorylated proteins. The decrease in protein signaling occurred at
the same time points, independent of the used plasmids but to different intensities. This
is leading to the assumption that, in addition to the involvement in DSB formation, there

also seem to be downstream DDR functions in which RAC1 is involved.

RAC1-deficient cells as well as cells treated with a RAC1 inhibitor or lovastatin (a non-
specific pan-Rho GTPase inhibitor) showed a reduced level of phosphorylated P53 after
UV-irradiation, IR, or treatment with topoisomerase |l poisons (Wartlick et al. 2013; Fritz
et al. 2015; Deshmukh et al. 2017; Ziegler et al. 2017). The authors hypothesize that
RAC1 deficiency/inhibition hampers the PI3K signaling pathway and/or accelerates the
repair of DSB resulting in a lower amount of phosphorylated P53. Published data
describe a reduced level of phosphorylated H2AX after genotoxic stress in RAC1-
deficient cells as well as cells treated with a RAC1 inhibitor in western blot analysis
(Huelsenbeck et al. 2012; Wartlick et al. 2013; Espinha et al. 2015; Deshmukh et al.
2017). In the experiments presented in this work dominant-negative hRAC1 had no
significant effect on the Dox-induced protein level of phosphorylated H2AX. The
variations between the number of yH2AX foci in the nucleus and the amount of yH2AX
at protein level was due to several reasons. First, the transfection efficiency was only
30 %, which may not have been high enough to cause any detectable changes in Dox-
induced phosphorylated H2AX on protein level. Second, western blotting is not as
sensitive as immunofluorescent-based analysis of yH2AX foci because this biochemical

method is unable to detect minor differences in the amount of yH2AX.

RAC1 is essential for activation of stress-activated protein kinases such as SAPK/JNK
(Coso et al. 1995; Minden et al. 1995; Coso et al. 1996; Brenner et al. 1997) and is shown
to activate P38 (Mainiero et al. 2000; Alsayed et al. 2001; Kim et al. 2008). SAPK/JNK
and P38 in turn are known to phosphorylate histone H2AX at serine 139 (Lu et al. 2006;
Sluss et al. 2006; Lu et al. 2008; de Feraudy et al. 2010), P53 (Fuchs et al. 1998; Liu et
al. 2001; Roux et al. 2004), as well as KAP1 (Cheng et al. 2016; Krischuns et al. 2018).
Therefore, phosphorylation of H2AX, P53 and KAP1 might be altered through
manipulation of the cell’'s RAC1 status independent of DDR mechanisms as presented
in this work. The underlying mechanism of the influence of RAC1 on the SAPK-
dependent P53 phosphorylation needs to be examined more closely since GFP-NLS-
hRAC1(Q61L) seems to be of importance for the Dox-induced foci formation whereas
predominantly nuclear as well as mainly cytoplasmic wild-type hRAC1 reduced the level
of phosphorylated DDR-related proteins. It can be concluded that the activation status of

RAC1 is important for its interference with DDR-related functions and that, dependent on
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its activation status, RAC1 may performs various tasks. Another possibility is the
involvement of RAC1 in dephosphorylation processes of DDR-related proteins by
regulation of phosphatases. Protein phosphatase 5 (PP5) is shown to interact with and
to dephosphorylate DNA-PK (Wechsler et al. 2004), which could result in an decreased
amount of phosphorylated P53, KAP1, as well as H2AX. Therefore, an interaction of
RAC1 and PP5 could be considered. In addition, an interaction of RAC1 and PP5 has
been described by immunoprecipitation (Gentile et al. 2006; Chatterjee et al. 2010)
demonstrating PP5 as a direct effector protein for active RAC1. Another phosphatase
which dephosphorylates pP53, pKAP1, and yH2AX is Wip1 (wild-type p53-induced
phosphatase 1) (Campos et al. 2020). Overexpression of Wip1 resulted in reduced levels
of yH2AX whereas silencing of Wip1 led to an increase in yH2AX after DNA damage
(induced by doxorubicin and other agents) (Macurek et al. 2010; Moon et al. 2010).

Admittedly, up to now no direct interaction between RAC1 and Wip1 is described.

Pharmacological inhibition of RAC1 as well as genetic mRac1 inhibition/silencing
exhibited qualitatively and quantitatively similar results. The amount of phosphorylated
protein (pP53, pKAP1, yH2AX) was depending on the time-point of analysis after Dox
treatment and/or presence or absence of an additional NLS in the expressed GFP-
hRAC1 fusion proteins. The amount of these phosphorylated proteins was altered by
wild-type and dominant-negative hRAC1 mutants, leading to the assumption that RAC1
not only influences the DSB formation but likely also the DDR signaling downstream of
the damaged DNA.

4.3.2 RAC1 acts downstream or independent of ATM

The DDR is a complex and fine-tuned network of signaling cascades that are involved in
the recognition of DNA damage, DNA repair, cell cycle progression, cell death and
survival (Roos et al. 2013; Roos et al. 2016). DSB-inducing chemicals like doxorubicin
are known to activate the serine/threonine kinase ATM (Kurz et al. 2004; Brum et al.
2013) which phosphorylates damage indicators such as 53BP1 and H2AX. Since
pharmacological and genetic inhibition/silencing of RAC1, expression of mainly
cytoplasmic dominant-negative hRAC1 and forced nuclear accumulation of dominant-
negative hRAC1, as well as targeted expression of nuclear constitutively active hRAC1
reduced the doxorubicin-induced yH2AX and 53BP1 foci formation an interaction of
RAC1 and ATM might be anticipated.

However, the expression of hRAC1 mutants (with or without additional NLS) in MEF
exhibited no influence on the Dox-induced pATM foci formation whereas cells with

silenced mRac1 showed an increase in Dox-induced pATM foci formation. There is no
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explanation for the discrepancy. It might be possible that the intrinsic mMRAC1 which is
still present in cells transfected with hRAC7 mutants may have intercepted the effect of
GFP-hRAC1(T17N). Cells treated with a RAC1 inhibitor, for example EHT 1864 or
NSC23766, should show a similar result as cells transfected with siRNA against mRac1.

This could be verified in a future experiment.

Up to now the location of RAC1 in the DDR signaling cascade is unclear. The presented
results upon Dox-induced pATM foci formation lead to different possible options (i) RAC1
might act downstream of ATM (ii) RAC1 does not interact with ATM but with other
serine/threonine kinases like DNA-PK or ATR which are among the most important
sensor proteins and detect DNA damage within minutes of its occurrence (iii) nuclear
RAC1 interacts with enzymes that are involved in posttranslational modification, e.g.
phosphorylation and/or dephosphorylation of ATM, H2AX, KAP1, and P53.

A possible interaction of RAC1 and ATM was presented by Oh and colleagues. They
showed a reduced activation of ATM after IR in cells with Net1A (neuroepithelial
transforming gene 1) knockdown (Oh et al. 2014). RAC1 has been shown to control the
functions of the RhoGEF Net1A (Carr et al. 2013; Song et al. 2015). Also a protective
role of RAC1 in UV-light-induced skin carcinogenesis and keratinocyte apoptosis was
shown (Deshmukh et al. 2017) leading to a possible interaction between RAC1 and ATR.
Since phosphorylation of P53 at Ser15 (Lees-Miller et al. 1992; Banin et al. 1998;
Tibbetts et al. 1999), KAP1 at Ser824 (White et al. 2006; Lu et al. 2019), and H2AX at
Ser139 (Wang et al. 2005; Lu et al. 2019) can also be performed by DNA-PK and ATR

these serine/threonine kinases might be responsible for the seen effects instead of ATM.
4.3.3 Nuclear RAC1 plays a role in IR-induced yH2AX and 53BP1 foci formation

Manipulation of the RAC1 status of MEF altered the doxorubicin-induced DDR. To
answer the question whether the observed effects are specific for Top Il poisons, ionizing
radiation (IR) was included in the experiments. IR induces DSB independent of Top Il as

explained in 0.

Commonly used dosages to irradiate MEF for induction of the DDR are 1 Gy - 10 Gy
(Helbig et al. 2011; Tarrade et al. 2015; Elaimy et al. 2016; Dong et al. 2017). For the
experiments in this thesis MEF transfected with hRAC71 mutants with and without
additional NLS were irradiated with 1 Gy or 3 Gy and fixed 1 h after treatment. Irradiation
with 1 Gy induces 20 -40 DSB (Roots et al. 1985). Transfection with GFP-NLS-
hRAC1(T17N) expression vector led to a reduced IR-induced yH2AX foci formation after
1 Gy. This is in line with published data where indirect RAC1 inhibition (inhibition through

statins, non-specific pan-Rho GTPase inhibitors) prevented the activation of the DDR in
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cells treated with ionizing radiation (Nubel et al. 2006; Mahmoudi et al. 2008; Ziegler et
al. 2017). Interestingly, reduced foci formation in cells after irradiation with 3 Gy occurred
only in cells expressing mainly cytoplasmic or predominantly nuclear wild-type hRACA1.
There are articles describing that RAC1 can be activated by IR treatment in various tumor
cells, for example glioblastoma multiforme (Yoon et al. 2011; Zhou et al. 2016), head
and neck squamous cell carcinoma (Skvortsov et al. 2014), lung cancer (Tan et al. 2020),
pancreatic cancer (Yan et al. 2014), cervical cancer (Espinha et al. 2015), and breast
cancer (Yan et al. 2012; Hein et al. 2016). Chi et al. reported DOCKG6 (dedicator of
cytokinesis 6) to be highly expressed in gastric cancers and to be correlated with poor
outcomes (Chi et al. 2020). DOCKG is able to exchange GDP for GTP for RAC1 as well
as CDCA42 in vitro and in vivo (Chi et al. 2020). Chi et al. could show that overexpression
of dominant-negative RAC1 or knockdown of RAC1 suppressed DOCKG6-enhanced
radioresistance (Chi et al. 2020). Although radioresistance has so far only been
described in cancer cells, proteins involved in radioresistance may also underlie the
results shown in this work in MEF, since only wild-type hRAC1 could significantly
attenuate the IR-induced foci formation. RAC1 was shown to accumulate in the nucleus
after treatment with ionizing radiation (Yan et al. 2012). Inactive RAC1 was found to be
exported from the nucleus in case of DNA damage/G2 arrest (Hinde et al. 2014). Since
the transgenic wild-type hRAC1 used in this work is the only hRAC1 variant still able to
cycle between an active and an inactive state, which might be a prerequisite for
interaction with DDR-related proteins, this could explain why no change in IR-induced

foci was detected in cells expressing constitutively active or dominant-negative hRAC1.

The mechanisms underlying this phenotype needs to be defined in future experiments.
Import into the nucleus and export out of the nucleus after DNA damage could be
investigated by live cell imaging. Due to the expressed GFP-coupled hRAC1 protein, a
fluorescence-based evaluation of the transport is possible. In addition, the GDP/GTP
loading of RAC1 in the nucleus and the cytoplasm should be examined before irradiation
and at different times after irradiation. To gain further insight in the network of RAC1
signaling an analysis of interaction partners in subcellular fractions by gene expression

could be performed.

To summarize all presented data of this work, the functions of RAC1 as a player in the
doxorubicin-induced DDR are dependent on the activation status of RAC1 and/or a
properly working GDP/GTP exchange. Having a look at all experiments of the present
work they have one thing in common, namely only cells expressing wild-type or
constitutively active hRAC1 show a difference between mainly cytosolic and targeted

nuclear expression in the Dox-induced DDR. Forced expression of nuclear constitutively
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active hRAC1 (GFP-NLS-hRAC1(Q61L)) exhibited a diminished Dox-induced foci
formation which was not seen in cells expressing cytoplasmic constitutively active RAC1.
Silencing of mRac1 resulted in decreased foci formation after Dox treatment. The
observed effects could only be reverted by silencing mRac1 and simultaneous targeted
expression of constitutively active nuclear RAC1. Mainly cytoplasmic and predominantly
nuclear expressed wild-type hRAC1 had only a minor effect on the Dox-induced foci
formation. Dominant-negative hRAC1 showed a reduced foci formation upon Dox-
treatment independent of the subcellular distribution leading to the question if dominant-
negative RAC1 alters the DDR via unknown interaction partners since mainly
cytoplasmic expression as well as forced nuclear accumulation of dominant-negative
hRAC1 exhibited the same results. A reduced protein level of Dox-induced pP53, pKAP1,
and yH2AX was only seen in cells transfected with GFP-hRAC1(T17N) as well as GFP-
NLS-hRAC1(T17N) expression vector. A possibility for cytoplasmic hRAC1 to interact
with DDR-related proteins is via stress kinases (P38, JNK). Whether these stress kinases
modify RAC1 in the cytosol and the modified RAC1 is subsequently transported into the
nucleus or is only modified in the nucleus needs to be clarified in future experiments.
The conclusion is that the activity or the possibility to switch between an active and an
inactive state is a basic requirement for nuclear RAC1 to interact with DDR-related
proteins. Furthermore, RAC1 seems to have downstream DDR functions beyond the

involvement in DSB formation.
4.4 Generation of mRac1 knockout cells
4.41 RAC1 is necessary for cell survival

Lentiviruses are ideal for gene transfer into eukaryotic cells, especially into primary cells
like MEF (Vigna et al. 2000; Piacibello et al. 2002). To this end, lentiviral transduction
was used to induce mRac1 knockout in MEF. The used transgene codes for Cre
recombinase, which should cut at loxP sites inserted in the mRac1 gene leading to a loss

of exons and a frameshift mutation (Figure 3.32, Figure 3.40).

The mRac1 knockout principally was possible but was leading to cell death which could
not be prevented by use of a pan caspase inhibitor (QVD) leading to the assumption that
the observed cell death might be caspase-independent. There are different possibilities
which could lead to insufficient mRac1 knockout efficiency (below 75 %) and/or cell
death:

1) Rac1 wild-type cells could overgrow Rac7 knockout cells
2) Inappropriate concentration and/or duration of tamoxifen treatment

3) A homozygous Rac1 knockout is lethal
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A point which contributes to the mentioned possibly reduced cell growth of Rac1
knockout cells is the fact that RAC1 mediates the effects of growth factors (Bokoch et al.
1993). Cyclin D1 is involved in cell cycle progression and drives the G1/S phase
transition (Baldin et al. 1993; Du et al. 2013). RAC1 is known to promote transcription
and translation of cyclin D1, resulting in a possible cell cycle arrest in Rac? knockout
cells (Etienne-Manneville et al. 2002; Yoshida et al. 2010). This leads to the assumption
that Rac1 wild-type cells are growing faster than Rac7 knockout cells. Different
researchers working on RAC1 observed a reduced proliferation rate in Rac? knockout
cells (MEF, T-cells) (Vidali et al. 2006; Guo et al. 2008; Steffen et al. 2013) or cells stably
expressing dominant-negative RAC1 (HeLa cells) (Espinha et al. 2015) compared to
Rac1 wildtype cells. This in turn has the consequence, that Rac? wildtype cells could
overgrow Rac1 knockout cells which could be the case in the experiment where Cre
Recombinase Gesicles were used for Rac? knockout induction as well as in the
experiments with viral transduction. The MEF used in this thesis perform cell division on
average every 26 h (data not shown). As stated above, Rac? wild-type cells might be
faster growing than Rac? knockout cells and since the cells transfected with Cre
Recombinase Gesicles were harvested 48 h post-transfection, Rac? wild-type cells
might have overgrown Rac7 knockout cells leading to the observed low Rac7 knockout
efficiency (20 %). To clarify the hypothesis of reduced proliferation, 5-Ethynyl-2’-
deoyuridine (EdU) incorporation could be analyzed in future experiments. EdU is a
modified nucleoside, a thymidine analog, that is incorporated into the DNA during S-
phase (Yu et al. 2009). By addition of a fluorescent dye, the EdU incorporation can be
made visible and can be analyzed under the microscope. Due to the reduced proliferation
rate in Rac1 knockout cells there should be less incorporated EdU than in Rac7 wild.type

cells.

Regarding the possibility of inappropriate concentration and/or duration of tamoxifen
treatment, different concentrations of tamoxifen (4-OHT) as well as different durations of
treatment were used in published data. Mostly 250 nM - 1 yM 4-OHT for 24 hupto 72 h
were applied in MEF (Song et al. 2011; Dimitrova et al. 2014; Gopinathan et al. 2014;
Piunti et al. 2014; Poburski et al. 2016). The duration of 4-OHT treatment in MEF is quite
different in literature and ranges from 6 h up to 5 days (Li et al. 2010; Sfeir et al. 2012;
Zheng et al. 2013; Gopinathan et al. 2014; Di et al. 2017; Xie et al. 2017; Zhou et al.
2020). Therefore, different concentrations of 4-OHT and treatment durations were tested
in the experiments performed in this work. The best result achieved with the used
conditions was 50 % Rac1 knockout efficiency. The results for the tested clones with

stable Cre.ER expression were highly variable and unfortunately do not allow to draw
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conclusions about the efficacy of 4-OHT-induced mRac1 knockout efficiency. Further
experiments should be performed with 4-OHT concentration in a range of 1 yM — 10 yM
since the knockout efficiency of 1 yM was up to 50 % and a treatment duration of up to
24 h.

A homozygous Rac1 knockout might be cytolethal and lead to the observed cell death.
It seems like the higher the Rac1 knockout efficiency the more cells underwent
apoptosis. Other groups tried to generate Rac7 knockout mice and showed that a
systemic Rac1 knockout (Rac7-null mice) is embryonic lethal (Sugihara et al. 1998; Tan
et al. 2008; Duquette et al. 2014; Abu-Issa 2015). Sugihara et al. identified all Rac7-null
embryos to be not viable. They figured out, that the embryos died before E9.5 (Sugihara
et al. 1998). Rac7-null embryos or rather the isolated epiblast cells showed no
lamellipodia, a slow downed motility, and were completely rounded up (Sugihara et al.
1998), similar to inactivation of Rho proteins with C3 transferase, an ADP-
ribosyltransferase from Clostridium botulinum (Paterson et al. 1990). In normal
developing epiblast cells, the epiblast epithelium is formed after contact with the
basement membrane. He and colleagues found immense apoptosis in Rac7-null
embryoid bodies which came into contact with the basement membrane (He et al. 2010).
They could show that RAC1 mediates the survival of epiblast cells after contact with the
basement membrane through activation of the PI3K-Akt signaling pathway. This leads
to the assumption that Rac7-null embryoid bodies have an impaired pro-survival pathway
(He et al. 2010). However, a tissue-specific as well as inducible Rac1 knockout in adult
animals is possible (Liu, Kapoor, et al. 2008; Bopp et al. 2013; Nohata et al. 2016;
Deshmukh et al. 2017).

RAC1 is known to be involved in both apoptosis and cell survival through interaction with
JNK/SAPK and P38 (Coso et al. 1995; Minden et al. 1995) as well as related transcription
factors such as NF-kB (Jefferies et al. 2000), PI3K, AKT (Ruggieri et al. 2001; Murga et
al. 2002), BAD (BCL-2-Antagonist of cell death) and BCL-2 (B-cell lymphoma 2)
(Maundrell et al. 1997; Zhang et al. 2004). Thus, RAC1 is not restricted to either the pro-
apoptotic or the anti-apoptotic pathway. Accordingly, it may be possible that deletion of
RAC1 leads to apoptosis, as demonstrated in this work, whereas inhibition of RAC1
leads to less apoptosis as shown in previous work (Damrot et al. 2006; Huelsenbeck et
al. 2011; Huelsenbeck et al. 2012; Wartlick et al. 2013).

Certain working groups published data from cell culture experiments with Rac? knockout
cells (Liu, Kapoor, et al. 2008; Tan et al. 2008; Steffen et al. 2013; Kunschmann et al.
2019). Most of those publications lack western blot- or PCR-based experiments which

proof the Rac1 knockout. In some cases, a western blot was performed, but the so-called
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Rac1 knockout cells still show weak RAC1 expression (Liu, Kapoor, et al. 2008; Tan et
al. 2008). In the few publications where the Rac1 knockout was experimentally confirmed
(Steffen et al. 2013; Kunschmann et al. 2019). Unfortunately, the exact used method and

culture conditions are not properly stated.

Maybe a homozygous Rac? knockout in cells is impossible without manipulating specific
pathways/proteins, e.g., PTEN, at the same time. Migeotte et al. could show that
apoptosis in Rac1 knockout cells could be reduced by heterozygous PTEN knockout
(Migeotte et al. 2011). This provides evidence that Rac? acts downstream of the PI3K-
Akt pathway/ATM as already stated above.
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4.5 Perspective

The experiments described in this thesis have shown that only cells expressing wild-type
hRAC1 or constitutively active hRAC1 exhibited a difference between mainly cytosolic
and targeted nuclear expression regarding Dox induced foci formation as well as Dox-
induced phosphorylation of DDR-related proteins. This leads to the assumption that only
active nuclear RAC1 or nuclear RAC1, which is able to cycle between the GDP/GTP
bound state, is able to interact with DDR-related proteins. Apparently RAC1 not only
influences the DSB formation but also the DDR signaling after the DNA is damaged
through influencing phosphorylation or dephosphorylation reactions of e.g., P53 and
KAP1. The amount of these phosphorylated proteins was altered upon expression of
wild-type and dominant-negative hRAC1 mutants, leading to the assumption that there
seem to be also downstream DDR functions of RAC1 beyond the involvement in DSB

formation.

The western blot experiments were performed with cells transfected with hRAC 7 mutants
but with an intact background of endogenous mRAC1, therefore GFP-hRAC1 expression
vector transfected cells with silenced mRAC1 should be included in future experiments.
To gain further insight in the network of RAC1 signaling future studies should also include
analysis of interaction partners in subcellular fractions by gene expression and western
blot analysis. Furthermore, a RAC1 activation assay could be carried out with these
fractions to evaluate the basal GDP/GTP loading of intrinsic RAC1 as well as the
GDP/GTP loading of intrinsic RAC1 after treatment with DNA damaging agents to see if
there are changes. Furthermore live cell imaging could be used to analyse the import of

transgenic hRAC1 into the nucleus and out of the nucleus after DNA damage.

With the aim to investigate the RAC1 import into the nucleus more closely, RAC1
mutants with deleted CAAX box (ACAAX) (with and without additional NLS) could be
cloned. The CAAX box is essential for prenylation as well as membrane localization
(Adamson, Marshall, et al. 1992; Adamson, Paterson, et al. 1992; Lin et al. 2015). Due
to the prenylation the intrinsic NLS is masked (Abdrabou et al. 2018). Transfection of
MEF with GFP-hRAC1ACAAX expression vector could answer the question whether the
prenylation and/or the GDP/GTP binding state is a prerequisite for nuclear RAC1 import
and the resulting nuclear functions in the doxorubicin induced DDR. Furthermore,
expressing vectors with deleted nuclear export sequences (NES) could be designed to
force a stronger accumulation of the GFP-NLS-hRAC1 fusion proteins (GFP-NLS-

hRAC1ANES expression vectors), especially of constitutively active and dominant-
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negative hRAC1 with additional NLS. The NLS would force a nuclear accumulation and

the deleted nuclear export sequences would prevent the nuclear export.

Previous work of this group already revealed a connection between RAC1 and Top I
poisons (Henninger et al. 2012; Huelsenbeck et al. 2012; Wartlick et al. 2013). In this
published data the effect of RAC1 inhibition on Top Il poison-induced DDR was
evaluated. For further evaluation of the described link between RAC1 and
topoisomerase Il (Damrot et al. 2006; Huelsenbeck et al. 2011; Huelsenbeck et al. 2012;
Wartlick et al. 2013) a TARDIS assay should be performed. This method allows the
detection and quantification of the cleavable complexes (Cowell et al. 2018). RAC1
inhibition prevented the formation of the so-called cleavable complex consisting of
doxorubicin, DNA and type Il topoisomerases (Huelsenbeck et al. 2012; Wartlick et al.
2013) resulting in less Dox-induced DSB. With the TARDIS assay constitutively active
and wild-type RAC1 can be analyzed in regard to their interaction with the cleavable
complex and the observations made upon pharmacological RAC1 inhibition can be

confirmed with dominant-negative RAC1.

To confirm the results of this thesis that the seen effects of RAC1 in the Dox-induced
DDR are specific for Top Il poisons, another Top Il inhibitor, e.g., etoposide as well as a
genotoxin which induces DSB independent of Top Il (e.g., IR or temozolomide) should

be included in analysis.

A direct interaction of RAC1 and ATM could not be confirmed in this work. Since the
analyzed DDR-related proteins (H2AX, KAP1, P53) are also phosphorylated through
DNA-PK and ATR (Lees-Miller et al. 1992; Wang et al. 2005; White et al. 2006; Lu et al.
2019), ATM and/or DNA-PK/ATR inhibition through pharmacological inhibition or siRNA
silencing, as well as knockout of ATM and/or DNA-PK/ATR (CRISPR-based approach)
should be performed to analyze the interaction of RAC1 with PI3K and the DDR-related
proteins since ATM, DNA-PK, and ATR are among the most important sensor proteins

and detect DNA damage within minutes of its occurrence.

An increased apoptotic rate was seen in experiments described in this thesis and also in
published data (He et al. 2010; Migeotte et al. 2011) upon Rac? knockout which might
be due to a defective pro survival pathway. Thus, to generate a stable Rac? knockout
cell line, either the pro survival pathway would need to be triggered or the pro apoptotic
pathway would need to be inhibited. Migeotte et al. showed that apoptosis in Rac?
knockout cells was reduced by heterozygous PTEN knockout (Migeotte et al. 2011). For
generation of the Rac7 knockout cell line, a fluorescent signal which changes the color

after Cre recombinase-mediated recombination could be used. For this purpose,
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plasmids have been developed which lead to a red fluorescence in the cell after
transfection and after Cre recombinase-mediated recombination the fluorescent signal
changes to green (Yang et al. 2001; Pfannkuche et al. 2008). Thus, the cells could be

sorted on basis of their fluorescence in order to obtain a Rac7 knockout cell population.

Since Rac1 knockout cells seem not be able to survive without manipulating other
signaling pathways, one consideration would be to generate a stable Rac? knockdown
cell line using shRNA. While doing so, one could titrate the knockdown to a maximum

without lethality for the cells.
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5 Summary

RAC1 is a molecular switch that cycles between a guanosine-5'-diphosphate (GDP)-
bound (inactive) state and a guanosine 5'-triphosphate (GTP)-bound (active) state which
allows interaction with effector proteins. As molecular switch, RAC1 conducts external
stimuli from the cell membrane to transcription factors, protein kinases, and modulators
of the actin cytoskeleton. Nuclear functions of RAC1 were identified that are related to
apoptosis, proliferation, migration and cell cycle progression. Beyond that, studies
demonstrated an involvement of RAC1 in response to genotoxic stress. Previous
investigations discovered a role of RAC1 in the doxorubicin (Dox)-induced DNA damage
response (DDR). Until today, it is unclear whether the described protection against
topoisomerase Il poison-induced DNA damage and cell death by pharmacological
inhibition of RAC1 is dependent on cytosolic RAC1 and/or nuclear RAC1.

To elucidate the role of RAC1 in the DDR RAC1 was pharmacologically inhibited with
EHT 1864 or silenced by transfection with siRNA against mRac1. Afterwards the Dox-
induced double strand break signaling was analyzed by evaluation of fluorescent nuclear
yH2AX and 53BP1 foci as well as the Dox-induced DDR by western blot analysis of
activated DDR-related proteins. Treatment with EHT 1864 as well as mRac1 knockdown
reduced the Dox-induced DSB-formation to a similar extent. To elucidate the role of
nuclear and cytosolic RAC1 in the DDR various human RAC1 mutants (wild-type,
constitutively active, dominant-negative) were transiently expressed in mouse embryonic
fibroblasts (MEF) prior to Dox treatment in the present work. To distinguish between
effects on the Dox-induced DDR promoted by nuclear RAC1 and cytosolic RAC1, the
GFP-hRAC1 expression vectors were used with and without an additional nuclear
localization sequence (NLS). To obtain evidence about the functionality of the
aforementioned expression vectors in MEF lamellipodia formation was evaluated. For
verification of the functionality of the additional NLS RAC1 localization of GFP-hRAC1
with and without additional NLS was quantified by measuring the fluorescence intensity
of GFP-coupled hRAC1 in the cytoplasm and the nucleus of successfully transfected
cells. Targeted nuclear accumulation of dominant-negative hRAC1 as well as
constitutively active hRAC1 disclosed similar effects namely less Dox-induced yH2AX
and 53BP1 foci. A(RACT mutants altered the Dox-induced DDR in a construct-dependent
manner as seen on the amount of pP53 and pKAP1 protein. Since cells expressing
hRAC1 mutants exhibited no influence on the Dox-induced pATM Ser1981 foci formation
RAC1 seems to act downstream or independent of ATM in the DDR. The presented data

are leading to the assumption that RAC1 is required for a substantial activation of the
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Dox-induced DDR downstream or independent of ATM and balanced levels of active and

inactive RAC1 inside the nucleus are a prerequisite for this response.

Moreover, an attempt was made to generate a stable mRac? knockout cell line. Viral
transduction was used for induction of the mRac7 knockout. Creation of the mRac1
knockout with a Cre-Lox-based system was principally possible but was cytolethal which

could not be prevented by use of a pan caspase inhibitor.
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Zusammenfassung

RAC1 ist ein molekularer Schalter, der zwischen einem Guanosin-5"-Diphosphat (GDP)-
gebundenen (inaktiven) Zustand und einem Guanosin-5'-Triphosphat (GTP)-
gebundenen (aktiven) Zustand wechselt, um so die Interaktion mit Effektorproteinen zu
ermoglichen. Als molekularer Schalter leitet RAC1 externe Stimuli von der Zellmembran
zu Transkriptionsfaktoren, Proteinkinasen und Modulatoren des Cytoskeletts. Es wurden
Kernfunktionen von RAC1 identifiziert, die mit Apoptose, Proliferation, Migration und
Fortschreiten des Zellzyklus zusammenhangen. Darliber hinaus zeigten Studien eine
Beteiligung von RAC1 bei der Reaktion auf genotoxischen Stress. Friuhere
Untersuchungen ergaben eine Rolle von RAC1 bei der doxorubicin (Dox)-induzierten
DNA-Schadensantwort (DDR). Bis heute ist unklar, ob der beschriebene Schutz gegen
DNA Schaden und Zelltod, verursacht durch Topoisomerase Il-Gifte, durch
pharmakologische Hemmung von RAC1 von cytosolischen und/oder nukledrem RAC1

abhangen.

Um die Rolle von RAC1 in der DDR aufzuklaren, wurde RAC1 mit EHT 1864
pharmakologisch inhibiert oder durch Transfektion mit siRNA gegen mRac1
herunterreguliert. AnschlieRend wurde das Dox-induzierte Doppelstrangbruch signaling
durch Auswertung fluoreszierender nuklearer yH2AX und 53BP1 Foci sowie der Dox-
induzierten DDR durch aktivierte, in die DDR involvierte Proteine mittels Western Blot
analysiert. Die Behandlung mit EHT 1864 sowie der knockdown von mRac1 reduzierten
die Dox-induzierte DSB-Bildung in ahnlichem Mafl3e. Um die Rolle von nuklearem und
cytosolischem RAC1 in der DDR zu klaren, wurden in der vorliegenden Arbeit
verschiedene humane RAC1 Mutanten (wildtypisch, konstitutiv aktiv, dominant-negativ)
transient in embryonalen Fibroblasten der Maus (MEF) exprimiert und anschlielend mit
Dox behandelt. Zur Unterscheidung zwischen Effekten auf die Dox-induzierte DDR, die
durch nukleares RAC1 und cytosolisches RAC1 hervorgerufen werden, wurden die
GFP-hRAC1 Expressionsvektoren mit und ohne zusatzliche Kernlokalisierungssequenz
(nuclear localisation sequence, NLS) verwendet. Um Beweise flr die Funktionalitat der
zuvor genannten Expressionsvektoren in MEF zu erhalten, wurde die Bildung von
Lamellipodien untersucht. Zur Uberpriifung der Funktionalitdt des zusatzlichen NLS
wurde die Lokalisierung von GFP-hRAC1 mit und ohne zusatzliches NLS durch die
Messung der Fluoreszenzintensitat von GFP-gekoppeltem hRAC1 im Cytoplasma und
im Zellkern von zuvor erfolgreich transfizierten Zellen quantifiziert. Die gezielte nukleare
Akkumulation von dominant-negativem hRAC1 sowie von konstitutiv aktivem hRAC1
zeigten ahnliche Effekte, ndmlich weniger Dox-induzierte yH2AX und 53BP1 Foci. Die
hRAC1 Mutanten veranderten die Dox-induzierte DDR in Konstrukt-abhangiger Weise,
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wie aus der Menge an detektiertem pP53 und pKAP1 hervorgeht. Da Zellen, die hRAC1
Mutanten exprimierten, keinen Einfluss auf die Dox-induzierte Bildung von pATM
Ser1981 Foci zeigten, scheint RAC1 in der DDR downstream oder unabhangig von ATM
zu wirken. Die prasentierten Daten filhren zu der Annahme, dass RAC1 flr eine
Aktivierung der Dox-induzierten DDR downstream oder unabhangig von ATM
erforderlich ist und eine ausgewogene Menge an aktivem und inaktivem RAC1 im

Zellkern eine Voraussetzung flr diese Reaktion ist.

Darlber hinaus wurde versucht, eine mRac1 knockout Zelllinie zu generieren. Die virale
Transduktion wurde zur Induktion des mRac1 knockout verwendet. Die Erzeugung des
mRac1 knockout mit einem Cre-Lox-basierten System war prinzipiell moglich, verlief
jedoch zytotoxisch, was auch durch die Verwendung eines Pan-Caspase-Inhibitors nicht

verhindert werden konnte.
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7 Appendix

7.1 Additional figures
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Figure 7.1: Map of constitutively active RAC1 plasmid.
The sequence was provided from the manufacturer and loaded into SnapGene® to create the
map.
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Figure 7.2: Map of dominant-negative RAC1 plasmid.
The sequence was provided from the manufacturer and loaded into SnapGene® to create the
map.
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Figure 7.3: Map of wild-type RAC1 plasmid.
The sequence was provided from the manufacturer and loaded into SnapGene® to create the
map.
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Figure 7.4: Map of GFP plasmid.
The sequence was provided from the manufacturer and loaded into SnapGene® to create the
map.
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Figure 7.5: Map of GFP plasmid with SV40 NLS.
The sequence was provided from the manufacturer and loaded into SnapGene® to create the
map.
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Figure 7.9: Map of pRetroQ-Cre-ERT2.
The sequence was provided from the manufacturer and loaded into SnapGene® to create the
map.
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The sequence was provided from the manufacturer and loaded into SnapGene® to create the
map.

176



Appendix

A NT Con TR Con GFP NLS-GFP

DAPI
(nucleus)

GFP

mRAC1

Merge

ONucleus (MRAC1)
B 120 . O Cytoplasm (mRAC1)
[ONucleus (GFP)
§ 1007 [ Cytoplasm (GFP)
T 801
S 60
(]
G 401
=2
201
0

NT Con TR Con GFP  NLS-GFP

Figure 7.11: Fluorescence-based analysis of mRAC1 protein as well as GFP protein (with
and without NLS) localization in non-transfected vs. transfected cells.

MEF were transiently transfected with GFP or NLS-GFP expression vector. Transfection control
cells (TR Con) were treated with TransIT-X2. Control cells (NT Con) were non-transfected. A
Pictures were taken 24 h after transfection. Representative microscopical pictures are shown;
blue: DAPI-stained nuclei, green: GFP fluorescence, red: fluorescence-coupled antibody against
primary antibody directed against intrinsic mMRAC1. Scale bar: 25 pm. B Quantification of the
fluorescence. Fluorescence intensity for cytoplasm and nucleus were quantified by measuring the
fluorescence intensity of GFP-coupled hRAC1. The total fluorescence of each cell was set to
100 % (mean+SD; n=3 with 50 cells counted per experiment; ***p <0.001, ****p < 0.0001
compared to control (NT Con); one-way ANOVA with Dunnett post-hoc test; *p < 0.05 compared
to GFP; T-Test, unpaired, two-sided). The data underlying the graph are shown in Table 7.43 of
the appendix. Abbreviations: NT Con: non-transfected control cells, TR Con: control cells treated
with TransIT-X2, GFP: green fluorescent protein, NLS-GFP: green fluorescent protein with
additional NLS.
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Figure 7.12: Cytoskeleton-staining in non-transfected cells and cells transfected with GFP
or NLS-GFP expression vector.

MEF were transiently transfected with GFP or NLS-GFP expression vector. Transfection control
cells (TR Con) were treated with TransIT-X2. Control cells (NT Con) were non-transfected. A 24 h
after transfection cells were stained with Phalloidin-TRITC. Representative microscopical
fluorescence pictures are shown; blue: DAPI-stained nuclei, green: GFP signal, red: cytoskeleton
stained with Phalloidin-TRITC, white arrow: membrane ruffles, blue arrow: lamellipodia, grey
arrow: stress fibers. Scale bar: 25 ym. B Quantification of lamellipodia formation. Lamellipodia of
each cell were counted (mean+SD; n=3 with 50 cells counted per experiment). The data
underlying the graph are shown in Table 7.44 of the appendix. C Quantification of stress fibers
score. Stress fibers score of each cell was rated (mean+SD; n=3 with 50 cells counted per
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experiment). The data underlying the graph are shown in Table 7.45 of the appendix. D
Quantification of cells with membrane ruffles. Presence or absence of membrane ruffles was
counted for each cell (mean+SD; n=3 with 50 cells counted per experiment). The data underlying
the graph are shown in Table 7.46 of the appendix. Abbreviations: NT Con: non-transfected
control cells, TR Con: control cells treated with TransIT-X2, GFP: green fluorescent protein, NLS-
GFP: green fluorescent protein with additional NLS.
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Figure 7.13: Influence of GFP-hRAC1(T17N) and GFP-NLS-hRAC1(T17N) expression itself
on basal yH2AX and 53BP1 foci formation.

MEF were transiently transfected with GFP-hRAC1(T17N), GFP-NLS-hRAC1(T17N), GFP, or
NLS-GFP expression vector. Transfection control cells (TR Con) were treated with TransIT-X2.
Control cells (NT Con) were non-transfected. Next day cells were treated with Dox [1 pM] for 1 h.
A After the end of the Dox treatment, cells were fixed and staining of yH2AX and 53BP1 foci was
carried out as described in methods. Representative microscopical fluorescence pictures are
shown; blue: DAPI-stained nuclei, green: GFP signal, red: yH2AX (Ser139), yellow: 53BP1. Scale
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bar: 10 uym. B Quantification of yH2AX and 53BP1 foci formation, as well as colocalization of
these foci. Foci of each cell were counted (mean+SD; n=1 - 38 with 50 nuclei counted per
experiment). The data underlying the graph are shown in Table 7.47 of the appendix.
Abbreviations: NT Con, NT: non-transfected cells, TR Con, TR: cells treated with transfection
reagent (TransIT-X2), T17N: dominant-negative RAC1, NLS-T17N: dominant-negative RAC1
with additional NLS, GFP: green fluorescent protein, NLS-GFP: green fluorescent protein with
NLS, NS: not significant.
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Figure 7.14: Western blot analysis in non-transfected cells and cells expressing GFP after
doxorubicin treatment.

A MEF were transiently transfected with GFP expression vector or left un-transfected. 24 h after
transfection cells were 2 h pulse-treated with 1 uyM Dox. Cells were harvested after the indicated
time-points. Afterwards cells were lysed, and protein extracts were analyzed by western blot
analysis as described in methods. GAPDH was used as reference protein. B Change in protein
expression in transfected and non-transfected cells after Dox treatment was quantified as
described in methods. The protein expression of non-transfected cells (NT) treated with Dox was
set to 1 (mean+SD; n=3). The data underlying the graph are shown in Table 7.48 of the appendix.
Abbreviations: NT: non-transfected cells, TR: cells transfected with GFP expression vector.

180



Appendix

A NT Con NT Con TR Con T17N NLS-T17N GFP NT TR GFP

GFP/ DAPI
GFP-RAC1 (nucleus)

yH2AX
(DSB)

53BP1
(DSB)

Merge

EHT 1864 [30 uM], 3 h

doxorubicin [1 uM], 1 h
B 18- 0 yH2AX

161 B 53BP1
® colocalized

127
107 NS

foci / nucleus

" NT NT TR T17NNLS- GFP NT NT TR GFP
Con Con Con T17N
Dox[1pM] - - - - - - o+ o+ o+ o+

EHT 1864 [30 yM] - + + +

+
+
1

+
+
+

Figure 7.15: Influence of the transfection itself and EHT 1864 treatment on basal yH2AX
and 53BP1 foci formation.

MEF were transiently transfected with GFP-hRAC1(T17N), GFP-NLS-hRAC1(T17N), or GFP
expression vector. Transfection control cells (TR Con, TR) were treated with TransIT-X2. Control
cells (NT Con, NT) were non-transfected. 24 h after transfection cells were pre-treated with 30 yM
EHT 1864 for 3 h prior to treatment with Dox [1 uM, 1 h]. A After the end of the Dox treatment,
cells were fixed and staining of yH2AX and 53BP1 foci was carried out as described in methods.
Representative microscopical fluorescence pictures are shown; blue: DAPI-stained nuclei, green:
GFP signal, red: yH2AX (Ser139), yellow: 53BP1. Scale bar: 10 um. B Quantification of yH2AX
and 53BP1 foci formation, as well as colocalization of these foci. Foci of each cell were counted
(mean+SD; n=3 - 28 with 50 nuclei counted per experiment). The data underlying the graph are
shown in Table 7.49 of the appendix. Abbreviations: NT Con, NT: non-transfected cells, TR Con,
TR: cells treated with TransIT-X2, T17N: dominant-negative RAC1, NLS-T17N: dominant-
negative RAC1 with additional NLS, GFP: green fluorescent protein, NS: not significant (vs NT +
EHT 1864 + Dox).
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Figure 7.16: Transfection with mRac1 siRNA efficiently reduced intrinsic mMRAC1 protein
expression.

A Cells were analyzed 24 h and 48 h after transfection with siRNA against mRac1. Cells were
lysed and protein extracts were analyzed by western blot analysis as described in methods.
GAPDH was used as reference protein. Scale bar: 25 um. B Quantification of mMRAC1 protein
expression in non-transfected control cells and mRac1 siRNA transfected cells. The protein
expression of control cells was set to 1 (mean+SD; n=2). The data underlying the graph are shown
in Table 7.50 of the appendix. Abbreviations: Con: non-transfected control cells, mRac? siRNA:
cells transfected with siRNA against the murine Rac1. C Immunofluorescence-staining of mMRAC1
48 h after transfection with mRac1 siRNA. Abbreviations: Con: non-transfected control cells,
mRac1 siRNA: cells transfected with siRNA against murine Rac1.
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Figure 7.17: Transfection with mRac71 siRNA efficiently reduced intrinsic mMRAC1 protein
expression while expression of human GFP-RAC1 was not affected.

A Cells were transfected with mRac? siRNA/human GFP-RAC1 expression vector only, co-
transfected with mRac1 siRNA and human GFP-RAC1 expression vector or left non-transfected.
Cells were harvested 48 h after transfection with mRac7 siRNA. Afterwards, cells were lysed, and
protein extracts were analyzed by western blot analysis as described in methods. GAPDH was
used as reference protein. B Change in mRAC1 and GFP-hRAC1 protein expression in non-
transfected and transfected cells was quantified. The protein expression of control cells was set
to 1 (mRACH1); the protein expression of only GFP-hRAC1 expression vector transfected cells
was set to 1 (GFP-hRAC1) (mean; n=1). The data underlying the graph are shown in Table 7.51
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of the appendix. Abbreviations: mRac1 siRNA: cells transfected siRNA against murine Rac1,
GFP-hRACH1: cells transfected with GFP-hRAC1 expression vector.
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Figure 7.18: Influence of single and double transfection on basal yH2AX and 53BP1 foci
formation.

mRac1 knockdown was achieved by transfection with mRac1 siRNA. The treatment scheme is
shown in material and methods (Figure 2.1 E, F). Cells were additionally transfected with GFP-
hRAC1(T17N) or GFP-NLS-hRAC1(T17N) expression vector. A After the end of the Dox
treatment, cells were fixed and staining of yH2AX and 53BP1 foci was carried out as described
in methods. Representative microscopical fluorescence pictures are shown; blue: DAPI-stained
nuclei, green: GFP signal, red: yH2AX (Ser139), yellow: 53BP1. Scale bar: 10 ym. B
Quantification of yH2AX and 53BP1 foci formation, as well as colocalization of these foci. Foci of
each cell were counted (mean+SD; n=2 - 28 with 50 nuclei counted per experiment). The data
underlying the graph are shown in Table 7.52 of the appendix. Abbreviations: NT Con, NT: non-
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transfected cells, TR Con: cells treated with transfection reagent (Lipofectamine RNAIMAX),
mRac1 siRNA: siRNA against murine Rac7, NS siRNA: non-silencing siRNA, T17N: dominant-
negative RAC1, NLS-T17N: dominant-negative RAC1 with additional NLS.
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Figure 7.19: Influence of dominant-negative hRAC1 expression on basal pATM foci
formation.

Cells were transiently transfected with GFP-hRAC1(T17N), GFP-NLS-hRAC1(T17N), or GFP
expression vector. Transfection control cells (TR Con, TR) were treated with TransIT-X2. Control
cells (NT Con, NT) were non-transfected. 24 h after transfection cells were treated with Dox
[1 uM, 1 h]. A After the end of the Dox treatment, cells were fixed and staining of pATM foci was
carried out as described in methods. Representative microscopical fluorescence pictures are
shown; blue: DAPI-stained nuclei, green: GFP signal, red: pATM. B Quantification of pATM foci
formation. Foci of each cell were counted (mean+SD; n=2-18 with 50 nuclei counted per
experiment). The data underlying the graph are shown in Table 7.53 of the appendix. Scale bar:
10 um. Abbreviations: NT Con, NT: non-transfected cells, TR Con, TR: cells treated with TransIT-
X2, T17N: dominant-negative RAC1, NLS-T17N: dominant-negative RAC1 with additional NLS,
GFP: green fluorescent protein, NS: not significant.
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Figure 7.20: Influence of human GFP-RAC1 expression itself on basal yH2AX and 53BP1
foci formation.

MEF were transiently transfected with GFP-hRAC1(WT), GFP-NLS-hRAC1(WT), GFP-
hRAC1(Q61L), or GFP-NLS-hRAC1(Q61L) expression vector. Transfection control cells
(TR Con) were treated with TransIT-X2. Control cells (NT Con) were non-transfected. A 24 h after
transfection, cells were fixed and staining of yH2AX and 53BP1 foci was carried out as described
in methods. Representative microscopical fluorescence pictures are shown; blue: DAPI-stained
nuclei, green: GFP signal, red: yH2AX (Ser139), yellow: 53BP1. Scale bar: 10 ym. B
Quantification of yH2AX and 53BP1 foci counts, as well as colocalization of these foci. Foci of
each cell were counted (mean+SD; n=3 - 25 with 50 nuclei counted per experiment). The data
underlying the graph are shown in Table 7.54 of the appendix. Abbreviations: NT Con: non-
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transfected cells, TR Con: cells treated with transfection reagent (TransIT-X2), WT: wild-type
RAC1, NLS-WT: wild-type RAC1 with additional NLS, Q61L: constitutively active RAC1, NLS-
Q61L: constitutively active RAC1 with additional NLS.
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Figure 7.21: Influence of EHT 1864 treatment on basal yH2AX and 53BP1 foci formation.

MEF were transiently transfected with GFP-hRAC1(WT), GFP-NLS-hRAC1(WT), GFP-
hRAC1(Q61L), or GFP-NLS-hRAC1(Q61L) expression vector. Transfection control cells
(TR Con) were treated with TransIT-X2. Control cells (NT Con) were non-transfected. 24 h after
transfection cells were treated with 30 uM EHT 1864 for 3 h. A 24 h after transfection, cells were
fixed and staining of yH2AX and 53BP1 foci was carried out as described in methods.
Representative microscopical fluorescence pictures are shown; blue: DAPI-stained nuclei, green:
GFP signal, red: yH2AX (Ser139), yellow: 53BP1. Scale bar: 10 ym. B Quantification of yH2AX
and 53BP1 foci formation, as well as colocalization of these foci. Foci of each cell were counted
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(mean+SD; n=3 - 23 with 50 nuclei counted per experiment). The data underlying the graph are
shown in Table 7.55 of the appendix. Abbreviations: NT Con: non-transfected cells, TR Con: cells
treated with TransIT-X2, WT: wild-type RAC1, NLS-WT: wild-type RAC1 with additional NLS,
Q61L: constitutively active RAC1, NLS-Q61L: constitutively active RAC1 with additional NLS.
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Figure 7.22: Influence of single and double transfection on basal yH2AX and 53BP1 foci
formation.

mRac1 knockdown was achieved by transfection with mRac1 siRNA. The treatment scheme is
shown in material and methods (Figure 2.1 E, F). Cells were co-transfected with GFP-
hRAC1(WT), GFP-NLS-hRAC1(WT), GFP-hRAC1(Q61L), or GFP-NLS-hRAC1(Q61L)
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expression vector. A 48 h after treatment with Lipofectamine RNAIMAX, cells were fixed and
staining of yH2AX and 53BP1 foci was carried out as described in methods. Representative
microscopical fluorescence pictures are shown; blue: DAPI-stained nuclei, green: GFP signal,
red: yH2AX (Ser139), yellow: 53BP1. B Quantification of yH2AX and 53BP1 foci formation, as
well as colocalization of these foci. Foci of each cell were counted (mean+SD; n=2 - 20 with 50
nuclei counted per experiment). The data underlying the graph are shown in Table 7.56 of the
appendix. Scale bar: 10 um. Abbreviations: NT Con: non-transfected cells, TR Con: cells treated
with Lipofectamine RNAIMAX and TransIT-X2, WT: wild-type RAC1, NLS-WT: wild-type RAC1
with additional NLS, Q61L: constitutively active RAC1, NLS-Q61L: constitutively active RAC1 with
additional NLS.

A NT Con TR Con NLS-WT Q61L NLS-Q61L
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Figure 7.23: Influence of the transfection methods on basal pATM foci formation.

Cells were transiently transfected with GFP-hRAC1(WT), GFP-NLS-hRAC1(WT), GFP-
hRAC1(Q61L), or GFP-NLS-hRAC1(Q61L) expression vector or mRac1 siRNA. Transfection
control cells (TR Con) were treated with TransIT-X2. Control cells (NT Con) were non-
transfected. A 24 h after transfection with GFP-hRACT expression vectors or 48 h after
transfection with mRac1 siRNA cells were fixed and staining of pATM foci was carried out as
described in methods. Representative microscopical fluorescence pictures are shown; blue:
DAPI-stained nuclei, green: GFP signal, red: pATM. B Quantification of pATM foci formation. Foci
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of each cell were counted (mean+SD; n=1 - 18 with 50 nuclei counted per experiment). The data
underlying the graph are shown in Table 7.57 of the appendix. Scale bar: 10 ym. Abbreviations:
NT Con, NT: non-transfected cells, TR Con, TR: cells treated with TransIT-X2, WT: wild-type
RAC1, NLS-WT: wild-type RAC1 with additional NLS, Q61L: constitutively active RAC1, NLS-
Q61L: constitutively active RAC1 with additional NLS, mRac1 siRNA: siRNA against murine
Rac1.
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Figure 7.24: Influence of GFP as part of the plasmids on IR-induced foci formation.

Cells were transiently transfected with GFP expression vector. Transfection control cells (TR Con,
TR) were treated with TransIT-X2. Control cells (NT Con, NT) were non-transfected. Cells were
irradiated with 1 Gy or 3 Gy. 1 h after treatment with IR, cells were fixed and staining of yH2AX
and 53BP1 foci was carried out as described in methods. A Representative microscopical
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fluorescence pictures are shown; blue: DAPI-stained nuclei, green: GFP signal, red:
YH2AX (Ser139), yellow: 53BP1. Scale bar: 10 ym. B Quantification of yH2AX and 53BP1 foci
formation, as well as colocalization of these foci. Foci of each nucleus were counted (mean+SD;
n=3 - 24 with 50 nuclei counted per experiment; *p < 0.05 compared to IR [3 Gy] treated cells
(TR), one-way ANOVA with Dunnett post-hoc test). The data underlying the graph are shown in
Table 7.58 of the appendix. Abbreviations: NT Con, NT: non-transfected cells, TR Con, TR: cells
treated with transfection reagent (TranslIT-X2), GFP: green fluorescent protein, NS: not
significant.
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Figure 7.25: Flow cytometric analysis of cell cycle distribution and apoptosis after lentiviral
transduction with diluted Puro.Cre vector in mouse embryonic fibroblasts without loxP
sites (Rac1""),

Cells were transduced with different dilutions of Puro.Cre vector and 24 h later treatment with
puromycin was started. Cells were analyzed 24 h, 48 h, 72 h, 96 h, and 120 h after puromycin
selection. Cells were lysed and the nuclei were stained with the DNA-intercalating agent
propidium iodide. The cell cycle distribution was determined using a flow cytometer. Control cells
(Rac 1"y were non-transduced. Shown is the evaluation of the different fractions (n=1). The data
underlying the graph are shown in Table 7.59 of the appendix. Abbreviations: SubG1: apoptotic
cell fraction, GO/G1: fraction of cells in state of quiescence/growth phase, G2/M: fraction of cells
in growth phase (preparation for mitosis)/mitosis.
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7.2 List of dates underlying the graphs

Table 7.1: Data from fluorescence-based quantification of doxorubicin-induced DNA
double-strand breaks (yH2AX foci).

MEF were treated with 0 uM, 0.1 uM, 0.3 uM, 1 uM, or 3 uM Dox for 1 h. Pictures were taken
after the end of the Dox treatment. The mean values on which Figure 3.2 B is based on are listed
in the Table (n=3 with 50 nuclei counted per experiment).

doxorubicin foci/nucleus |
[uM] mean + SD pvalue
0 4.62 +0.71
0.1 6.42 + 0.97 0.9725
0.3 9.67 +1.21 0.5469
1 17.31 +6.35 0.0305
29.22 + 8.67 0.0004

Table 7.2: Data from western blot analysis of representative DDR-related proteins after
doxorubicin treatment.

MEF were 2 h pulse-treated with 0 yM, 0.1 uM, 0.3 pM, 1 uM, or 3 uM Dox. Cells were harvested
after the indicated time points. Afterwards, cells were lysed, and protein extracts were analyzed
by western blot analysis as described in methods. The fluorescence intensities of the proteins
were determined with ImagelLab. 1 yM Dox treatment was set to 1. The mean values on which
Figure 3.3 B is based on are listed in the Table (n=3).

pKAP1

Experiment 1

Experiment 2

Experiment 3

mean + SD

0h Protein Protein Protein p value
normalized normalized normalized
0 uM Dox 0.12 0.00 0.12 0.08 £ 0.07
0.1 uM Dox 0.27 0.01 0.14 0.11£0.08 | 0.9908
0.3 uM Dox 0.87 0.40 0.36 0.51+£0.22 0.0025
1 uM Dox 1.00 1.00 1.00 1.00 £ 0.00 | <0.0001
3 UM Dox 0.99 0.94 0.96 0.96 £ 0.03 | <0.0001
oKAP1 Ex;l)jerim_ent 1 Experim_ent 2 Experim(_ant 3 mean + SD
4h rote_ln Prote_ln Prote_ln p value
normalized normalized normalized
0 uM Dox 0.13 0.00 0.06 0.09 + 0.05
0.1 uM Dox 0.41 0.08 0.1 0.20+0.18 | 0.9977
0.3 uM Dox 0.87 0.61 0.36 0.69+0.38  0.5735
1 uM Dox 1.00 1.00 1.00 1.00 £ 0.00 0.2558
3 uM Dox 2.66 1.47 0.58 1.57£1.05 0.0434
oKAP1 Ex;l)jerim_ent 1 Experim_ent 2 Experim(_ant 3 mean + SD
24 h rote_ln Prote_ln Prote_ln p value
normalized normalized normalized
0 uM Dox 0.62 0.04 0.47 0.38 £0.30
0.1 uM Dox 0.62 0.04 0.57 0.41+£0.32 0.9999
0.3 uM Dox 1.34 0.24 1.25 0.94 + 0.61 0.3919
1 uM Dox 1.00 1.00 1.00 1.00 £ 0.00 0.3135
3 uM Dox 0.47 1.76 0.98 1.07£0.65 @ 0.2378
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Experiment 1

Experiment 2

Experiment 3

yI—(I)ZhAX Protein Protein Protein mean + SD p value
normalized normalized normalized
0 uM Dox 0.53 0.38 0.52 0.48 £ 0.09
0.1 yM Dox 0.35 0.31 0.38 0.35+0.03  0.8346
0.3 uM Dox 0.32 0.92 0.76 0.66 + 0.31 0.6446
1 uM Dox 1.00 1.00 1.00 1.00 £ 0.00 0.0290
3 UM Dox 1.80 1.26 1.74 1.60 £ 0.30 0.0002
VH2AX Ex;l)jerlm_ent 1 Experlm_ent 2 Experlm_ent 3 mean + SD
4h rotein Protein Protein p value
normalized normalized normalized
0 uM Dox 0.24 0.00 0.25 0.25+0.01
0.1 uM Dox 0.84 1.01 0.21 0.69 £ 0.42 0.9753
0.3 uM Dox 1.14 0.72 0.22 0.69+0.46 @ 0.9753
1 uM Dox 1.00 1.00 1.00 1.00 £ 0.00 0.8656
3 uM Dox 1.54 5.21 1.13 2.62+2.25  0.1241
VH2AX Ex;l)jerlm_ent 1 Experlm(_ant 2 Experlm(_ant 3 mean + SD |
2 h rotgln Prote_ln Prote_ln p value
normalized normalized normalized
0 uM Dox 1.39 1.02 0.93 1.11+£0.24
0.1 uM Dox 1.07 1.18 1.18 1.14+£0.06  0.9982
0.3 uM Dox 0.73 0.91 0.80 0.82+0.09 0.1860
1 uM Dox 1.00 1.00 1.00 1.00 £ 0.00 0.8466
3 uM Dox 1.51 1.53 1.03 1.36 £0.28  0.2831
Experiment 1 Experiment 2 Experiment 3
pg’i3 Protein Protein Protein mean + SD p value
normalized normalized normalized
0 uM Dox 0.05 0.00 0.41 0.16 £ 0.23
0.1 uM Dox 0.14 0.28 0.10 0.17 £0.09  >0.9999
0.3 uM Dox 0.45 0.68 0.61 0.58 £0.12 0.0554
1 uM Dox 1.00 1.00 1.00 1.00 £ 0.00 0.0007
3 uM Dox 1.64 1.25 1.84 1.57 £ 0.30 = <0.0001
Experiment 1 Experiment 2 Experiment 3
psz Protein Protein Protein mean + SD p value
normalized normalized normalized
0 uM Dox 0.01 0.00 0.30 0.16 £ 0.21
0.1 uM Dox 0.20 0.00 0.16 0.12+£0.11 0.9843
0.3 uM Dox 0.57 0.28 0.44 0.43+0.15 | 0.0858
1 uM Dox 1.00 1.00 1.00 1.00 £ 0.00 | <0.0001
3 uM Dox 1.50 1.53 1.57 1.53+0.04 <0.0001
Experiment 1 Experiment 2 Experiment 3
pzljﬁ? Protein Protein Protein mean + SD p value
normalized normalized normalized
0 uM Dox 0.15 0.00 0.10 0.08 £ 0.07
0.1 uM Dox 0.34 0.12 0.22 0.23+£0.11 0.9781
0.3 uM Dox 0.37 0.44 0.08 0.30£0.19 | 0.9216
1 uM Dox 1.00 1.00 1.00 1.00 £ 0.00 0.0798
3 uM Dox 3.50 1.97 1.80 2.42 +0.94 0.0002
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Table 7.3: Data from western blot analysis of doxorubicin-induced P53 and H2AX
phosphorylation after pre-treatment with EHT 1864.

MEF were pre-treated for 1 h with 10 uM EHT 1864 and afterwards treated with 1 uM Dox for 2 h.
Cells were harvested after the end of the Dox treatment. Afterwards cells were lysed, and protein
extracts were analyzed by western blot analysis as described in methods. The fluorescence
intensities of the proteins were determined with ImageLab. 1 uM Dox treatment was setto 1. The
mean values on which Figure 3.4 B is based on are listed in the Table (n=3).

Experiment 1 Experiment 2 Experiment 3
pg?f Protein Protein Protein mean + SD p value
normalized normalized normalized
Con 0.00 0.00 0.10 0.03 £ 0.05
EHT 1864
[10uM] 0.00 0.00 0.05 0.02 £ 0.03
Dox [1uM] 1.00 1.00 1.00 1.00 + 0.00
EHT 1864
[10uM] + Dox 0.77 5.17 2.27 224 £254  0.5243
[1uM]
VH2AX Experlm_ent 1 Experlm(_ant 2 Experlm(_ant 3 mean + SD
0h Protein Protein Protein p value
normalized normalized normalized
Con 0.04 0.00 0.00 0.01 £0.02
EHT 1864
[10uM] 0.21 0.00 0.00 0.07+£0.12
Dox [1uM] 1.00 1.00 1.00 1.00 + 0.00
EHT 1864
[10uM] + Dox 0.81 1.06 2.27 1.38+0.78 | 0.5339
[1uM]

Table 7.4: Data from fluorescence-based quantification of doxorubicin-induced DNA
double-strand breaks (yH2AX foci) after pre-treatment with EHT 1864.

MEF were pre-treated for 3 h with different doses of EHT 1864 [10 uM, 30 uM, or 100 uM] and
afterwards treated for 1 h with 1 uM Dox. Pictures were taken after the end of the Dox treatment.
The mean values on which Figure 3.5 B is based on are listed in the Table (n=1 with 50 nuclei
counted).

foci/nucleus
mean
Con 6.56
EHT 1864 [100uM] 5.74
Dox [1uM] 17.88
EHT 1864 [10uM] + Dox [1uM] 10.74
EHT 1864 [30uM] + Dox [1uM] 12.88
EHT 1864 [100uM] + Dox [1uM] 12.18
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Table 7.5: Data from western blot analysis of doxorubicin-induced representative DDR-
related proteins after pre-treatment with EHT 1864.

MEF were pre-treated for 3 h with different doses of EHT 1864 [10 uM, 30 uM, or 100 uM] and
afterwards treated with 1 uM Dox for 2 h. Cells were harvested after the end of the Dox treatment.
Afterwards cells were lysed, and protein extracts were analyzed by western blot analysis as
described in methods. The fluorescence intensities of the proteins were determined with
ImageLab. 1 yM Dox treatment was set to 1. The mean values on which Figure 3.5 D is based

on are listed in the Table (n=3).

Experiment 1

Experiment 2

Experiment 3

pCHK1 Protein Protein Protein mean + SD p value
normalized normalized normalized
Con 0.00 0.00 0.00 0.00 £ 0.00
EHT 1864
[100uM] 0.00 0.00 0.00 0.00 £ 0.00 <0.0001
Dox [1uM] 1.00 1.00 1.00 1.00 £ 0.00
EHT 1864
[10uM] + Dox 0.45 0.43 0.03 0.30 £0.24 <0.0001
[1pM]
EHT 1864
[30uM] + Dox 0.38 0.35 0.12 0.28 £0.14 <0.0001
[1pM]
EHT 1864
[100uM] + Dox 0.18 0.16 0.17 0.17 £ 0.01 <0.0001
[1pM]
Experiment 1 Experiment 2 | Experiment 3
pP53 F?f’rotein F?Drotein F?Drotein mean + SD p value
normalized normalized normalized
Con 0.00 0.00 0.00 0.00 £ 0.00
EHT 1864
[100uM] 0.00 0.00 0.00 0.00 £ 0.00 0.0014
Dox [1uM] 1.00 1.00 1.00 1.00 £ 0.00
EHT 1864
[10uM] + Dox 0.03 0.02 0.75 0.27 £0.42 0.0136
[1pM]
EHT 1864
[30uM] + Dox 0.01 0.01 0.75 0.26 +0.43 0.0124
[1pM]
EHT 1864
[100uM] + Dox 0.00 0.00 0.05 0.02 £ 0.03 0.0016
[1pM]
Experiment 1 Experiment 2 | Experiment 3
yH2AX F?Drotein F?Drotein F?Drotein mean + SD p value
normalized normalized normalized
Con 0.00 0.00 0.00 0.00 £ 0.00
EHT 1864
[100uM] 0.00 0.00 0.00 0.00 £ 0.00 <0.0001
Dox [1uM] 1.00 1.00 1.00 1.00 £ 0.00
EHT 1864
[10uM] + Dox 0.83 1.04 0.67 0.85+0.18 0.6404
[1pM]
EHT 1864
[30uM] + Dox 0.78 0.90 0.29 0.66 £ 0.32 0.0661
[1pM]
EHT 1864
[100uM] + Dox 0.35 0.36 0.25 0.32 £ 0.06 0.0006
[1pM]
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Experiment 1 | Experiment 2 | Experiment 3

pKAP1 Protein Protein Protein mean + SD p value
normalized normalized normalized
Con 0.00 0.00 0.00 0.00 £ 0.00
EHT 1864
[100uM] 0.00 0.00 0.35 0.12+0.20 0.0020
Dox [1uM] 1.00 1.00 1.00 1.00 £ 0.00
EHT 1864
[10uM] + Dox 0.98 1.04 0.20 0.74 £ 0.47 0.6235
[1uM]
EHT 1864
[30uM] + Dox 0.96 0.94 0.32 0.47 £ 0.36 0.6235
[1uM]
EHT 1864
[100uM] + Dox 0.17 0.23 0.35 0.25+0.09 0.0155
[1uM]

Table 7.6: Data from fluorescence-based quantification of doxorubicin-induced DNA
double-strand breaks (yH2AX foci) after pre-treatment with EHT 1864.

MEF were pre-treated for 3 h with a single dose of EHT 1864 [30 uM] and afterwards treated with
1 uM Dox for 1 h. Pictures were taken after the end of the Dox treatment. The mean values on
which Figure 3.6 B is based on are listed in the Table (n=6 with 50 nuclei counted per experiment).

foci/nucleus val
mean + SD pvaiue
Con 4.32+1.73
EHT 1864 [30uM] 4,52 +0.55
Dox [1uM] 19.44 + 3.08
EHT 186‘;1[3&*]JM] + Dox 13.54 + 1.64 0.0001
J

Table 7.7: Data from fluorescence-based quantification of intrinsic mRAC1 as well as GFP-
hRAC1 distribution in cells expressing human GFP-RAC1 with and without additional NLS.
MEF were transiently transfected with GFP-hRAC1(WT), GFP-NLS-hRAC1(WT), GFP-
hRAC1(Q61L), GFP-NLS-hRAC1(Q61L), GFP-hRAC1(T17N), or GFP-NLS-hRAC1(T17N)
expression vector. Transfection control cells (TR Con) were treated with TransIT-X2. The mean
values on which Figure 3.7 B is based on are listed in the Table (n=3 with 50 cells counted per
experiment). Abbreviations: TR Con: control cells treated with transfection reagent (TransIT-X2),
WT: wild-type RAC1, NLS-WT: wild-type RAC1 with additional NLS, Q61L: constitutively active
RAC1, NLS-Q61L: constitutively active RAC1 with additional NLS, T17N: dominant-negative
RAC1, NLS-T17N: dominant-negative RAC1 with additional NLS.

p value nucleus | p value cytoplasm

) ;
mensso  ‘menzso pIRCn() weTReen())
TR Con 1892154 | 8108154
WT 30.84+2.56  69.16 £ 2.56 (*) 0.0192 (*) 0.0192
NLS-WT 86.53 + 1.80 13.47 + 1.80 ((* #)&;3698881/ ((* ;;3698831/
Q6L 18.94+096 | 81.06+096 (%) >0.9999 (*) >0.9999
NLS-Q61L 37.03+865 | 62.97 +8.65 ((* ;;)06(.)820278/ ((* ;;)0(3(.)820278/
T17N 1825+1.66  81.75+1.66 (*) 0.9997 (*) 0.9997
NLS-T17N 36.16+6.06  63.84 + 6.06 ((* #1)0698()1718/ ((* ;;)069801718/
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Table 7.8: Data from influence of the different human GFP-RAC1 mutants (with and without
additional NLS) on the lamellipodia formation.

MEF were transiently transfected with GFP-hRAC1(WT), GFP-NLS-hRAC1(WT), GFP-
hRAC1(Q61L), GFP-NLS-hRAC1(Q61L), GFP-hRAC1(T17N), or GFP-NLS-hRAC1(T17N)
expression vector. Transfection control cells were treated with TransIT-X2 (TR Con). 24 h after
transfection, cells were stained with phalloidin-TRITC. The mean values on which Figure 3.9 B is
based on are listed in the Table (n=3 with 50 cells counted per experiment). Abbreviations:
TR Con: control cells treated with transfection reagent (TransIT-X2), WT: wild-type RAC1, NLS-
WT: wild-type RAC1 with additional NLS, Q61L: constitutively active RAC1, NLS-QG61L:
constitutively active RAC1 with additional NLS, T17N: dominant-negative RAC1, NLS-T17N:
dominant-negative RAC1 with additional NLS.

lamellipodia p value
mean + SD vs TR Con (*)/
GFP-hRAC1 (#)
TR Con 2.82 £ 0.81
WT 2.14 £ 0.97 (*) 0.6515
NLS-WT 2.81+0.97 (*) >0.9999 / (#) 0.4452
Q61L 5.59 + 0.98 (*) <0.0001
NLS-Q61L 4.95+0.49 (*) 0.0006 / (#) 0.3689
T17N 1.92 + 0.62 (*) 0.3477
NLS-T17N 2.07 £ 0.22 (*) 0.5496 / (#) 0.7131

Table 7.9: Data from influence of the different human GFP-RAC1 mutants (with and without
additional NLS) on the stress fibers formation.

MEF were transiently transfected with GFP-hRAC1(WT), GFP-NLS-hRAC1(WT), GFP-
hRAC1(Q61L), GFP-NLS-hRAC1(Q61L), GFP-hRAC1(T17N), or GFP-NLS-hRAC1(T17N)
expression vector. Transfection control cells (TR Con) were treated with TransIT-X2. 24 h after
transfection, cells were stained with phalloidin-TRITC. The mean values on which Figure 3.9 C is
based on are listed in the Table (n=3 with 50 cells counted per experiment). Abbreviations:
TR Con: control cells treated with transfection reagent (TransIT-X2), WT: wild-type RAC1, NLS-
WT: wild-type RAC1 with additional NLS, Q61L: constitutively active RAC1, NLS-Q61L:
constitutively active RAC1 with additional NLS, T17N: dominant-negative RAC1, NLS-T17N:
dominant-negative RAC1 with additional NLS.

p value

stress fibers vs TR Con (*)/

mean & SD GFP-hRACT (#)

TR Con 2.72£017

wT 2.89£023 () 0.5769
NLS-WT 2.80 £ 0.30 (*) 0.9771 / (#) 0.7012

Q61L 217017 () 0.0001
NLS-Q61L 246£0.18 (*) 0.1484 / (#) 0.1124

T17N 3.06 £ 0.17 () 0.0283
NLS-T17N 2.67£0.18 (*).0.9979 / (#) 0.05
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Table 7.10: Data from influence of the different human GFP-RAC71 mutants (with and
without additional NLS) on the membrane ruffles formation.

MEF were transiently transfected with GFP-hRAC1(WT), GFP-NLS-hRAC1(WT), GFP-
hRAC1(Q61L), GFP-NLS-hRAC1(Q61L), GFP-hRAC1(T17N), or GFP-NLS-hRAC1(T17N)
expression vector. Transfection control cells (TR Con) were treated with TransIT-X2. 24 h after
transfection, cells were stained with phalloidin-TRITC. The mean values on which Figure 3.9 D is
based on are listed in the Table (n=3 with 50 cells counted per experiment). Abbreviations:
TR Con: control cells treated with transfection reagent (TransIT-X2), WT: wild-type RAC1, NLS-
WT: wild-type RAC1 with additional NLS, Q61L: constitutively active RAC1, NLS-Q61L:
constitutively active RAC1 with additional NLS, T17N: dominant-negative RAC1, NLS-T17N:
dominant-negative RAC1 with additional NLS.

p value

membrane ruffles [%] vs TR Con (*) /

mean + SD GFP-hRAC1 (#)
TR Con 96.42 £ 3.08
WT 96.00 * 6.93 (*) 0.9998
NLS-WT 93.33 + 11.55 (*) 0.8310 / (#) 0.7486
Q61L 90.67 + 4.16 (*) 0.2288
NLS-Q61L 90.00 * 0.55 (*) 0.1402 / (#) 0.7958
T17N 92.00 + 5.29 (*) 0.5078
NLS-T17N 92.67 + 2.31 (*) 0.6789 / (#) 0.8505

Table 7.11: Data from influence of mainly cytosolic and targeted nuclear expression of
dominant-negative hRAC1 on doxorubicin-induced yH2AX and 53BP1 foci formation.
MEF were transiently transfected with GFP-hRAC1(T17N) or GFP-NLS-hRAC1(T17N)
expression vector. Transfection control cells (TR Con, TR) were treated with TransIT-X2. 24 h
after transfection cells were treated with Dox [1 pM] for 1 h. The mean values on which Figure
3.10 B is based on are listed in the Table (n=6 - 38 with 50 nuclei counted per experiment).
Abbreviations: TR Con, TR: cells treated with TransIT-X2, T17N: dominant-negative RAC1, NLS-
T17N: dominant-negative RAC1 with additional NLS.

yH2AX 53BP1 colocalization
foci/nucleus foci/nucleus foci/nucleus
mean + SD mean + SD mean + SD
TR Con 2.67 £1.18 1.53 £ 1.06 0.85 £ 0.57
TR + Dox [1 uM] 12.73 £ 1.84 9.81+£3.18 6.97 £ 1.83
T17N + Dox [1 uM] 7.23+1.49 5.72 £+ 1.86 4.23 +1.32
NLS-T17N + Dox 7.58 +1.32 6.38 + 3.09 3.72 4127
(1 pM]
p value p value p value
yH2AX 53BP1 colocalization
vs TR (*) / GFP- vs TR (*) / GFP- vs TR (*) / GFP-
hRAC1 (#) hRAC1 (#) hRAC1 (#)
T17N + Dox [1 uM] (*) <0.0001 (*) 0.0076 (*) 0.0015
NLS-T17N + Dox (*) <0.0001/ (*) 0.0275 / (*) 0.0002 /
[1 uM] (#) 0.6758 (#) 0.6635 (#) 0.5107
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Table 7.12: Data from western blot analysis after doxorubicin treatment in dominant-
negative hRAC1-expressing cells with and without additional NLS.

MEF were transiently transfected with GFP-hRAC1(T17N) or GFP-NLS-hRAC1(T17N)
expression vector. 24 h after transfection cells were 2 h pulse-treated with 1 uM Dox. Cells were
harvested after indicated time-points. Afterwards cells were lysed, and protein extracts were
analyzed by western blot analysis as described in methods. The fluorescence intensities of the
proteins were determined with ImagelLab. Non-transfected cells treated with 1 yM Dox were set
to 1. The mean values on which Figure 3.11 C-F is based on are listed in the Table (n=3).
Abbreviations: NT Con, NT: non-transfected cells, T17N: dominant-negative RAC1, NLS-T17N:
dominant-negative RAC1 with additional NLS.

p value
Experiment 1 Experiment 2 Experiment 3 vs Dox (*)/
plBA:1 Protein Protein Protein mean + SD GFP-
normalized normalized normalized hRAC1
+ Dox (#)
NT Con 0.00 0.00 0.00 0.00 + 0.00
T17N 0.04 0.35 0.04 0.15+0.18
$1L$’N 0.00 0.00 0.00 0.00 + 0.00
1 :‘,\I . 1.00 1.00 1.00 1.00 + 0.00
JJ,&ND;X 0.30 0.79 0.53 0.54+024 (*)0.2803
NLS- *
T17N + 0.63 0.30 161 0.85 + 0.68 (;06955759/
1 uM Dox (#) 0.
p value
Experiment 1 Experiment 2 Experiment 3 vs Dox (*)/
pﬁAﬁ1 Protein Protein Protein mean + SD GFP-
normalized normalized normalized hRAC1
+ Dox (#)
NT Con 0.00 0.00 0.00 0.00 + 0.00
T17N 0.05 0.52 0.08 0.22 +0.26
N 0.00 0.00 0.00 0.00 + 0.00
1 L’j“,\} . 1.00 1.00 1.00 1.00 + 0.00
1TJ,\;ND;X 0.61 2.06 0.57 1.08+0.85 (*)0.9987
NLS- "
T17N + 0.57 126 0.93 0.92 +0.35 (;0693%1/
1 uM Dox (#) 0.
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p value
Experiment 1 Experiment 2 Experiment 3 vs Dox (*)/
pgﬁ\? Protein Protein Protein mean + SD GFP-
normalized normalized normalized hRAC1
+ Dox (#)
NT Con 0.00 0.00 0.00 0.00 + 0.00
T17N 0.00 0.47 0.00 0.16 £ 0.27
NLS-
T17N 0.00 0.00 0.00 0.00 + 0.00
NT +
1 M Dox 1.00 1.00 1.00 1.00 £ 0.00
1Tp1,\;ND;X 0.58 0.20 0.77 052+029  (*)0.0137
NLS- %
TA7N + 0.00 0.00 0.00 0.00+0.00 ()<0:0001
1 uM Dox / (#) 0.0360
p value
Experiment 1 Experiment 2 Experiment 3 vs Dox (*)/
yl—(|)2hAX Protein Protein Protein mean + SD GFP-
normalized normalized normalized hRAC1
+ Dox (#)
NT Con 0.59 0.00 0.71 0.43+0.38
T17N 0.00 0.00 0.34 0.11+£0.19
NLS-
T17N 0.00 0.21 0.00 0.07 £0.12
NT +
1 M Dox 1.00 1.00 1.00 1.00 £ 0.00
1Tp1,\;ND;X 138 1.05 2.69 171+0.87  (*)0.3008
NLS- %
T17N + 0.00 1.08 1.02 076066 )05
1 uM Dox (#) 0.
NLS- %
T17N + 0.00 1.08 1.02 076 £0.66 ()0
1 uM Dox (#) 0.
p value
Experiment 1 Experiment 2 Experiment 3 vs Dox (*)/
YllzhAX Protein Protein Protein mean + SD GFP-
normalized normalized normalized hRAC1
+ Dox (#)
NT Con 0.12 0.45 0.00 0.19+0.23
T17N 0.42 1.06 0.40 0.63 +0.37
NLS-
T17N 0.00 0.22 0.00 0.06 + 0.08
NT +
1 M Dox 1.00 1.00 1.00 1.00 £ 0.00
1Tp1l\;ND;x 0.91 3.45 0.68 1.68+1.54 @ (*)0.6267
NLS- %
TA7N + 0.94 0.81 0.21 065039 ()OI
1 uM Dox (#) 0.
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p value
Experiment 1 Experiment 2 | Experiment 3 vs Dox (*)/
y;If/;\‘X Protein Protein Protein mean + SD GFP-
normalized normalized normalized hRAC1
+ Dox (#)
NT Con 0.00 0.00 0.00 0.00 £ 0.00
T17N 0.00 0.00 0.00 0.00 £ 0.00

NLS-T17N 0.48 0.00 0.00 0.16 £ 0.28

NT+1uM 1.00 1.00 1.00 1.00 + 0.00
Dox
T17N + .

1 uM Dox 0.00 0.00 0.00 0.00 £0.00 @ (*) 0.0009
NLS-T17N (*) 0.9997 /
+ 1 M Dox 1.50 0.53 0.85 0.96 + 0.50 (#) 0.0292

p value
Experiment 1 Experiment 2 | Experiment 3 vs Dox (*)/
pg?f Protein Protein Protein mean + SD GFP-
normalized normalized normalized hRAC1
+ Dox (#)
NT Con 0.00 0.00 0.07 0.04 £ 0.04
T17N 0.22 0.00 0.23 0.15+0.13

NLS-T17N 0.00 0.00 0.00 0.00 £ 0.00

NT+1uM 1.00 1.00 1.00 1,00 + 0.00
Dox
T17N + .

1 uM Dox 0.11 0.04 0.22 0.12 £0.09 @ (*) <0.0001
NLS-T17N (*)0.9746 /
+ 1 M Dox 1.20 0.91 0.73 0.95+0.23 (#) 0.0043

p value
Experiment 1 Experiment 2 | Experiment 3 vs Dox (*)/
psz Protein Protein Protein mean + SD GFP-
normalized normalized normalized hRAC1
+ Dox (#)
NT Con 0.00 0.00 0.00 0.00 £ 0.00
T17N 0.08 0.00 0.09 0.06 £ 0.05

NLS-T17N 0.69 0.00 0.00 0.23+0.40

NT > 1HM 1.00 1.00 1.00 1.00 + 0.00
OX
T17N + .

1 uM Dox 0.59 0.73 0.69 0.67 £0.07  (*)0.4711
NLS-T17N (*) 0.9634 /
+1 uM Dox 1.63 0.58 1.18 1.13+0.53 (#) 0.2104
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p value
P53 Experiment 1 Experiment 2 Experiment 3 mean+ | vs Dox (*)/
;)24 h Protein Protein Protein SD GFP-
normalized normalized normalized hRAC1
+ Dox (#)
0.05+
NT Con 0.00 0.00 0.16 0.09
0.09 +
T17N 0.00 0.00 0.28 0.16
NLS- 0.00 +
T17N 0.00 0.00 0.00 0.00
NT + 1.00 +
1 M Dox 1.00 1.00 1.00 0.00
T17N + 0.28 + .
1 uM Dox 0.40 0.07 0.37 018 (*) 0.0002
NLS-
0.13 % (*) <0.0001
T17N + 0.39 0.00 0.00
1 uM Dox 0.23 / (#) 0.4240
p value
MRAC1 Experiment 1 Experiment 2 Experiment 3 mean+ | vs Dox (*)/
0h Protein Protein Protein SD GFP-
normalized normalized normalized hRAC1
+ Dox (#)
NT Con 178 0.63 1.01 1142 40,0077
o] . . . 0.59 )
T17N 0.62 153 132 1(')1fsi (*) 0.9960
NLS- 1.05 ¢ (*) 0.9999 /
T17N 0.77 0.80 1.59 0.46 | (#)0.7887
NT + 1.00 +
1 M Dox 1.00 1.00 1.00 0.00
T17N + 1.58 + .
1 M Dox 0.52 2.05 2.19 093 (*) 0.6092
NLS-
1.07 £ (*) 0.9998 /
T17N + 0.61 0.98 1.62
1 uM Dox 0.51 (#) 0.4518
p value
MRAC1 Experiment 1 Experiment 2 Experiment 3 mean+ | vs Dox (*)/
4h Protein Protein Protein SD GFP-
normalized normalized normalized hRAC1
+ Dox (#)
NT Con 0.84 2.02 0.97 16267 S (o9rio
T17N 0.69 127 0.21 067231 (*) 0.9665
NLS- 1.21+ (*) 0.9900 /
T17N 0.81 1.80 1.02 052 | (#)0.3168
NT + 1.00 +
1 M Dox 1.00 1.00 1.00 0.00
T17N + 0.97 .
1 uM Dox 0.29 1.50 1.12 062 (*) >0.9999
NLS-
111+ (*) 0.9997 /
T17N + 0.30 0.94 2.10
1 uM Dox 0.91 (#) 0.8365
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p value
MRAC1 Experiment 1 Experiment 2 Experiment 3 mean+ | vs Dox (*)/
24 h Protein Protein Protein SD GFP-
normalized normalized normalized hRAC1
+ Dox (#)
NT Con 1.02 0.59 132 069371 (*) >0.9999
T17N 0.49 1.43 1.61 1b1goi (*) 0.9975
NLS- 0.80 + (*) 0.9961 /
T17N 0.62 0.71 1.06 023 | (#)0.3636
NT + 1.00 +
1 M Dox 1.00 1.00 1.00 0.00
T17N + 1.34 .
1 uM Dox 0.50 0.35 3.17 159 (*) 0.9639
NLS-
0.58 + (*) 0.9204 /
T17N + 0.47 0.64 0.62 0.09 (#) 0.4549
1 uM Dox

Table 7.13: Data from influence of pharmacological RAC1 inhibition on doxorubicin-
induced foci formation in cells expressing GFP-hRAC1(T17N) GFP-NLS-hRAC1(T17N).

MEF were transiently transfected with GFP-hRAC1(T17N) or

GFP-NLS-hRAC1(T17N)

expression vector. Transfection control cells (TR Con, TR) were treated with TransIT-X2. 24 h
after transfection cells were pre-treated with 30 uM EHT 1864 for 3 h prior to treatment with Dox
[1 uM, 1 h]. The mean values on which Figure 3.12 B is based on are listed in the Table (n=3 - 38
with 50 nuclei counted per experiment). Abbreviations: TR Con, TR: cells treated with TransIT-
X2, T17N: dominant-negative RAC1, NLS-T17N: dominant-negative RAC1 with additional NLS,
*1. One way ANOVA, *2: Two way ANOVA, #"vs T17N+Dox, #'E° vs T17N+EHT+Dox, #T vs

NLS-T17N+Dox.

yH2AX 53BP1 colocalization
foci/nucleus foci/nucleus foci/nucleus
mean + SD mean + SD mean + SD
TR Con 2.61+117 1.53 + 1.06 0.85 + 0.57
TR + Dox [1 uM] 12.44 + 1.97 9.81+3.18 6.97 + 1.83
T17N + Dox [1 uM] 7.23+1.49 5.72 + 1.86 423 +1.32
NLS_H LTA; Dox 7.58 +1.32 6.38 + 3.09 3.72+1.27
TR + EHT 1864
[30 uM] + Dox [1 uM] 5.89+221 4,90 + 1.95 2.96 + 1.03
T17N + EHT 1864
[30 uM] + Dox [1 uM] 413+1.25 451 +0.74 2.30+0.44
NLS-T17N +
EHT 1864 [30 uM] + 545+ 2.64 4.98 + 3.55 3.10+1.85
Dox [1 uM]
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p value p value p value
yH2AX 53BP1 colocalization
vs TR (*',*2)/ vs TR (*',*2)/ vs TR (*',*2)/
GFP-hRAC1 GFP-hRAC1 GFP-hRAC1
(#T’ #TED’ #N-T) (#T’ #TED’ #N-T) (#T’ #TED’ #N-T)
T17N + Dox [1 uM] (*') <0.0001 (*")0.0076 (* 0.0015
NLS-T17N + Dox (*') <0.0001/ (*0.0275 / (*"0.0002 /
[1 pM] (#7) 0.6758 (#7) 0.6635 (#") 0.5107

TR + EHT 1864
[30 uM] + Dox [1 uM]
T17N + EHT 1864
[30 uM] + Dox [1 pM]
NLS-T17N +
EHT 1864 [30 uM] +
Dox [1 uM]

(*2) <0.0001

(*2) <0.0001 /
(#7) 0.2681
(*2) <0.0001 /
(#TE0) 0.9979 /
(#\) 0.8027

(*2) <0.0001

(*2) 0.0014 /
(#7) 0.9998
(*2) 0.0049 /
(#TE0) >0.9999 /
(#VT) 0.9992

(*2) <0.0001

(*2) <0.0001 /
(#7) 0.5431
(*2) <0.0001 /

(#TE0) 0.9997 /

(#V7) 0.9999

Table 7.14: Data from influence of pharmacological RAC1 inhibition on doxorubicin-
induced DDR in cells expressing human dominant-negative GFP-RAC1.

MEF were transiently transfected with GFP-hRAC1(T17N) expression vector. 24 h after
transfection cells were pre-treated with EHT 1864 [3 h, 30 uM] prior to treatment with 1 yM Dox
for 2 h. Cells were harvested after the end of the Dox treatment. Afterwards cells were lysed, and
protein extracts were analyzed by western blot analysis as described in methods. The
fluorescence intensities of the proteins were determined with ImageLab. Non-transfected cells
treated with 1 uM Dox were set to 1. The mean values on which Figure 3.13 B is based on are
listed in the Table (n=1 - 2). Abbreviations: Con: non-transfected control cells, T17N: dominant-
negative RAC1.

pKAP1 Experiment 1 Experiment 2 mean + SD
Protein normalized Protein normalized
Con 0.00 0.00 0.00 +£ 0.00
T17N 0.00 0.00 0.00 + 0.00
EHT 1864 [30 uM] 0.00 0.00 0.00 £ 0.00
T17N + EHT 1864
(30 uM] 0.00 0.00 0.00 £ 0.00
1 uM Dox 1.00 1.00 1.00 + 0.00
T17N + 1 uyM Dox 1.10 0.37 0.73 £0.52
EHT 1864 [30 uM] + 1.96 1.90 1.93+0.05
1 uM Dox
T17N + EHT 1864
(30 uM] + 1 uM Dox 1.30 0.33 0.81 +£0.69
pP53 Experiment 1 Experiment 2 mean + SD
Protein normalized Protein normalized
Con 0.00
T17N 0.00
EHT 1864 [30 uM] 0.00
T17N + EHT 1864
(30 uM] 0.00
1 uM Dox 1.00
T17N + 1 uyM Dox 1.12
EHT 1864 [30 uM] +
1 uM Dox 0.00
T17N + EHT 1864 0.00

[30 uM] + 1 uM Dox
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mRAC1 Experiment 1 Experiment 2 mean + SD
Protein normalized Protein normalized

Con 0.58 0.57 0.57 + 0.01

T17N 0.62 0.50 0.56 £ 0.08

EHT 1864 [30 uM] 0.89 0.56 0.72 £0.23
T17N + EHT 1864

(30 uM] 0.89 0.85 0.87 £ 0.03

1 uM Dox 1.00 1.00 1.00 £ 0.00

T17N + 1 yM Dox 0.82 0.61 0.71+£0.10

EHT 1864 [30 uM] + 0.92 1.50 1.21 + 0.41

1 uM Dox
T17N + EHT 1864 116 0.34 0.75 + 0.58

[30 uM] + 1 uM Dox

Table 7.15: Data from influence of GFP-hRAC1(T17N) with or without additional NLS on
doxorubicin-induced foci formation in mRac1 silenced MEF.

mRac1 knockdown was achieved by transfection with mRac1 siRNA. The treatment scheme is
shown in material and methods (Figure 2.1 E, F). Cells were additionally transfected with GFP-
hRAC1(T17N) or GFP-NLS-hRAC1(T17N) expression vector. The mean values on which Figure
3.14 B is based on are listed in the Table (n=3 - 38 with 50 nuclei counted per experiment).
Abbreviations: TR Con, TR: cells treated with TransIT-X2 only or with Lipofectamine RNAIMAX
and TransIT-X2, T17N: dominant-negative RAC1, NLS-T17N: dominant-negative RAC1 with
additional NLS, mRac1? siRNA: siRNA against murine Rac7, *': One way ANOVA, *2: Two way
ANOVA, #"vs T17N+Dox, #™P vs T17N+siRNA+Dox, #VT vs NLS-T17N+Dox.

yH2AX 53BP1 colocalization
foci/nucleus foci/nucleus foci/nucleus
mean + SD mean + SD mean + SD
TR Con 2.62 +1.11 1.42 + 0.95 0.84 + 0.53
TR + Dox [1 uM] 12.58 + 1.91 9.81+3.18 6.97 + 1.83
T17N + Dox [1 uM] 7.23+1.49 5.72 + 1.86 423 +1.32
NLS‘H m]" Dox 7.58 + 1.32 6.38 + 3.09 372127
TR+ mRac SiRNA+ 5.09+1.32 3.92+1.96 2.45+1.19
Dox [1 uM]
T17N + mRac1
SIRNA+ Dox [1 uM] 5.36 + 1.93 4.36 + 3.08 2.51+1.65
NLS-T17N + mRac1
SIRNA+ Dox [1 uM] 6.50 +2.16 5.45+2.96 3.09 +1.07
p value p value p value
yH2AX 53BP1 colocalization
vs TR (*',*2) / vs TR (*',*2) / vs TR (*',*2) /
GFP-hRAC1 GFP-hRAC1 GFP-hRAC1
(#T’ #TsiD, #N-T) (#T’ #TsiD’ #N-T) (#T’ #TsiD’ #N-T)
T17N + Dox [1 uM] (*") <0.0001 (*') 0.0076 (*') 0.0015
NLS-T17N + Dox (*") <0.0001 / (*')0.0275 / (*') 0.0002 /
[1 uM] (#7) 0.6759 (#7) 0.6635 (#") 0.5107
TR + mRac1 siRNA+ %2 *2 *2
Dox [1 uM] (*2) <0.0001 (*4) <0.0001 (*2) <0.0001

T17N + mRac1

(*?) <0.0001 /

(*?) <0.0001 /

(*2) <0.0001 /

SIRNA+ Dox [1 uM] (#7) 0.7295 (#7) 0.9982 (#7) 0.5837
) (*2) <0.0001 / (*3)0.0127 / (*2) <0.0001 /
'\S'iLFf'NLYgO; '[’;’Ra,\‘;‘lf (#T510) 0.9974 / (#7510) 50,9999 / (#75) >0.9999 /
W (#V7) 0.9968 (#V7) >0.9999 (#V7) 0.9999
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Table 7.16: Data from comparison of GFP-hRAC1(T17N) with and without additional NLS,
EHT 1864, and mRac1 siRNA on doxorubicin induced yH2AX and 53BP1 foci formation.

Cells were transfected with GFP-hRAC1(T17N) or GFP-NLS-hRAC1(T17N) expression vector.
Transfection control cells (TR Con) were treated with TransIT-X2 only or with Lipofectamine
RNAIMAX and TransIT-X2 (TR). 24 h after transfection cells were pre-treated with 30 uM
EHT 1864 for 3 h prior to treatment with Dox [1 uM, 1 h] or were only treated with Dox [1 uM, 1 h].
mRac1 knockdown was achieved by transfection with mRac? siRNA. The treatment scheme is
shown in material and methods (Figure 2.1 E, F). Cells were additionally transfected with GFP-
hRAC1(T17N) or GFP-NLS-hRAC1(T17N) expression vector. The mean values on which Figure
3.15 is based on are listed in the Table (n=3 - 38 with 50 nuclei counted per experiment).
Abbreviations: TR Con: cells treated with TransIT-X2, TR: cells treated with TransIT-X2 only or
with Lipofectamine RNAIMAX and TransIT-X2, T17N: dominant-negative RAC1, NLS-T17N:
dominant-negative RAC1 with additional NLS, mRac1 siRNA: siRNA against murine Rac1, *':
One way ANOVA, *2: Two way ANOVA, #T vs T17N+Dox, #5° vs T17N+EHT+Dox, #™P° vs

T17N+siRNA+Dox, #VT vs NLS-T17N+Dox.

yH2AX 53BP1 colocalization
foci/nucleus foci/nucleus foci/nucleus
mean + SD mean + SD mean + SD
TR Con 2.67 +1.18 1.53 +1.06 0.85 +0.57
TR + Dox [1 uM] 12.73 + 1.84 9.81+3.18 6.97 £ 1.83
T17N + Dox [1 uM] 7.23+1.49 5.72 + 1.86 423 +1.32
NLS_-H LTA; Dox 7.58 £1.32 6.38 £ 3.09 3.72+1.27
TR + EHT 1864
[30 uM] + Dox [1 uM] 5.89 +2.21 490+ 1.95 2.96 + 1.03
T17N + EHT 1864
[30 uM] + Dox [1 uM] 413 +1.25 451 +0.74 2.30+0.44
NLS-T17N +
EHT 1864 [30 uM] + 545+ 2.64 4,98 + 3.55 3.10+£1.85
Dox [1 uM]
TR + mRac1 siRNA
+ Dox [1 uM] 5.09 +£1.32 3.72+1.84 245+ 1.19
T17N + mRac1
SIRNA + Dox [1 uM] 5.36 £ 1.93 4.36 + 3.08 2.51+1.65
NLS-T17N + mRac1
SIRNA + Dox [1 uM] 6.50 £ 2.16 5.45 + 2.96 3.09 £ 1.07
p value yH2AX p value 53BP1 p value colocalization
vs TR (*',*2) / vs TR (*',*2) / vs TR (*',*2) /
GFP-hRAC1 GFP-hRAC1 GFP-hRAC1
(#T’ #TED’ #TsiD’ #N-T) (#T’ #TED’ #TsiD’ #N-T) (#T’ #TED’ #TsiD’ #N-T)
T17N + Dox [1 uM] (*") <0.0001 (*') 0.0076 (*') 0.0015
NLS-T17N + Dox (*") <0.0001 / (*")0.0275 / (*') 0.0002 /
[1 uM] (#7) 0.6758 (#7) 0.6635 (#7) 0.5107
TR + EHT 1864 *2 *2 *2
[30 uM] + Dox [1 uM] (*%) <0.0001 (*%) <0.0001 (*#) <0.0001
T17N + EHT 1864 (*?) <0.0001 / (*2) 0.0006 / (*2) <0.0001 /

[30 uM] + Dox [1 pM]
NLS-T17N +
EHT 1864 [30 uM] +
Dox [1 uM]

TR + mRac1 siRNA
+ Dox [1 uM]
T17N + mRac1
siRNA + Dox [1 yM]

NLS-T17N + mRac1
SiRNA + Dox [1 pM]

(#7) 0.3171
(*2) <0.0001 /
(#TE0) 0.9999 /
(#V7) 0.8956

(*2) <0.0001

(*2) <0.0001 /
(#7) 0.9230
(*2) <0.0001 /
(#750) >0.9999 /
(#\T) >0.9999

(#7) >0.9999
(*2) 0.0027 /
(#TE0) >0.9999 /
(#V7) >0.9999

(*2) <0.0001

(*2) <0.0001 /
(#7) >0.9999
(*2) 0.0103 /

(#750) 0.9994 /

(#VT) >0.9999

(#7) 0.6389
(*2) <0.0001 /
(#TE0) >0.9999 /
(#\7) >0.9999

(*2) <0.0001

(*2) <0.0001 /
(#7) 0.6796
(*2) <0.0001 /
(#70) >0.9999 /
(#\T) >0.9999
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Table 7.17: Data from influence of human dominant-negative GFP-RAC1 (with and without
additional NLS) on doxorubicin-induced pATM foci formation.

Cells were ftransiently transfected with GFP-hRAC1(T17N) or GFP-NLS-hRAC1(T17N)
expression vector. Transfection control cells (TR Con, TR) were treated with transfection reagent
(TransIT-X2). 24 h after transfection cells were treated with Dox [1 uM, 1 h]. The mean values on
which Figure 3.16 B is based on are listed in the Table (n=3 - 18 with 50 nuclei counted per
experiment). Abbreviations: TR Con, TR: cells treated with TransIT-X2, T17N: dominant-negative
RAC1, NLS-T17N: dominant-negative RAC1 with additional NLS.

PATM

) lue
foci/nucleus p*va
mean + SD vs TR (*)/ T17N (#)
TR Con 1.69 + 1.62
TR + Dox [1 uM] 6.74 + 2.07
T17N + Dox [1 uM] 6.37 £ 1.55 (*) 0.9816
NLS-T17N + Dox [1 uM] 553+1.11 (*) 0.6245 / (#)0.4879

Table 7.18: Data influence of wild-type and constitutively active hRAC1 (with and without
additional NLS) expression on doxorubicin-induced foci formation.

MEF were transiently transfected with GFP-hRAC1(WT), GFP-NLS-hRAC1(WT), GFP-
hRAC1(Q61L), or GFP-NLS-hRAC1(Q61L) expression vector. Transfection control cells
(TR Con, TR) were treated with TransIT-X2. 24 h after transfection cells were 1 h pulse treated
with Dox [1 pyM]. The mean values on which Figure 3.17 B is based on are listed in the Table
(n=6 - 38 with 50 nuclei counted per experiment). Abbreviations: TR Con, TR: cells treated with
TransIT-X2, WT: wild-type RAC1, NLS-WT: wild-type RAC1 with additional NLS, Q61L:
constitutively active RAC1, NLS-Q61L: constitutively active RAC1 with additional NLS.

yH2AX 53BP1 colocalization

foci/nucleus foci/nucleus foci/nucleus

mean + SD mean + SD mean + SD

TR Con 2.67 +1.18 1.53 + 1.06 0.85+ 0.57

TR + Dox [1 uM] 12.73 + 1.84 9.81+3.18 6.97 + 1.83
WT + Dox [1 uM] 10.07 £ 1.19 7.73 +1.96 5.32+1.23
NLSE\{VJN’I'] Dox 10.63 + 2.68 8.42+3.13 5.88+1.85
Q61L + Dox [1 uM] 12.32 +1.97 9.38 + 2.56 6.73 + 1.66
NLS'?f:kA]* Dox 6.54 + 2.45 496+175 3.34+ 159

p value p value p value

yH2AX 53BP1 colocalization

vs TR (*)/ vs TR (*)/ vs TR (*)/
GFP-hRAC1 (#) GFP-hRAC1 (#) GFP-hRAC1 (#)

WT + Dox [1 uM] (*) 0.0021 (*) 0.2092 (*) 0.0433
NLS-WT + Dox (*) 0.0381/ (*) 0.6766 / (*) 0.3985 /
[1 uM] (#) 0.6263 (#) 0.6374 (#) 0.5276
Q61L + Dox [1 uM] (*) 0.9831 (*) 0.9959 (*) 0.9967

NLS-Q61L + Dox (*) <0.0001/ (*) 0.0002 / (*) <0.0001/
[1 uM] (#) 0.0006 (#) 0.0044 (#) 0.0033
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Table 7.19: Data from western blot analysis after doxorubicin treatment in wild-type
hRAC1-expressing cells with and without additional NLS.

MEF were transiently transfected with GFP-hRAC1(WT) or GFP-NLS-hRAC1(WT) expression
vector. 24 h after transfection cells were 2 h pulse-treated with 1 uM Dox. Cells were harvested
after indicated time-points. Afterwards cells were lysed, and protein extracts were analyzed by
western blot analysis as described in methods. The fluorescence intensities of the proteins were
determined with ImageLab. Non-transfected cells treated with 1 yM Dox were set to 1. The mean
values on which Figure 3.18 C - F is based on are listed in the Table (n=3). Abbreviations:
NT Con, NT: non-transfected cells, WT: wild-type RAC1, NLS-WT: wild-type RAC1 with additional
NLS.

p value
KAP1 Experiment 1 Experiment 2 Experiment 3 mean+ | vs Dox (¥)/
P 0h Protein Protein Protein SD GFP-
normalized normalized normalized hRAC1
+Dox (#)
0.00 +
NT Con 0.01 0.00 0.00 0.01
0.09 +
WT 0.06 0.03 0.18 008
0.00 +
NLS-WT 0.00 0.00 0.00 0.00
NT + 1.00 +
1 M Dox 1.00 1.00 1.00 0.00
WT + 0.30 £ .
1 uM Dox 0.06 0.38 0.47 092 (*) 0.0203
NLS-WT
0.95 + (*) 0.9534 /
+S UM 0.63 0.89 1.31 035 (#) 0.05
0X
p value
KAP1 Experiment 1 Experiment 2 Experiment 3 mean + | vs Dox (¥)/
P 4h Protein Protein Protein SD GFP-
normalized normalized normalized hRAC1
+Dox (#)
0.01 +
NT Con 0.02 0.00 0.00 0.01
0.02 +
WT 0.02 0.06 0.00 003
0.00 +
NLS-WT 0.00 0.00 0.00 0.00
NT + 1.00 +
1 M Dox 1.00 1.00 1.00 0.00
WT + 0.38 + .
1 M Dox 0.77 0.31 0.06 036 (*) 0.2514
NLS-WT
0.56 + (*) 0.4508 /
+|;OL)1(M 1.37 0.31 0.00 072 (#)0.7183
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p value
KAP1 Experiment 1 Experiment 2 Experiment 3 mean+ | vs Dox (¥)/
p24 h Protein Protein Protein SD GFP-
normalized normalized normalized hRAC1
+Dox (#)
0.03 £
NT Con 0.06 0.00 0.02 003
0.07 +
WT 0.19 0.09 0.03 0.10
0.00 +
NLS-WT 0.00 0.00 0.00 0.00
NT + 1.00 +
1 uM Dox 1.00 1.00 1.00 0.00
WT + 0.22 + .
1 uM Dox 0.17 0.42 0.09 017 (*) 0.0042
NLS-WT
0.16 + (*) 0.0029 /
+|; uM 0.49 0.00 0.00 0.28 (#) 0.7669
0X
p value
H2AX Experiment 1 Experiment 2 Experiment 3 mean+ | vs Dox (¥)/
v 0h Protein Protein Protein SD GFP-
normalized normalized normalized hRAC1
+Dox (#)
0.05 +
NT Con 0.16 0.00 0.00 0.09
0.06 +
WT 0.00 0.19 0.00 0.11
0.00 +
NLS-WT 0.00 0.00 0.00 0.00
NT + 1.00 +
1 M Dox 1.00 1.00 1.00 0.00
WT + 1.05 + "
1 M Dox 0.99 1.17 1.00 0.10 (*)0.8184
NLS-WT
0.96 + (*)0.8774 /
+|; uM 0.90 1.15 0.82 017 (#) 0.4735
0X
p value
H2AX Experiment 1 Experiment 2 Experiment 3 mean + | vs Dox (¥)/
v 4h Protein Protein Protein SD GFP-
normalized normalized normalized hRAC1
+Dox (#)
0.25 +
NT Con 0.16 0.33 0.26 0.09
0.41 +
WT 0.54 0.18 0.52 0.20
0.33
NLS-WT 0.00 0.99 0.00 057
NT + 1.00 +
1 M Dox 1.00 1.00 1.00 0.00
WT + 1.22 + .
1 uM Dox 0.91 1.21 1.25 018 (*) 0.0709
NLS-WT
0.00 + (*) <0.0001
+|;OL)1(M 0.00 0.00 0.00 0.00 / (#) 0.0003
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p value
H2AX Experiment 1 Experiment 2 Experiment 3 mean+ | vs Dox (¥)/
Y24 h Protein Protein Protein SD GFP-
normalized normalized normalized hRAC1
+Dox (#)
0.00 +
NT Con 0.00 0.00 0.00 0.00
0.01 +
WT 0.00 0.04 0.00 003
0.00 +
NLS-WT 0.00 0.00 0.00 0.00
NT + 1.00 +
1 M Dox 1.00 1.00 1.00 0.00
WT + 0.00 + *
1 uM Dox 0.00 0.00 0.00 0.00 (*)0.1749
NLS-WT
0.74 + (*)0.8419/
+|; UM 0.00 2.02 0.19 111 (#) 0.3125
0X
p value
P53 Experiment 1 Experiment 2 Experiment 3 mean+ | vs Dox (¥)/
pO h Protein Protein Protein SD GFP-
normalized normalized normalized hRAC1
+Dox (#)
0.01 +
NT Con 0.00 0.00 0.03 0.02
0.07 +
WT 0.00 0.09 0.1 0.06
0.00 +
NLS-WT 0.00 0.00 0.00 0.00
NT + 1.00 +
1 M Dox 1.00 1.00 1.00 0.00
WT + 0.18 + "
1 uM Dox 0.05 0.38 0.10 018 (*)0.0144
NLS-WT
0.29 + (*) 0.0267 /
+|; uM 0.12 0.76 0.00 0.41 (#) 0.6924
0X
p value
P53 Experiment 1 Experiment 2 Experiment 3 mean + | vs Dox (¥)/
p4 h Protein Protein Protein SD GFP-
normalized normalized normalized hRAC1
+Dox (#)
0.01 +
NT Con 0.00 0.00 0.04 0.02
0.07
WT 0.00 0.09 0.1 0.06
0.00 +
NLS-WT 0.00 0.00 0.00 0.00
NT + 1.00 +
1 M Dox 1.00 1.00 1.00 0.00
WT + 0.22 + "
1 uM Dox 0.06 0.40 0.20 017 (*) 0.0264
NLS-WT
0.74 + (*) 0.4691 /
+|;OL)J(M 0.66 0.33 1.24 046 (#) 0.1402
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p value
P53 Experiment 1 Experiment 2 Experiment 3 mean+ | vs Dox (¥)/
;)24 h Protein Protein Protein SD GFP-
normalized normalized normalized hRAC1
+Dox (#)
0.07
NT Con 0.00 0.10 0.10 0.06
0.12 +
WT 0.00 0.29 0.07 0.15
0.00 £
NLS-WT 0.00 0.00 0.00 0.00
NT + 1.00 +
1 M Dox 1.00 1.00 1.00 0.00
WT + 0.37 + .
1 uM Dox 0.19 0.84 0.08 0.41 (*) 0.0322
NLS-WT
0.04 + (*)0.8419/
+|; uM 0.12 0.00 0.00 007 (#) 0.2413
OX
p value
MRAC1 Experiment 1 Experiment 2 Experiment 3 mean+ | vs Dox (¥)/
0h Protein Protein Protein SD GFP-
normalized normalized normalized hRAC1
+Dox (#)
NT Con 0.29 223 0.31 0i9142i
1.56 +
WT 1.47 1.26 1.94 035
1.44 +
NLS-WT 1.70 1.88 0.73 0.62
NT + 1.00 +
1 M Dox 1.00 1.00 1.00 0.00
WT + 1.83 + "
1 M Dox 1.35 1.82 2.34 0.49 (*) 0.0234
NLS-WT
0.96 + (*)0.9797 /
+|; uM 0.86 0.91 1.11 013 (#) 0.0410
OX
p value
MRAC1 Experiment 1 Experiment 2 Experiment 3 mean + | vs Dox (¥)/
4h Protein Protein Protein SD GFP-
normalized normalized normalized hRAC1
+Dox (#)
1.22 +
NT Con 1.14 1.51 1.02 026
0.36 +
WT 2.01 1.37 0.70 066
1.22 +
NLS-WT 1.36 1.03 1.26 017
NT + 1.00 +
1 M Dox 1.00 1.00 1.00 0.00
WT + 0.72 + "
1 uM Dox 1.49 0.46 0.21 068 (*) 0.6163
NLS-WT
0.53 + (*)0.3144 /
+|;OL)1(M 0.50 0.55 0.53 007 (#) 0.6554
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p value
MRAC1 Experiment 1 Experiment 2 Experiment 3 mean+ | vs Dox (¥)/
24 h Protein Protein Protein SD GFP-
normalized normalized normalized hRAC1
+Dox (#)
1.34 +
NT Con 2.06 0.99 0.95 063
0.98 +
WT 1.13 0.46 1.34 046
0.52 +
NLS-WT 0.47 0.52 0.58 0.06
NT + 1.00 +
1 M Dox 1.00 1.00 1.00 0.00
WT + 0.50 + *
1 uM Dox 0.70 0.62 0.18 028 (*) 0.0432
NLS-WT
0.50 + (*)0.0432 /
+|;olj(M 0.74 0.46 0.31 092 (#) >0.9999

Table 7.20: Data from western blot analysis after doxorubicin treatment in constitutively
active hRAC1-expressing cells with and without additional NLS.

MEF were transiently transfected with GFP-hRAC1(Q61L) or GFP-NLS-hRAC1(Q61L)
expression vector. 24 h after transfection cells were 2 h pulse-treated with 1 uM Dox. Cells were
harvested after indicated time-points. Afterwards cells were lysed, and protein extracts were
analyzed by western blot analysis as described in methods. The fluorescence intensities of the
proteins were determined with ImagelLab. Non-transfected cells treated with 1 yM Dox were set
to 1. The mean values on which Figure 3.19 C - F is based on are listed in the Table (n=3).
Abbreviations: NT Con, NT: non-transfected cells, Q61L: constitutively active RAC1, NLS-Q61L:
constitutively active RAC1 with additional NLS.

p value
KAP1 Experiment 1 Experiment 2 Experiment 3 mean + | vs Dox (*)/
P Protein Protein Protein SD GFP-
Oh
normalized normalized normalized hRAC1
+Dox (#)
0.00 £
NT Con 0.00 0.00 0.00 0.00
0.04 =
Q61L 0.07 0.04 0.00 0.04
NLS- 0.00 £
Q61L 0.00 0.00 0.00 0.00
NT + 1.00 +
1 uM Dox 1.00 1.00 1.00 0.00
Q61L + 0.80 £ "
1 uM Dox 0.37 0.34 1.69 077 (*) 0.9345
NLS-
0.90 £ (*) 0.9830/
Q61L + 0.12 0.36 2.23
1 uM Dox 1.15 (#) 0.9064
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p value
KAP1 Experiment 1 Experiment 2 Experiment 3 mean+ | vs Dox (¥)/
P 4h Protein Protein Protein SD GFP-
normalized normalized normalized hRAC1
+Dox (#)
0.00 =
NT Con 0.00 0.00 0.00 0.00
0.22 +
Q61L 0.09 0.02 0.55 028
NLS- 0.00 =
Q61L 0.00 0.00 0.00 0.00
1 :‘J . 1.00 1.00 1.00 P
1%?/1' LD;X 117 0.23 1.26 Ofgf (*) 0.9572
NLS-
0.94 + (*) 0.9869 /
1%(;} LD;x 0.56 0.43 1.81 0.76 (#) 0.9317
p value
KAP1 Experiment 1 Experiment 2 Experiment 3 mean+ | vs Dox (¥)/
p24 h Protein Protein Protein SD GFP-
normalized normalized normalized hRAC1
+Dox (#)
0.00 =
NT Con 0.00 0.00 0.00 0.00
0.13 %
Q61L 0.00 0.04 0.36 0.19
NLS- 0.00 =
Q61L 0.00 0.00 0.00 0.00
NT + 1.00 +
1 M Dox 1.00 1.00 1.00 0.00
1%% LD;X 0.39 0.85 0.53 Otfgf (*) 0.6255
NLS-
111+ (*) 0.9626 /
1%6;} LD;x 1.41 1.92 0.00 0.99 (#) 0.4266
p value
H2AX Experiment 1 Experiment 2 Experiment 3 mean + | vs Dox (¥)/
¥ 0h Protein Protein Protein SD GFP-
normalized normalized normalized hRAC1
+Dox (#)
0.50 =
NT Con 0.77 0.74 0.00 044
0.82 =
Q61L 1.67 0.79 0.00 0.84
NLS- 0.05
Q61L 0.15 0.00 0.00 0.09
NT + 1.00 +
1 M Dox 1.00 1.00 1.00 0.00
1%?/1' LD;X 0.85 0.65 3.10 1 fg'si (*) 0.6834
NLS-
0.57 = (*)0.7786 /
1(;(;/} LD;x 0.43 1.28 0.00 065 (#) 0.3275
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p value
H2AX Experiment 1 Experiment 2 Experiment 3 mean+ | vs Dox (¥)/
v 4h Protein Protein Protein SD GFP-
normalized normalized normalized hRAC1
+Dox (#)
0.12 +
NT Con 0.26 0.09 0.00 013
0.55 +
Q61L 1.00 0.26 0.40 0.39
NLS- 0.00 +
Q61L 0.00 0.00 0.00 0.00
NT + 1.00 +
1 M Dox 1.00 1.00 1.00 0.00
Q61L + 2.66 + .
1 uM Dox 3.00 0.49 4.50 503 (*) 0.2675
NLS-
1.87 + (*) 0.6394 /
Q61L + 2.90 1.29 1.41
1 uM Dox 0.90 (#) 0.5711
p value
H2AX Experiment 1 Experiment 2 Experiment 3 mean+ | vs Dox (¥)/
Y24 h Protein Protein Protein SD GFP-
normalized normalized normalized hRAC1
+Dox (#)
0.00 £
NT Con 0.00 0.00 0.00 0.00
0.01 +
Q61L 0.00 0.04 0.00 003
NLS- 0.02 +
Q61L 0.05 0.00 0.00 0.03
NT + 1.00 +
1 M Dox 1.00 1.00 1.00 0.00
Q61L + 0.00 + .
1 uM Dox 0.00 0.00 0.00 0.00 (*)0.1177
NLS-
0.96 + (*)0.9943 /
Q61L + 1.03 0.00 1.86
1 uM Dox 0.93 (#) 0.1583
p value
P53 Experiment 1 Experiment 2 Experiment 3 mean + | vs Dox (¥)/
pO h Protein Protein Protein SD GFP-
normalized normalized normalized hRAC1
+Dox (#)
0.03 +
NT Con 0.00 0.00 0.08 0.05
0.37 +
Q61L 0.63 0.31 0.17 024
NLS- 0.03 £
Q61L 0.09 0.00 0.00 0.05
NT + 1.00 +
1 M Dox 1.00 1.00 1.00 0.00
Q61L + 0.77 + "
1 uM Dox 0.82 0.35 1.15 0.44 (*) 0.5062
NLS-
0.62 + (*)0.2174 /
Q61L + 0.53 0.78 0.54 014 (#) 0.6037
1 uM Dox
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_ _ value
oP53 Experlm_ent 1 Experlm(_ant 2 Experiment 3 mean + vspDox ")/
4h Protein Protein Protein SD GFP
normalized normalized normalized :
hRAC1
+Dox (#)
NT Con 0.00 0.00 0.02 0.01 &
0.01
Q61L 0.18 0.13 0.19 0.17 +
e 0.03
Senn 0.00 0.00 0.00 0.00 +
21 0.00
1 M Dox 1.00 1.00 1.00 1.00 £
Q61L + 081 106%0+
1 *:\II\CSI?OX ) 1.56 0.86 6_42‘ (*) 0.9093
Q61L + 0.37 0.75 0.43 052+ (") 0.1210/
1 uM Dox 0.20 (#) 0.1054
_ _ value
oP53 Experlm_ent 1 Experlm_ent 2 Experiment 3 mean + vspDox ")/
24 h Protein Protein Protein SD GFP
normalized normalized normalized :
hRAC1
+Dox (#)
NT Con 0.00 0.00 0.35 0.12
0.20
Q61L 0.92 0.28 0.65 0.62 +
e 0.32
Sen 0.00 0.00 0.00 0.00 +
21 0.00
1 M Dox 1.00 1.00 1.00 1.00 £
Q61L + 0.22 004050+
1 L"\II\CSI?OX ) 0.31 0.81 (')_32‘ (*) 0.5469
Q61L + 125 228 1182 ("
_ _ 0.00 18 + (*) 0.9280 /
1 uM Dox 1.14 (#) 0.3458
_ _ value
MRAC1 Experlm(_ant 1 Experlm(_ant 2 Experiment 3 mean + vspDox ")/
0h Protein Protein Protein SD GFP
normalized normalized normalized :
hRAC1
+Dox (#)
NT Con 0.03 1.11 1.01 0.72
0.59
Q61L 2.62 0.56 165 162+
" 1.04
Sean 1.20 1.31 0.71 1.07 &
il 0.32
1 M Dox 1.00 1.00 1.00 1.00 £
Q61L + 012 20i30+
1 LIJ\II\CSD_OX ) 0.44 5.85 :'3_22‘ (*) 0.6945
Q61L + 0.92 1.72 114+ ) (
_ _ 0.79 A4 + (*) 0.9940 /
1 uM Dox 0.50 (#) 0.6232
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p value
MRAC1 Experiment 1 Experiment 2 Experiment 3 mean+ | vs Dox (¥)/
4h Protein Protein Protein SD GFP-
normalized normalized normalized hRAC1
+Dox (#)
0.84 +
NT Con 0.44 0.34 1.74 078
2.22 +
Q61L 2.54 0.19 3.95 1.90
NLS- 1.16 +
Q61L 0.68 1.96 0.84 0.70
NT + 1.00 +
1 M Dox 1.00 1.00 1.00 0.00
Q61L + 225+ .
1 uM Dox 4.41 0.10 2.24 515 (*)0.4277
NLS-
112 + (*) 0.9902 /
Q61L + 0.70 1.01 1.63
1 uM Dox 0.47 (#) 0.4214
p value
MRAC1 Experiment 1 Experiment 2 Experiment 3 mean+ | vs Dox (¥)/
24 h Protein Protein Protein SD GFP-
normalized normalized normalized hRAC1
+Dox (#)
1.01 +
NT Con 0.31 2.06 0.67 093
0.51 +
Q61L 0.32 0.26 0.96 0.39
NLS- 0.84 +
Q61L 1.27 0.45 0.79 0.41
NT + 1.00 +
1 M Dox 1.00 1.00 1.00 0.00
Q61L + 0.67 "
1 uM Dox 0.64 0.70 0.69 0.04 (*) 0.5393
NLS-
1.41 % (*)0.4102/
Q61L + 2.09 1.44 0.70
1 uM Dox 0.70 (#) 0.1415
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Table 7.21: Data from influence of pharmacological RAC1 inhibition on doxorubicin-
induced foci formation in cells expressing cytosolic or nuclear human GFP-RAC1(WT).
MEF were transiently transfected with GFP-hRAC1(WT) or GFP-NLS-hRAC1(WT) expression
vector. Transfection control cells (TR Con, TR) were treated with TransIT-X2. 24 h after
transfection cells were pre-treated with 30 uM EHT 1864 for 3 h prior to treatment with Dox [1 uM,
1 h]. The mean values on which Figure 3.20 B is based on are listed in the Table (n=3 - 38 with
50 nuclei counted per experiment). Abbreviations: TR Con, TR: cells treated with TransIT-X2,
WT: wild-type RAC1, NLS-WT: wild-type RAC1 with additional NLS, *': One way ANOVA, *2: Two
way ANOVA, #¥Tvs WT + Dox, #V™P vs WT + EHT + Dox, #V"T vs NLS-WT + Dox.

yH2AX 53BP1 colocalization
foci/nucleus foci/nucleus foci/nucleus
mean + SD mean + SD mean + SD
TR Con 2612117 153+ 1.06 0.85 % 0.57
TR + Dox [1 uM] 12.44 £ 1.97 9.81+3.18 6.97 + 1.83
WT + Dox [1 uM] 10.07 + 1.19 7.73+1.96 532+ 1.23
NLSE\{VJN’I'] Dox 10.63 + 2.68 8.42 + 3.13 5.88 + 1.85
[30TEMJ] EHDZ; ffij] 5.89 + 2.21 4.90+1.95 2.96+1.03
[33/\:1T|\/|J]r 5'31;[8163,\/'] 5.55 + 1.69 2,57 +0.88 2.07 +1.00
E%SQXAV]T:D%TT[ESEA‘} 4.01 +2.30 4.40 +1.63 2.20 +1.01
p value p value p value
yH2AX 53BP1 colocalization
vs TR (*1, 2) / vs TR (*1, 2) / vs TR (*1, %) /
GFP-hRAC1 GFP-hRAC1 GFP-hRAC1
(#WT’ #WTED’ #N-WT) (#WT’ #WTED’ #N-WT) (#WT’ #WTED’ #N-WT)
WT + Dox [1 uM] (1Y 0.0108 (1) 0.1942 (1Y 0.05
NLS-WT + Dox (*1)0.0827 / (*1Y0.5115 / (1) 0.3024 /
[1 uM] (#17) 0.6263 (#17) 0.6374 (#17) 0.5276
TR + EHT 1864 . . .
(30 M) + Do L1 ] (*2) <0.0001 (*2) <0.0001 (*2) 0.1600
WT + EHT 1864 (*2) <0.0001 / (*2) <0.0001 / (*2) 0.9047 /
[30 uM] + Dox [1 uM] (#V7) 0.0121 (#7) 0.0422 (#77) 0.9999
] (*2) <0.0001 / (*2) 0.0008 / (2) 0.9186 /
'[‘:‘,)%S \,(AV]T:D'EOTT“mm (#WTEDY 0.9946 / (#TEDY 0.9971 / (#WTEDY 50,9999 /
W W (#VVT) <0.0001 (#V7) 0.3041 (#VT) 0.9997
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Table 7.22: Data from influence of pharmacological RAC1 inhibition on doxorubicin-
induced foci formation in cells expressing cytosolic or nuclear human GFP-RAC1(Q61L).

MEF were transiently transfected with GFP-hRAC1(Q671L) or GFP-NLS-hRAC1(Q61L)
expression vector. Transfection control cells (TR Con, TR) were treated with TransIT-X2. 24 h
after transfection cells were pre-treated with 30 yM EHT 1864 for 3 h prior to treatment with Dox
[1 uM, 1 h]. The mean values on which Figure 3.21 B is based on are listed in the Table (n=3 - 38
with 50 nuclei counted per experiment). Abbreviations: TR Con, TR: cells treated with TransIT-
X2, Q61L: constitutively active RAC1, NLS-Q61L: constitutively active RAC1 with additional NLS,
*1: One way ANOVA, *2: Two way ANOVA, #2vs Q61L + Dox, #9EP vs Q61L + EHT + Dox, #'

vs NLS-Q61L + Dox.

yH2AX 53BP1 colocalization
foci/nucleus foci/nucleus foci/nucleus
mean + SD mean + SD mean + SD
TR Con 2.61+1.17 1.53 £ 1.06 0.85 +0.57
TR + Dox [1 uM] 12.44 +1.97 9.81+3.18 6.97 £ 1.83
Q61L + Dox [1 uM] 12.32 +1.97 9.38 + 2.56 6.73 £ 1.66
NLS'?kaA]* Dox 6.54 + 2.45 4.96 +1.75 3.34 + 1.59
TR + EHT 1864
[30 uM] + Dox [1 uM] 5.89 +2.21 4.90 £1.95 2.96 £ 1.03
Q61L + EHT 1864
[30 uM] + Dox [1 uM] 7.40 +2.65 4.82+1.18 3.20£1.30
NLS-Q61L +
EHT 1864 [30 uM] + 6.07 + 1.65 4.82 +1.30 2.62 +0.49
Dox [1 uM]
p value p value p value
yH2AX 53BP1 colocalization
vs TR (*',*2) / vs TR (*',*2) / vs TR (*',*2) /
GFP-hRAC1 GFP-hRACH1 GFP-hRAC1
(#Q’ #QED, #N-Q) (#Q’ #QED’ #N-Q) (#Q’ #QED’ #N-Q)
Q61L + Dox [1 uM] (*") 0.9867 (*) 0.9246 (*') 0.9338
NLS-Q61L + Dox (*") <0.0001 / (*') 0.0011/ (*") <0.0001 /
[1 uM] (#%) 0.0006 (#9) 0.0044 (#9) 0.0033
+
[3OTEM] EHDI»: ﬁGﬁM] (*2) <0.0001 (*2) <0.0001 (*2) <0.0001
Q61L + EHT 1864 (*?) <0.0001 / (*2) 0.0025 / (*?) <0.0001 /
[30 uM] + Dox [1 uM] (#%) 0.0038 (#9) 0.1152 (#9) 0.0050
NLS-Q61L + (*?) <0.0001 / (*2) 0.0025 / (*?) <0.0001 /
EHT 1864 [30 uM] + (#9€P) 0.9985 / (#9EP) >0.9999 / (#9€P) >0.9999 /
Dox [1 uM] (#V-9) >0.9999 (#V-9) >0.9999 (#V-9) 0.9997
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Table 7.23: Data from influence of pharmacological RAC1 inhibition on doxorubicin-
induced DDR in cells expressing human GFP-RAC1(WT)

MEF were transiently transfected with GFP-hRAC1(WT) expression vector. 24 h after transfection
cells were pre-treated with EHT 1864 [3 h, 30 uM] prior to treatment with 1 uM Dox for 2 h. Cells
were harvested after the end of the Dox treatment. Afterwards cells were lysed, and protein
extracts were analyzed by western blot analysis as described in methods. The fluorescence
intensities of the proteins were determined with ImageLab. Non-transfected cells treated with
1 uM Dox were set to 1. The mean values on which Figure 3.22 B is based on are listed in the
Table (n=1). Abbreviations: Con: non-transfected control cells, WT: wild-type RAC1.

pKAP1 pP53 mRAC1
Protein normalized Protein normalized Protein normalized

Con 0.00 0.00 1.77

WT 0.00 0.00 1.39

EHT 1894 [30 uM] 0.00 0.00 1.20

WT+ E':MB% [30 0.00 0.00 175

Dox [1 uM] 1.00 1.00 1.00

WT + Dox [1 uM] 0.37 0.87 1.74
EHT 1894 [30 uM] +

Dox [1 uM] 0.25 0.22 0.77

WT + EHT 1894 [30 0.27 215 0.82

puM] + Dox [1 uM]

Table 7.24: Data from influence of pharmacological RAC1 inhibition on doxorubicin-
induced DDR in cells expressing human GFP-RAC1(Q61L)

MEF were transiently transfected with GFP-hRAC1(Q61L) expression vector. 24 h after
transfection cells were pre-treated with EHT 1864 [3 h, 30 uM] prior to treatment with 1 yM Dox
for 2 h. Cells were harvested after the end of the Dox treatment. Afterwards cells were lysed, and
protein extracts were analyzed by western blot analysis as described in methods. The
fluorescence intensities of the proteins were determined with ImagelLab. Non-transfected cells
treated with 1 uM Dox were set to 1. The mean values on which Figure 3.23 B is based on are
listed in the Table (n=1). Abbreviations: Con: non-transfected control cells, Q61L: constitutively
active RAC1.

pKAP1 pP53 mRAC1
Protein normalized Protein normalized Protein normalized

Con 0.00 0.00 0.92

Q61L 0.00 0.00 1.03

EHT 1894 [30 uM] 0.00 0.00 1.07

Q61L + EHT 1894

(30 uM] 0.00 0.00 0.97

Dox [1 uM] 1.00 1.00 1.00

Q61L + Dox [1 uM] 2.10 0.71 1.31
EHT 1894 [30 uM] +

Dox [1 uM] 1.97 0.43 0.74

Q61L + EHT 1894 3.76 0.04 116

[30 uM] + Dox [1 uM]
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Table 7.25: Data from influence of GFP-hRAC1(WT) with or without additional NLS on
doxorubicin-induced foci formation in mRac1 silenced MEF.

mRac1 knockdown was achieved by transfection with mRac1 siRNA. The treatment scheme is
shown in material and methods (Figure 2.1 E, F). Cells were additionally transfected with GFP-
hRAC1(WT) or GFP-NLS-hRAC1(WT) expression vector. The mean values on which Figure 3.24
B is based on are listed in the Table (n=3-38 with 50 nuclei counted per experiment).
Abbreviations: TR Con, TR: cells treated with TransIT-X2 only or with Lipofectamine RNAIMAX
and TransIT-X2, WT: wild-type RAC1, NLS-WT: wild-type RAC1 with additional NLS, *': One way
ANOVA, *2: Two way ANOVA, #"Tvs WT + Dox, #VTs0 yvs WT + siRNA + Dox, #V'VT vs NLS-WT
+ Dox.

yH2AX 53BP1 colocalization
foci/nucleus foci/nucleus foci/nucleus
mean + SD mean + SD mean + SD
TR Con 2.62+1.11 1.42 +0.95 0.84 + 0.53
TR + Dox [1 uM] 12.58 + 1.91 9.81+3.18 6.97 + 1.83
WT + Dox [1 uM] 10.07 £ 1.19 7.37 +1.96 5.32+1.23
NLSE\{VJN’I'] Dox 10.63 + 2.68 8.42+3.13 5.88+1.85
TR+ mRac1 SIRNA+ 509+ 1.32 3.92+1.96 2.45+1.19
Dox [1 uM]
WT + mRac1
SIRNA+ Dox [1 uM] 6.89 + 2.50 3.25+1.84 225+ 1.44
NLS-WT + mRac1
SIRNA+ Dox [1 uM] 5.16 + 1.35 4.33 + 3.66 2.35+1.29
p value p value p value
yH2AX 53BP1 colocalization
vs TR (*',*2) / vs TR (*',*2) / vs TR (*',*2) /
GFP-hRAC1 GFP-hRAC1 GFP-hRAC1
(#WT’ #WTsiD’ #N-WT) (#WT’ #WTsiD’ #N-WT) (#WT’ #WTsiD’ #N-WT)
WT + Dox [1 uM] (*') 0.0108 (*') 0.1105 (*")0.05
NLS-WT + Dox (*') 0.0827 / (*"0.5115/ (*') 0.3024 /
[1 uM] (#"7) 0.6263 (#"7) 0.4762 (#"7) 0.5276
TR + mRac1 siRNA+ %2 %2 %2
Dox [1 uM] (*4) <0.0001 (*2) <0.0001 (*#) <0.0001
WT + mRac1 (*?) <0.0001 / (*?) <0.0001 / (*?) <0.0001 /
siRNA+ Dox [1 uM] (#"7) 0.1294 (#"7) 0.2222 (#"7) 0.0269
K (*?) <0.0001 / (*2) 0.0006 / (*?) <0.0001 /
S"I‘éﬁ XXTD’; ﬂfaﬂ] (#VTS0) 0 0677 / (#VTSD) 50,9999 / (#VTSD) 50,9999 /
H (#\-YT) 0.0001 (#\-YT) 0.2646 #\-YT) 0.0065
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Table 7.26: Data from influence of GFP-hRAC1(Q61L) with or without additional NLS on
doxorubicin-induced foci formation in mRac1 silenced MEF.

mRac1 knockdown was achieved by transfection with mRac1 siRNA. The treatment scheme is
shown in material and methods (Figure 2.1 E, F). Cells were additionally transfected with GFP-
hRAC1(Q61L) or GFP-NLS-hRAC1(Q61L) expression vector. The mean values on which Figure
3.25 B is based on are listed in the Table (n=3 - 38 with 50 nuclei counted per experiment).
Abbreviations: TR Con, TR: cells treated with TransIT-X2 only or with Lipofectamine RNAIMAX
and TranslIT-X2, Q61L: constitutively active RAC1, NLS-Q61L: constitutively active RAC1 with
additional NLS, *': One way ANOVA, *2: Two way ANOVA, #%vs Q61L + Dox, #2P vs Q61L +

siRNA + Dox, #V-@ vs NLS-Q61L + Dox.

yH2AX 53BP1 colocalization
foci/nucleus foci/nucleus foci/nucleus
mean + SD mean + SD mean + SD
TR Con 262% 111 142 £ 0.95 0.84 £ 0.53
TR + Dox [1 uM] 12.58 + 1.91 9.81+3.18 6.97 + 1.83
Q61L + Dox [1 uM] 12.32 + 1.97 9.38 + 2.56 6.73 + 1.66
NLS'?f:kA]* Dox 6.54 + 2.45 496 +1.75 3.34 + 1.59
TR +£Z§?$7“f\;|TNA+ 5.00 + 1.32 3.92 + 1.96 2.45+1.19
Sigﬁ;& Bgz(’T?CJM] 249 + 0.55 263 +3.13 139+ 1.46
';'iLRS,\'&f%O; ’[’;”TJ"”,\% 9.00 + 0.91 10.84 + 2.01 5.69 + 0.41
p value p value p value
yH2AX 53BP1 colocalization
vs TR (*1,°2) / vs TR (*1,%2) / vs TR (*,2) /
GFP-hRAC1 GFP-hRAC1 GFP-hRAC1
(#Q’ #QsiD, #N-Q) (#Q’ #QsiD’ #N-Q) (#Q’ #QsiD’ #N-Q)
QB1L + Dox [1 uM] (1) 0.9867 (1) 0.9246 (1Y 0.9338
NLS-Q61L + Dox (*) <0.0001 / (*1Y0.0011 / (*1) <0.0001 /
[1 uM] (#9) 0.0006 (#9) 0.0044 (#9) 0.0033
R s (%) <0.0001 (2) <0.0001 () <0.0001
Q61L + mRac1 (*2) <0.0001 / (*2) 0.0001 / (*2) <0.0001 /
SIRNA+ Dox [1 uM] (#3) <0.0001 (#3) 0.0077 (#9) <0.0001
] (2 0.0182 / (2)0.9992 / (*2) 0.8426 /
'\S'iLFf'Nif%o’; '[’;’Ra,\jf (#0sD) 0.0025 / (#osD) 0.0107 / (#OsD) 0.0432 /
W (#V9) 0.7186 (#V9) 00466 (#V9) 05070
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Table 7.27: Data from comparison of GFP-hRAC1(WT) with and without additional NLS,
EHT 1864, and mRac1 siRNA on doxorubicin induced yH2AX and 53BP1 foci formation.

Cells were transfected with GFP-hRAC1(WT) or GFP-NLS-hRAC1(WT) expression vector.
Transfection control cells were treated with TransIT-X2 (TR Con, TR), or with Lipofectamine
RNAIMAX and TransIT-X2 (TR). 24 h after transfection cells were pre-treated with 30 uM
EHT 1864 for 3 h prior to treatment with Dox [1 uM, 1 h] or were only treated with Dox [1 uM, 1 h].
mRac1 knockdown was achieved by transfection with mRac1 siRNA. The treatment scheme is
shown in material and methods (Figure 2.1 E, F). Cells were additionally transfected with GFP-
hRAC1(WT) or GFP-NLS-hRAC1(WT) expression vector. The mean values on which Figure 3.26
is based on are listed in the Table (n=3-38 with 50 nuclei counted per experiment).
Abbreviations: TR Con: cells treated with TransIT-X2, TR: cells treated with TransIT-X2 only or
with Lipofectamine RNAIMAX and TransIT-X2, WT: wild-type RAC1, NLS-WT: wild-type RAC1
with additional NLS, mRac1 siRNA: siRNA against murine Rac1, *': One way ANOVA, *2: Two
way ANOVA, #"Tvs WT + Dox, #w"EP vs WT + EHT + Dox, #V™P vs WT + siRNA + Dox, #\"T vs

NLS-WT + Dox.

yH2AX 53BP1 colocalization
foci/nucleus foci/nucleus foci/nucleus
mean + SD mean + SD mean + SD
TR Con 2.67 +1.18 1.53 + 1.06 0.85+ 0.57
TR + Dox [1 uM] 12.73 + 1.84 9.81 +3.18 6.97 + 1.83
WT + Dox [1 uM] 10.07 £ 1.19 7.73 +1.96 5.32+1.23
NLSE\{VJN’I'] Dox 10.63 + 2.68 8.42+3.13 5.88+1.85
TR + EHT 1864
[30 uM] + Dox [1 uM] 5.89 +2.21 4,90 +1.95 2.96 + 1.03
WT + EHT 1864
[30 uM] + Dox [1 uM] 5.55+1.69 2.57 +0.88 2.07 £1.00
NLS-WT + EHT 1864
[30 uM] + Dox [1 uM] 4.01 +£2.30 440 +1.63 2.20+1.01
TR+ mRac SIRNA+ 5.09 + 1.32 3.92 +1.96 2.45+1.19
Dox [1 uM]
WT + mRac1
SIRNA+ Dox [1 uM] 6.89 + 2.50 3.25+1.84 2.25+1.44
NLS-WT + mRac1
SIRNA+ Dox [1 uM] 5.16 + 1.35 4.33 + 3.66 2.35+1.29
p value p value p value
yH2AX 53BP1 colocalization

vs TR (*',*2) /
GFP-hRAC1 (#"T,

#WTED’ #WTsiD’ #N-WT)

vs TR (*',*2) /
GFP-hRAC1 (#"T,

#WTED’ #WTsiD’ #N-WT)

vs TR (*',*2) /
GFP-hRAC1 (#"T,

#WTED’ #WTsiD’ #N-WT)

WT + Dox [1 uM]
NLS-WT + Dox
(1 uM]

TR + EHT 1864
[30 uM] + Dox [1 uM]
WT + EHT 1864
[30 uM] + Dox [1 pM]

NLS-WT + EHT 1864
[30 uM] + Dox [1 uM]

TR + mRac1 siRNA
+ Dox [1 uM]
WT + mRac1 siRNA
+ Dox [1 uM]

NLS-WT + mRac1
siRNA + Dox [1 uM]

(*1)0.0104
(*1)0.0775/
(#"7) 0.6263

(*2) <0.0001

(*2) <0.0001 /

(#"T) 0.0086

(*2) <0.0001 /
(#"TED) 0.9994 /
(#VVT) <0.0001

(*2) <0.0001

(*2) <0.0001 /
(#"7) 0.2828
(*2) <0.0001 /
(#WTs) 0.9975 /
(#VT) 0.0005

(*10.1807
(*)0.4829 /
(#"7) 0.6374

(*2) <0.0001

(*2) <0.0001/
(#"7) 0.0393
(*2) 0.0004 /

(#"TED) 0.9998 /

(#WT) 0.3530

(*2) <0.0001

(*2) <0.0001 /
(#"7) 0.1508
(*2) 0.0003 /
(#WTs0) >0.9999 /
(#\WT) 0.3224

(*10.05
(*1Y0.2818 /
(#"7) 0.5276

(*2) <0.0001

(*2) <0.0001 /
(#"7) 0.0104
(*2) <0.0001 /
(#"TED) >0.9999 /
(#VWT) 0.0021

(*2) <0.0001

(*2) <0.0001 /
(#"7) 0.0225
(*2) <0.0001 /
(#WTsP) >0.9999 /
(#VVT) 0.0043
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Table 7.28: Data from comparison of GFP-hRAC1(Q61L) with and without additional NLS,
EHT 1864, and mRac1 siRNA on doxorubicin induced yH2AX and 53BP1 foci formation.

Cells were transfected with GFP-hRAC1(Q61L) or GFP-NLS-hRAC1(Q61L) expression vector.
Transfection control cells were treated with TransIT-X2 (TR Con, TR), or with Lipofectamine
RNAIMAX and TransIT-X2 (TR). 24 h after transfection cells were pre-treated with 30 uM
EHT 1864 for 3 h prior to treatment with Dox [1 uM, 1 h] or were only treated with Dox [1 uM, 1 h].
mRac1 knockdown was achieved by transfection with mRac? siRNA. The treatment scheme is
shown in material and methods (Figure 2.1 E, F). Cells were additionally transfected with GFP-
hRAC1(Q61L) or GFP-NLS-hRAC1(Q61L) expression vector. The mean values on which Figure
3.27 is based on are listed in the Table (n=3 - 38 with 50 nuclei counted per experiment).
Abbreviations: TR Con: cells treated with TransIT-X2, TR: cells treated with TransIT-X2 only or
with Lipofectamine RNAIMAX and TransIT-X2, Q61L: constitutively active RAC1, NLS-Q61L:
constitutively active RAC1 with additional NLS, mRac1 siRNA: siRNA against murine Rac1, *":
One way ANOVA, *2: Two way ANOVA, #9vs Q61L + Dox, #9EP vs Q61L + EHT + Dox, #V-? vs

NLS-Q61L + Dox.

yH2AX 53BP1 colocalization
foci/nucleus foci/nucleus foci/nucleus
mean + SD mean + SD mean + SD
TR Con 2.67 +1.18 1.53 + 1.06 0.85+0.57
TR + Dox [1 uM] 12.73 + 1.84 9.81 +3.18 6.97 + 1.83
Q61L + Dox [1 uM] 12.32 +1.97 9.38 + 2.56 6.73 + 1.66
NLS'[Qf:kA]* Dox 6.54 + 2.45 496+175 3.34+ 159
TR + EHT 1864
[30 uM] + Dox [1 uM] 5.89 +2.21 4,90 +1.95 2.96 + 1.03
Q61L + EHT 1864
[30 uM] + Dox [1 uM] 7.40 +2.65 4.82+1.18 3.20+1.30
NLS-Q61L +
EHT 1864 [30 uM] + 6.07 + 1.65 4.82 +1.30 2.62 +0.49
Dox [1 uM]
TR+ mRac SiRNA+ 5.09 + 1.32 3.92 +1.96 2.45+1.19
Dox [1 uM]
Q61L + mRac1
SIRNA+ Dox [1 uM] 2.49 +0.55 2.63 +3.13 1.39+1.46
NLS-Q61L + mRac1
SIRNA+ Dox [1 uM] 9.00 + 0.91 10.84 + 2.01 5.69 + 0.41
p value yH2AX p value 53BP1 p value colocalization

vs TR (*',*2) /
GFP-hRAC1 (#9,

vs TR (*',*2) /
GFP-hRAC1 (#9,

vs TR (*',*2) /
GFP-hRAC1 (#9,

#QED #N-Q) #QED’ #N-Q) #QED’ #N-Q)

Q61L + Dox [1 uM] (*') 0.9849 (*') 0.9149 (*1) 0.9252
NLS-Q61L + Dox (*1) <0.0001 / (*1)0.0011 / (*") <0.0001 /

[1 pM] (#2) 0.0006 (#9) 0.0044 (#°) 0.0033

TR + EHT 1864
[30 uM] + Dox [1 uM]
Q61L + EHT 1864
[30 uM] + Dox [1 pM]
NLS-Q61L +
EHT 1864 [30 uM] +
Dox [1 uM]

TR + mRac1 siRNA+
Dox [1 uM]
Q61L + mRac1
siRNA+ Dox [1 yM]

NLS-Q61L + mRac1
siRNA+ Dox [1 uM]

(*2) <0.0001

(*2) <0.0001 /
(#9) 0.0020
(*2) <0.0001 /
(#9ED) >0.9999 /
(#\-9) >0.9999

(*2) <0.0001

(*2) <0.0001 /
(#9) <0.0001

(*2) 0.0200 /
(#95°) 0,0086 /
(#9) 0.9125

(*2) <0.0001

(*2) 0.0010 /

(#9) 0.1129

(*2) 0.0010 /
(#9ED) >0.9999 /
(#\-9) >0.9999

(*2) <0.0001

(*2) <0.0001 /
(#9) 0.0065
(*2) 0.9989 /

(#95°) 0,0094 /

(#\-9) 0.0491

(*2) <0.0001

(*2) <0.0001 /
(#9) 0.0031
(*2) <0.0001 /
(#9ED) >0.9999 /
(#\-9) >0.9999

(*2) <0.0001

(*2) <0.0001 /
(#2) <0.0001

(*2) 0.7365 /
(#95°) 0,0355 /
(#\-9) 0.5739
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Table 7.29: Data from influence of human GFP-RAC1 expression and mRac1 gene silencing
on doxorubicin-induced pATM foci formation.

Cells were transiently transfected with GFP-hRAC1(WT), GFP-NLS-hRAC1(WT), GFP-
hRAC1(Q61L), or GFP-NLS-hRAC1(Q61L) expression vector or mRac? siRNA. Transfection
control cells (TR Con, TR) were treated with transfection reagent (TransIT-X2). 24 h after
transfection with GFP-hRAC1 expression vectors or 48 h after transfection with mRac1 siRNA
cells were treated with Dox [1 pM, 1 h]. The mean values on which Figure 3.28 B is based on are
listed in the Table (n=1 - 18 with 50 nuclei counted per experiment). Abbreviations: TR Con, TR:
cells treated with TransIT-X2, WT: wild-type RAC1, NLS-WT: wild-type RAC1 with additional NLS,
Q61L: constitutively active RAC1, NLS-Q61L: constitutively active RAC1 with additional NLS,
mRac1 siRNA: siRNA against murine Rac1.

pATM
foci/nucleus p value
vs TR (¥)
mean + SD
TR Con 1.69 + 1.62
TR + Dox [1 uM] 6.74 + 0.07
WT + Dox [1 uM] 5.81 +0.99 (*) 0.9154
NLS-WT + Dox [1 uM] 6.47 + 0.52
Q61L + Dox [1 uM] 5.16 £ 2.98 (*) 0.6263
NLS-Q61L + Dox [1 uM] 5.96
mRac1 siRNA + Dox [1 uM] 10.08 + 4.29 (*) 0.05

Table 7.30: Data from influence of GFP-hRAC1(WT) with or without additional NLS on IR-
induced yH2AX and 53BP1 foci formation.

Cells were transiently transfected with GFP-hRAC1(WT) or GFP-NLS-hRAC1(WT) expression
vector. Transfection control cells (TR Con, TR) were treated with TransIT-X2. 24 h after
transfection cells were irradiated [1 Gy, 3 Gy]. The mean values on which Figure 3.29 B is based
on are listed in the Table (n=3 - 18 with 50 nuclei counted per experiment). Abbreviations:
TR Con, TR: cells treated with TransIT-X2, WT: wild-type RAC1, NLS-WT: wild-type RAC1 with
additional NLS, *': vs 1 Gy, *: vs 3 Gy.

yH2AX 53BP1 colocalization
foci/nucleus foci/nucleus foci/nucleus
mean + SD mean + SD mean + SD
TR Con 3.41+£1.26 2.83+1.93 1.37 £ 0.68
TR+ IR[1 Gy] 17.16 £ 4.41 13.61 £ 4.88 9.69 + 3.11
WT + IR [1 Gy] 14.70 £ 3.21 13.78 £ 1.90 9.75 + 2.68
NLS-WT + IR [1 Gy] 15.45 £ 3.74 9.92 +2.06 9.26 + 1.61
TR+ IR [3 Gy] 25.39 + 4.67 20.06 + 4.63 14.24 £ 2.05
WT + IR [3 Gy] 20.93 £2.99 14.25 £ 5.30 9.77 £ 3.91
NLS-WT + IR [3 Gy] 16.89 + 1.18 11.92 £ 1.59 10.35 £ 0.20
p value p value p value
yH2AX 53BP1 colocalization

vs TR (*1,*3) /
GFP-hRAC1 (#', #)

vs TR (*1,*3) /
GFP-hRAC1 (#', #)

vs TR (*1,%3) /
GFP-hRAC1 (#', #)

WT + IR[1 Gy] (1) 0.6280 (") 0.9999 (") >0.9999

] (*)0.8325 / (*1) 0.3587 / () 0.9896 /
NLS-WT +IR[1 Gy] (#1) 0.8051 (#1) 0.0755 (#1) 0.7995
WT + IR [3 Gy] (*%) 0.1762 (*%) 0.0727 (*%) 0.0023

] (*%) 0.0030 / (*%)0.0077 / (*%) 0.0082 /
NLS-WT +IR[3 Gy] (#2) 0.0951 (#) 0.5062 (#) 0.8102
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Table 7.31: Data from influence of GFP-hRAC1(Q61L) with or without additional NLS on IR-
induced yH2AX and 53BP1 foci formation.

Cells were ftransiently transfected with GFP-hRAC1(Q61L) or GFP-NLS-hRAC1(Q61L)
expression vector. Transfection control cells (TR Con, TR) were treated with TransIT-X2. 24 h
after transfection cells were irradiated [1 Gy, 3 Gy]. The mean values on which Figure 3.30 B is
based on are listed in the Table (n=3 - 18 with 50 nuclei counted per experiment). Abbreviations:
TR Con, TR: cells treated with TransIT-X2, Q61L: constitutively active RAC1, NLS-Q61L:
constitutively active RAC1 with additional NLS, *': vs 1 Gy, *3: vs 3 Gy.

yH2AX 53BP1 colocalization
foci/nucleus foci/nucleus foci/nucleus
mean + SD mean + SD mean + SD
TR Con 3.41+1.26 2.83+1.93 1.37 £ 0.68
TR+ IR[1 Gy] 17.16 + 4.41 13.61 +4.88 9.69 + 3.11
Q61L + IR [1 Gy] 17.37 +0.77 10.91 + 5.38 7.93 +3.33
NLS'[?EgyL] *IR 14.29 + 4.79 11.46 + 2.82 8.14+2.30
TR+ IR [3 Gy] 25.39 + 4.67 20.06 + 4.63 14.24 + 2.05
Q61L + IR [3 Gy] 22.04 + 5.39 17.33 +£9.00 12.34 + 3.95
NLS-Q61L +IR 2248 + 3.66 17.93 + 3.93 13.68 + 0.34
[3 Gyl
p value p value p value
yH2AX 53BP1 colocalization
vs TR (*1, *3)/ vs TR (*1, *3)/ vs TR (*1, *3)/
GFP-hRAC1 (#', #°) | GFP-hRAC1 (#', #°) | GFP-hRAC1 (#', #°)
Q61L + IR [1 Gy] (*") 0.9996 (*") 0.6541 (*') 0.6286
NLS-Q61L + IR (*') 0.5078 / (*')0.7885 / (*0.7131/
[1 Gy] (#") 0.3332 (#") 0.8830 (#") 0.9327
Q61L + IR [3 Gy] (*3) 0.4555 (*3) 0.6945 (*3) 0.3124
NLS-Q61L + IR (*3) 0.5691 / (*3) 0.8253 / (*3) 0.9502 /
[3 Gy] (#3) 0.9125 (#3) 0.9208 (#3) 0.5897

Table 7.32: Data from influence of GFP-hRAC1(T17N) with or without additional NLS on IR-
induced yH2AX and 53BP1 foci formation.

Cells were ftransiently transfected with GFP-hRAC1(T17N) or GFP-NLS-hRAC1(T17N)
expression vector. Transfection control cells (TR Con, TR) were treated with TransIT-X2. 24 h
after transfection cells were irradiated [1 Gy, 3 Gy]. The mean values on which Figure 3.31 B is
based on are listed in the Table (n=3 - 18 with 50 nuclei counted per experiment). Abbreviations:
TR Con, TR: cells treated with TransIT-X2, T17N: dominant-negative RAC1, NLS-T17N:
dominant-negative RAC1 with additional NLS, *': vs 1 Gy, *3: vs 3 Gy.

yH2AX 53BP1 colocalization

foci/nucleus foci/nucleus foci/nucleus

mean + SD mean + SD mean + SD

TR Con 3.41+1.26 2.83+1.93 1.37 £ 0.68
TR+ IR[1 Gy] 17.16 + 4.41 13.61 + 4.88 9.69 + 3.11
T17N + IR [1 Gy] 14.14 + 0.13 8.35+3.09 6.51 + 1.57
NLS'[T(;D‘] *IR 11.07 + 3.56 11.57 + 4.62 7.23+2.24
TR + IR [3 Gy] 25.39 + 4.67 20.06 + 4.63 14.24 + 2.05
T17N + IR [3 Gy] 23.86 + 6.25 16.20 + 6.32 12.43 +3.10
NLS'[?(;;;‘] *IR 2219+ 548 20.70 + 3.92 14.01 + 2.25
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p value p value p value
yH2AX 53BP1 colocalization
vs TR (*1, *3)/ vs TR (*1, *3)/ vs TR (*1, *3)/
GFP-hRAC1 (#', #3) = GFP-hRAC1 (#', #%) = GFP-hRAC1 (#', #°)

T17N + IR [1 Gy] (*')0.4423 (*"0.1390 (*"0.1416
NLS-T17N + IR (*0.0302 / (*0.8076 / (*0.3223/
[1 Gy] (#') 0.2098 (#') 0.3724 (#") 0.6721
T17N + IR [3 Gy] (*3) 0.9120 (**) 0.3687 (*3) 0.3438
NLS-T17N + IR (*3) 0.5369 / (*3) 0.9921 / (*3) 0.9961 /
[3 Gy] (#3) 0.7454 (#3) 0.3538 (#3) 0.5144

Table 7.33: Data from real-time qPCR analysis of mRac1 knockout efficiency after lentiviral
transduction with Puro.Cre vector in mouse embryonic fibroblasts with mRac1 flanked by
loxP sites (Rac1™/x),

Cells were transduced with two concentrations of Puro.Cre vector (undiluted, 1:2 diluted) with and
without protamine phosphate. Control cells (Rac1™) are non-transduced. 24 h later puromycin
selection was started. 144 h post transduction cells were analyzed by real-time qPCR. The mean
values on which Figure 3.33 is based on are listed in the Table (n=5-7 in duplicates).
Abbreviations: Con: non-transduced control cells (Rac1™™), PP: protamine phosphate, *': One
way ANOVA, *2: Two way ANOVA.

knockout effiJrciggcy [%] vs Con gxellzu)e/ dilution
mean = wlo PP (#)
Con 1.88 £2.26
undiluted vector 50.04 + 20.74 (*') 0.0005
1:2 diluted vector 38.25 + 19.49 (*') 0.0050 / (#) 0.2946
undiluted vector + PP 44.31 + 21.20 (*2) 0.0009 / (#) 0.9884
1:2 diluted vector + PP 4540 £ 17.71 (*2) 0.0010 / (#) 0.9741

Table 7.34: Data from flow cytometric analysis of cell cycle distribution and apoptosis after
lentiviral transduction with Puro.Cre vector in mouse embryonic fibroblasts with mRac1
flanked by loxP sites (Rac1™/x),

Cells were transduced with undiluted Puro.Cre vector and analyzed 144 h after puromycin
selection. Control cells (Rac1™™) are non-transduced. Cells were lysed and the nuclei were
stained with the DNA-intercalating agent propidium iodide. The cell cycle distribution was
determined using a flow cytometer. The mean values on which Figure 3.34 is based on are listed
in the Table (n=1). Abbreviations: Con: non-transduced control cells (Rac1™™), potential KO: cells
transduced with Puro.Cre and selected with puromycin.

SubG1 [%] G1 [%)] G2/M [%]
mean mean mean
Con 16.48 44,94 7.05
potential KO 91.33 4.83 0.52
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Table 7.35: Data from real-time qPCR analysis of the mRac? knockout efficiency after
lentiviral transduction with Puro.Cre vector in not properly attached mouse embryonic
fibroblasts (Rac1™/x),

Cells were transduced with undiluted Puro.Cre vector. 24 h later puromycin selection was started.
24 h - 144 h after transduction cells were washed with PBS and collected for real-time qPCR.
Control cells (Rac1™™) were non-transduced. The mean values on which Figure 3.35 is based
on are listed in the Table (n=1 - 4 in duplicates).

24 h 48 h 72 h 96 h 144 h
knockout knockout knockout knockout knockout
efficiency [%] | efficiency [%] | efficiency [%] | efficiency [%] | efficiency [%)]
mean mean mean mean mean + SD
Crom! 0.3 0.59 87.29
uromycin
1 pg/ml 0.15 3.36 5.58 15.59
Puromycin
2 pg/ml 70.94 +
Puromycin 0.57 8.93 13.58 8.49 31.86

Table 7.36: Data from impact of transduction itself and/or puromycin treatment on cell
death in MEF (Rac1™") transduced with Puro vector (puromycin resistance only).

MEF (Rac1™X) were transduced with Puro vector and harvested 96 h later. Meanwhile puromycin
selection was performed [2 ug/ml]. Cells were lysed and the nuclei were stained with the DNA-
intercalating agent propidium iodide. The cell cycle distribution was determined using a flow
cytometer. Shown is the evaluation of the different fractions. The mean values on which Figure
3.36 is based on are listed in the Table (n=3).

SubG1 [%] G1 [%] G2/M [%]
mean + SD mean + SD mean + SD
Puro vector 14.27 + 9.08 63.75 + 13.41 8.41 +0.08
Puro vector + 25.09 + 16.90 48.06 + 17.03 12.28 + 2.88
Puromycin [2 pg/ml]
SubG1 G1 G2/M
p value p value p value

vs Puro vector

vs Puro vector

vs Puro vector

Puro vector +

Puromycin [2 pg/ml] 0.3840

0.2782 0.0806

Table 7.37: Data from flow cytometric analysis of cell cycle distribution after lentiviral
transduction with Puro.Cre vector and treatment with pan caspase inhibitor QVD.

MEF (Rac1™"*) were plated on collagen-coated dishes, transduced with Puro.Cre vector and 24 h
later permanently treated with QVD and puromycin. Cells were harvested after indicated time-
points. Cells were lysed and the nuclei were stained with the DNA-intercalating agent propidium
iodide. The cell cycle distribution was determined using a flow cytometer. Control cells (Rac1™/)
were non-transduced. The mean values on which Figure 3.37 is based on are listed in the Table
(n=1). Abbreviations: Con: control cells, virus: lentivirus containing Puro.Cre vector, QVD: Q-VD-

OPh hydrate (pan caspase inhibitor).

24 h SubG1 [%] G1 [%] G2/M [%]
mean mean mean
Con 6.18 46.46 44 .48
virus 37.73 25.76 35.70
virus + QVD [10 uM] 9.37 32.28 57.14
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48 h SubG1 [%] G1 [%] G2/M [%]
mean mean mean
Con 4.39 62.49 31.07
virus 68.91 16.39 14.52
virus + QVD [10 uM] 22.41 39.71 36.85
. SubG1 [%] G1 [%] G2/M [%]
mean mean mean
Con 7.72 63.33 27.59
virus 58.89 24.27 16.22
virus + QVD [10 pM] 54.64 35.67 10.53
%6 SubG1 [%] G1 [%] G2/M [%]
mean mean mean
Con 29.32 53.11 17.33
virus 56.28 31.36 12.21
virus + QVD [10 pM] 55.97 29.85 14.19
120 SubG1 [%] G1 [%] G2/M [%]
mean mean mean
Con 28.82 52.68 18.38
virus 77.42 17.98 4.84
virus + QVD [10 pM] 70.11 23.54 7.41

Table 7.38: Data from real-time gPCR analysis of mRac1 knockout after lentiviral
transduction with Puro.Cre vector and permanent treatment with a pan caspase inhibitor.
MEF (Rac1™) were transduced with undiluted Puro.Cre vector. 24 h later puromycin selection
and QVD treatment were started. 24 h - 120 h after transduction cells were harvested for real-
time gPCR. Control cells (Rac1™™) were non-transduced. The mean values on which Figure 3.38
is based on are listed in the Table (n=1 in duplicates). Abbreviations: Con: control cells, virus:
lentivirus containing Puro.Cre vector, QVD: Q-VD-OPh hydrate (pan caspase inhibitor).

24 h 48 h 72 h 96 h 120 h
knockout knockout knockout knockout knockout
efficiency [%] | efficiency [%] | efficiency [%)] | efficiency [%] | efficiency [%]
mean mean mean mean mean
Con 0.47
virus 10.22 27.41 69.97 30.62 3.75
virus + QVD
[10 uM] 14.12 24.93 10.97 8.57 11.56

Table 7.39: Data from real-time qPCR analysis of mRac7 knockout after transfection with
Cre Recombinase Gesicles in mouse embryonic fibroblasts (Rac1™/x),

MEF (Rac1™™) were transfected with Cre Recombinase Gesicles (10 yl and 25 pl). 48 h after
transfection cells were analyzed by real-time gPCR. Control cells (Rac?™™) were non-
transfected. The mean values on which Figure 3.39 is based on are listed in the Table (n=1 in
duplicates).

properly attached cells knockout efficiency [%]

mean

0 pl Puro Cre Gesicles 0.25

10 yl Puro Cre Gesicles 5.92

25 yl Puro Cre Gesicles 19.56
knockout efficiency [%]

lose attached cells mean

10 yl Puro Cre Gesicles 13.46

25 yl Puro Cre Gesicles 3.32
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Table 7.40: Data from influence of tamoxifen (4-OHT) treatment on expression of mRac1 in
stable Cre.ER expressing cells.

Cells were treated with 1 yM tamoxifen (4-OHT) for 5 min, 45 min, 90 min, 3 h, 6 h, 24 h, or 48 h.
Cells treated for 24 h and 48 h were harvested after treatment, the other samples were post-
incubated for 24 h before they were harvested. The mRNA expression of mRac7-wild-type was
examined using quantitative real-time PCR. The relative mRNA expression of untreated, non-
transduced cells was set to 1. The mean values on which Figure 3.42 is based on are listed in the
Table (n=1 in duplicates).

Cre.ER #1 Cre.ER #4

Rac1-WT Rac1-WT
mean + SEM mean + SEM

Con 1.00 £ 0.05 1.00 £ 0.13
5 min + tamoxifen [1 uM] 0.48 £ 0.11 0.63 +0.17
45 min + tamoxifen [1 uM] 0.57 £ 0.05 0.56 + 0.09
90 min + tamoxifen [1 uM] 0.61 +£0.02 0.66 + 0.05
3 h + tamoxifen [1 uM] 1.22+0.19 0.61 +£0.03
6 h + tamoxifen [1 uM] 0.50 £ 0.03 0.50 £ 0.15
24 h + tamoxifen [1 uM] 0.64 £ 0.04 0.68 £ 0.11
48 h + tamoxifen [1 uM] 0.90 + 0.05 1.01 + 0.03

Table 7.41: Data from influence of tamoxifen (4-OHT) treatment on expression of mRac1 in
stable Cre.ER expressing MEF (Rac1™/ix),

Cells were treated with 1 pM, 10 yM, or 100 pM Tam (4-OHT) for 5 min, or 45 min and post-
incubated for 24 h. The mRNA expression of mRac7-wild-type was examined using real-time RT-
gPCR. The relative mRNA expression of untreated, non-transduced cells was set to 1. The mean
values on which Figure 3.43 A, B is based on are listed in the Table (n=2 in duplicates).

Cre.ER #1 Cre.ER #1 Cre.ER #4 Cre.ER #4
. Rac1-WT, . Rac1-WT,
Rac1-WT, 5 min . Rac1-WT, 5 min .
mean + SD 45 min mean + SD 45 min
- mean + SD - mean + SD
Eg’:‘f,\’/’l‘]ife” 1.00 + 0.00 1.00 + 0.00 1.00 + 0.00 1.00 + 0.00
E?TJ‘,\’/’I‘]”G” 1.00 % 0.02 0.96 + 0.87 0.99 + 0.08 0.93 +0.30
tamoxifen 1.20 £ 0.32 6.54 + 7.08 1.03+0.58 0.42 + 0.30
[10 uM]
tamoxifen 6.57 + 8.50 17.91 + 25.05 0.97 + 0.97 0.56 + 0.26
[100 uM]

Table 7.42: Data from influence of tamoxifen (4-OHT) treatment on expression of mRac1 in
stable Cre.ER expressing MEF (Rac1™/ix),

Cells were treated with 1 yM Tam (4-OHT) on two consecutive days or three times (Monday,
Wednesday, Friday) per week for two weeks. The mRNA expression of mRac1-wild-type was
examined using real-time RT-gPCR. The relative mRNA expression of untreated, non-transduced
cells was set to 1. The mean values on which Figure 3.43 C is based on are listed in the Table
(n=2 in duplicates). Abbreviations: 2x: treatment on two consecutive days, 2x3x: treatment three
times per week for two weeks.

Cre.ER #1 Cre.ER #4
Rac1-WT Rac1-WT
mean + SD mean + SD
Con 1.00 £ 0.00 1.00 £ 0.00
2x tamoxifen [1 uM] 1.45 + 1.56 0.46 £ 0.20
2x3x tamoxifen [1 uM] 0.16 £ 0.03 0.93+0.78
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Table 7.43: Data from fluorescence-based analysis of mMRAC1 as well as GFP protein (with
and without NLS) localization in non-transfected vs. transfected cells.

MEF were transiently transfected with GFP or NLS-GFP expression vector. Transfection control
cells (TR Con) were treated with TransIT-X2. Control cells (NT Con) were non-transfected. The
mean values of the evaluation of Figure 7.11 B is listed in the Table (n=3 with 50 cells counted
per experiment). Abbreviations: NT Con: non-transfected control cells, TR Con: control cells
treated with TransIT-X2, GFP: green fluorescent protein, NLS-GFP: green fluorescent protein with
additional NLS.

p value
p value nucleus
nucleus [%] cytoplasm [%] vs TR Con (*) / cytoplasm*
mean = SD mean = SD GFP (#) vs NT Con (*)/
GFP (#)
NT Con 19.43 + 1.06 80.57 + 1.06
TR Con 18.92 + 1.54 81.08 + 1.54 (*) 0.9946 (*) 0.9946
GFP 36.34 + 2.16 63.66 + 2.16 (*) 0.0006 (*) 0.0006
(*) <0.0001 / (*) <0.0001 /
NLS-GFP 47.36 £+ 5.82 52.64 + 5.82 (#) 0.0371 (#) 0.0371

Table 7.44: Data from cytoskeleton-staining in non-transfected cells and cells transfected
with GFP or NLS-GFP expression vector.

MEF were transiently transfected with GFP or NLS-GFP expression vector. Transfection control
cells (TR Con) were treated with TransIT-X2. Control cells (NT Con) were non-transfected. 24 h
after transfection, cells were stained with phalloidin-TRITC. The mean values of the evaluation of
Figure 7.12 B is listed in the Table (n=3 with 50 cells counted per experiment). Abbreviations:
NT Con: non-transfected control cells, TR Con: control cells treated with TransIT-X2, GFP: green
fluorescent protein, NLS-GFP: green fluorescent protein with additional NLS.

lamellipodia p value
mean + SD vs NT Con (*) / GFP (#)
NT Con 3.13 +£0.53
TR Con 2.82 £ 0.81 (*) 0.8078
GFP 2.96 £ 0.17 (*) 0.9807
NLS-GFP 3.08 + 0.27 (*) 0.9994 / (#) 0.5503

Table 7.45: Data from cytoskeleton-staining in non-transfected cells and cells transfected
with GFP or NLS-GFP expression vector.

MEF were transiently transfected with GFP or NLS-GFP expression vector. Transfection control
cells (TR Con) were treated with TransIT-X2. Control cells (NT Con) were non-transfected. 24 h
after transfection, cells were stained with phalloidin-TRITC. The mean values of the evaluation of
Figure 7.12 C is listed in the Table (n=3 with 50 cells counted per experiment). Abbreviations:
NT Con: non-transfected control cells, TR Con: control cells treated with TransIT-X2, GFP: green
fluorescent protein, NLS-GFP: green fluorescent protein with additional NLS.

stress fibers

p value

mean + SD vs NT Con (*) / GFP (#)
NT Con 2.80+£0.29
TR Con 2.72+0.17 (*) 0.7644
GFP 2.62 +0.06 (*) 0.4226
NLS-GFP 2.69+0.13 (*) 0.7489 / (#) 0.4448
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Table 7.46: Data from cytoskeleton-staining in non-transfected cells and cells transfected
with GFP or NLS-GFP expression vector.

MEF were transiently transfected with GFP or NLS-GFP expression vector. Transfection control
cells (TR Con) were treated with TransIT-X2. Control cells (NT Con) were non-transfected. 24 h
after transfection, cells were stained with phalloidin-TRITC. The mean values of the evaluation of
Figure 7.12 D is listed in the Table (n=3 with 50 cells counted per experiment). Abbreviations:
NT Con: non-transfected control cells, TR Con: control cells treated with TransIT-X2, GFP: green
fluorescent protein, NLS-GFP: green fluorescent protein with additional NLS.

Membrane ruffles [%] p value

mean + SD vs NT Con (*) / GFP (#)
NT Con 100.00 + 0.00
TR Con 96.42 + 3.28 (*) 0.1425
GFP 95.33 £ 2.31 (*) 0.1540
NLS-GFP 98.00 £ 2.00 (*) 0.7272 / (#) 0.2047

Table 7.47: Data from influence of GFP-hRAC1(T17N) and GFP-NLS-hRAC1(T17N)
expression itself on basal yH2AX and 53BP1 foci formation.

MEF were transiently transfected with GFP-hRAC1(T17N), GFP-NLS-hRAC1(T17N), GFP, or
NLS-GFP expression vector. Transfection control cells (TR Con, TR) were treated with TransIT-
X2. Control cells (NT Con, NT) were non-transfected. Next day cells were treated with Dox [1 uM]
for 1 h. The mean values of the evaluation of Figure 7.13 B is listed in the Table (n=1 - 38 with 50
cells counted per experiment). Abbreviations: NT Con, NT: non-transfected cells, TR Con, TR:
cells treated with transfection reagent (TransIT-X2), T17N: dominant-negative RAC1, NLS-T17N:
dominant-negative RAC1 with additional NLS, GFP: green fluorescent protein, NLS-GFP: green
fluorescent protein with NLS.

yH2AX 53BP1 colocalization
foci/nucleus foci/nucleus foci/nucleus
mean + SD mean + SD mean + SD
NT Con 241 +1.15 1.33+£0.83 0.68 £0.42
TR Con 2.67 £1.18 1.53 £ 1.06 0.85 £ 0.57
T17N 3.12+0.44 0.89 £0.42 0.57 £0.20
NLS-T17N 2.05+1.00 1.03£0.30 0.67 £0.23
GFP 3.27£0.18 1.33+1.03 0.89 £ 0.64
NT + Dox [1 uM] 13.11 £ 3.32 8.92 + 3.37 6.71 £ 2.47
TR + Dox [1 uM] 12.73 £ 1.84 9.81+£3.18 6.97 £ 1.83
GFP + Dox [1 uM] 9.90+ 0.81 6.57 £ 0.86 5.30+£1.10
NLS-GFP+ Dox 10.08 6.70 6.56
(1 pM]
p value p value p value
yH2AX 53BP1 colocalization
vs NT Con (*)/ vs NT Con (*)/ vs NT Con (*)/
NT (#) NT (#) NT (#)
TR Con (*) 0.8832 (*) 0.9049 (*) 0.6407
T17N (*) 0.7572 (*) 0.8937 (*) 0.9927
NLS-T17N (*) 0.9727 (*) 0.9711 (*) >0.9999
GFP (*) 0.7515 (*) >0.9999 (*) 0.9595
TR + Dox [1 uM] (#) 0.5489 (#) 0.4666 (#) 0.8544
GFP + Dox [1 uM] (#) 0.1701 (#) 0.5382 (#) 0.5906
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Table 7.48: Data from western blot analysis in non-transfected cells and cells expressing

GFP after doxorubicin treatment.

MEF were transiently transfected with GFP expression vector or left un-transfected. 24 h after
transfection cells were 2 h pulse-treated with 1 uM Dox. Cells were harvested after indicated time-
points. Afterwards cells were lysed, and protein extracts were analyzed by western blot analysis
as described in methods. The fluorescence intensities of the proteins were determined with
ImagelLab. Non-transfected cells treated with 1 uM Dox were set to 1. The mean values on which
Figure 7.14 B is based on are listed in the Table (n=3). Abbreviations: Con: non-transfected

control cells, GFP: green fluorescent protein.

Experiment 1

Experiment 2

Experiment 3

PKAP1 Protein Protein Protein mean + SD p value
Oh . . . vs Dox
normalized normalized normalized
Con 0.10 0.00 0.00 0.03 £ 0.06
GFP 0.44 0.00 0.07 0.17 £ 0.23
1 uM Dox 1.00 1.00 1.00 1.00 £ 0.00
GFP +
1.11 1.84 1.00 1.32+0.46 0.3565
1 uM Dox
Experiment 1 Experiment 2 Experiment 3
PKAP1 Protein Protein Protein mean + SD p value
4 h . . . vs Dox
normalized normalized normalized
Con 0.26 0.00 0.00 0.09 £ 0.15
GFP 0.24 0.00 0.49 0.24 £ 0.24
1 uM Dox 1.00 1.00 1.00 1.00 £ 0.00
GFP +
0.87 1.00 2.24 1.37 £ 0.76 0.5710
1 uM Dox
Experiment 1 Experiment 2 Experiment 3
PKAP1 Protein Protein Protein mean + SD p value
24 h . . . vs Dox
normalized normalized normalized
Con 0.93 0.00 0.00 0.31 £0.53
GFP 1.82 0.00 0.55 0.79 £ 0.93
1 uM Dox 1.00 1.00 1.00 1.00 £ 0.00
GFP +
1.50 0.15 1.17 0.94 £0.70 0.9988
1 uM Dox
VH2AX Experlm_ent 1 Experlm(_ant 2 Experlm(_ant 3 mean + SD o value
Protein Protein Protein
Oh . . . vs Dox
normalized normalized normalized
Con 0.11 0.60 0.93 0.55 + 0.41
GFP 0.38 0.40 0.62 0.46 £ 0.14
1 uM Dox 1.00 1.00 1.00 1.00 £ 0.00
GFP +
1.74 1.06 1.06 1.29 £ 0.39 0.5107
1 uM Dox
YH2AX Experlm_ent 1 Experlm(_ant 2 Experlm(_ant 3 mean + SD o value
4h Protein Protein Protein vs Dox
normalized normalized normalized
Con 0.00 0.00 0.87 0.29 £ 0.50
GFP 0.00 0.00 1.41 0.47 £ 0.81
1 uM Dox 1.00 1.00 1.00 1.00 £ 0.00
GFP +
1.65 1.08 1.64 1.46 £ 0.33 0.5704
1 uM Dox
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Experiment 1

Experiment 2

Experiment 3

YI;A?/;\]X Protein Protein Protein mean + SD \F/)SVSICL)J)S
normalized normalized normalized
Con 0.00 0.00 0.86 0.29 £ 0.50
GFP 0.00 0.04 1.58 0.54 £ 0.90
1 uM Dox 1.00 1.00 1.00 1.00 £ 0.00
GFP + 0.51 0.62 157 0.90+058  0.9933
1 uM Dox
Experiment 1 Experiment 2 Experiment 3
pg iS Protein Protein Protein mean + SD F\)/svaDlgi
normalized normalized normalized
Con 0.00 0.00 0.50 0.17 £ 0.29
GFP 0.00 0.13 0.13 0.09 £ 0.08
1 uM Dox 1.00 1.00 1.00 1.00 £ 0.00
GFP + 1.02 0.86 0.36 0.75+0.34 04382
1 uM Dox
Experiment 1 Experiment 2 Experiment 3
p4Pi3 Protein Protein Protein mean + SD F\)/s;/aDlgi
normalized normalized normalized
Con 0.00 0.00 0.00 0.00 £ 0.00
GFP 0.00 0.22 0.36 0.19+0.18
1 uM Dox 1.00 1.00 1.00 1.00 £ 0.00
GFP +
1.51 1.01 1.55 1.36 £ 0.30 0.0852
1 uM Dox
Experiment 1 Experiment 2 Experiment 3
24 h Protein Protein Protein mean + SD F\)/s;/aDlgi
normalized normalized normalized
Con 0.00 0.00 1.46 0.49 +£0.84
GFP 0.00 0.61 0.86 0.49 £ 0.44
1 uM Dox 1.00 1.00 1.00 1.00 £ 0.00
GFP + 1.08 0.92 0.77 0.92+0.15  0.9936
1 uM Dox
Experiment 1 Experiment 2 Experiment 3
m%/;m Protein Protein Protein mean + SD F\)/svaDlgi
normalized normalized normalized
Con 0.22 1.29 1.27 0.93 £ 0.61
GFP 0.81 0.95 0.32 0.69 £ 0.33
1 uM Dox 1.00 1.00 1.00 1.00 £ 0.00
GFP * 0.60 1.02 0.24 0.62+0.39  0.5394
1 uM Dox
Experiment 1 Experiment 2 Experiment 3
m}jﬁm Protein Protein Protein mean + SD F\)/svaDlgi
normalized normalized normalized
Con 1.29 1.69 3.26 2.08 £ 1.04
GFP 0.79 1.19 1.32 1.10 £ 0.27
1 uM Dox 1.00 1.00 1.00 1.00 £ 0.00
GFP +
0.59 0.88 1.87 1.11 £ 0.67 0.9929
1 uM Dox
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Experiment 1 Experiment 2 Experiment 3

MRAC1 Protein Protein Protein mean + SD p value
24 h . . . vs Dox
normalized normalized normalized
Con 2.39 1.09 1.52 1.67 + 0.67
GFP 1.33 0.54 3.00 1.67 +1.26
1 uM Dox 1.00 1.00 1.00 1.00 £ 0.00
GFP +
1.99 0.74 1.83 1.52 +0.68 0.7646
1 uM Dox

Table 7.49: Data from influence of the transfection itself and EHT 1864 treatment on basal
YH2AX and 53BP1 foci formation.

MEF were transiently transfected with GFP-hRAC1(T17N), GFP-NLS-hRAC1(T17N), or GFP
expression vector Transfection control cells (TR Con, TR) were treated with TransIT-X2. Control
cells (NT Con, NT) were non-transfected. 24 h after transfection cells were pre-treated with 30 uM
EHT 1864 for 3 h prior to treatment with Dox [1 uM, 1 h]. The mean values of the evaluation of
Figure 7.15 B is listed in the Table (n=3-28 with 50 nuclei counted per experiment).
Abbreviations: NT Con, NT: non-transfected cells, TR Con, TR: cells treated with TransIT-X2,
T17N: dominant-negative RAC1, NLS-T17N: dominant-negative RAC1 with additional NLS, GFP:
green fluorescent protein, #° vs NT + Dox, #° vs NT + EHT + Dox.

yH2AX 53BP1 colocalization
foci/nucleus foci/nucleus foci/nucleus
mean + SD mean + SD mean + SD
NT Con 241+ 1.15 133£083 0.68 £ 042
NT Con + EHT 1864 248 +0.17 1.11+0.28 0.90 + 0.26
[30 uM]
TR Con + EHT 1864 2.44 +1.20 1.64+1.16 0.76 + 0.42
[30 uM]
T17N + EHT 1864 1.82 + 147 1.05+0.16 0.42 + 0.29
[30 uM]
NLS-T17N +
EHT 1564 (30 uM] 1.83 +0.72 117 £ 0.57 0.57+0.35
GFP[;()E“H,\TA]1864 2.92 +0.37 0.85 + 0.22 0.67 + 0.22
NT + Dox [1 uM] 1311+ 3.32 8.92 + 3.37 6.71 £ 2.47
NT + EHT 1864
(30 M) £ Dox [1 4 8.02 + 0.64 7.20 + 0.32 410 £ 0.10
TR + EHT 1864
(30 M) £ Dox 1 4 5.72 + 2.09 4.47 +2.19 270 + 1.19
GFP + EHT 1864 439+ 0.80 3.46 4 0.84 2.57+0.83

[30 uM] + Dox [1 uM]
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p value p value p value
yH2AX 53BP1 colocalization
vs NT Con (*)/ vs NT Con (*)/ vs NT Con (*)/
NT (#°, #EP) / NT (#)/ NT (#)/
GFP-hRAC1 (+) GFP-hRAC1 (+) GFP-hRAC1 (+)
NT Con + EHT 1864 . . .
(30 uM] (*) >0.9999 (*) 0.9996 (*) 0.9911
TR Con + EHT 1864 . . .
(30 uM] (*) >0.9999 (*) 0.9419 (*) 0.9976
T17N + EHT 1864 « ¥ *
(30 uM] (*) 0.9851 (*) 0.9994 (*) 0.9730
NLS-T17N + (*) 0.9868 / (*) 0.9997/ (*) 0.9996/
EHT 1864 [30 uM] (+) >0.9999 (+) >0.9999 (+) >0.9999
GFP + EHT 1864 % % %
(30 uM] (*) 0.9932 (*) 0.9891 (*) >0.9999
NT + EHT 1864 D D D
[30 uM] + Dox [1 uM] (#°) 0.0004 (#°) 0.8545 (#°) 0.0312
TR + EHT 1864 (#°) 0.0001 / (#°) <0.0001/ (#°) <0.0001/
[30 uM] + Dox [1 uM] (#5P) 0.6885 (#5P) 0.6689 (#5P) 0.8686
GFP + EHT 1864 (#°) <0.0001/ (#°) 0.0015/ (#°) <0.0001/
[30 uM] + Dox [1 uM] (#5P) 0.4397 (#EP) 0.6226 (#5P) 0.9563

Table 7.50: Data from transfection with mRac1 siRNA efficiently reduced intrinsic mRAC1

protein expression.

Cells were analyzed 24 h and 48 h after transfection with siRNA against mRac1. Cells were lysed
and protein extracts were analyzed by western blot analysis as described in methods. The
fluorescence intensities of the proteins were determined with ImagelLab. Non-transfected cells
were set to 1. The mean values on which Figure 7.16 B is based on are listed in the Table (n=2).
Abbreviations: Con: non-transfected control cells, mRac7 siRNA: cells transfected siRNA against

murine Rac1.

mRAC1 Experiment 1 Experiment 2 mean + SD
24 h Protein normalized Protein normalized

Con 1.00 1.00 1.00 £ 0.00

mRac1 siRNA 1.06 0.02 0.54 £+ 0.74

mRAC1 Experiment 1 Experiment 2 mean + SD
48 h Protein normalized Protein normalized

Con 1.00 1.00 1.00 £ 0.00

mRac1 siRNA 0.17 0.05 0.11 £ 0.90
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Table 7.51: Data from transfection with mRac7 siRNA efficiently reduced intrinsic mRAC1
protein expression while expression of human GFP-RAC1 was not affected.

Cells were transfected with mRac1 siRNA/human GFP-RAC1 expression vector only, co-
transfected with mRac1 siRNA and human GFP-RAC1 expression vector or left non-transfected.
Cells were harvested 48 h after transfection with mRac1 siRNA. Afterwards, cells were lysed, and
protein extracts were analyzed by western blot analysis as described in methods. The
fluorescence intensities of the proteins were determined with ImagelLab. The protein expression
of control cells was set to 1 (MRAC1); the protein expression of cells transfected only with GFP-
hRACT expression vector was set to 1 (GFP-hRAC1). The mean values on which Figure 7.17 B
is based on are listed in the Table (n=1). Abbreviations: Con: non-transfected control cells, GFP-
hRAC1: cells transfected with GFP-hRAC1 expression vector, mRac1 siRNA: cells transfected
siRNA against murine Rac1.

mRAC1 Experiment 1
48 h Protein normalized
Con 1.00
GFP-hRAC1 0.79
mRac1 siRNA 0.08
GFP-hRAC1 + mRac1 siRNA 0.00
GFP-hRAC1 Experiment 1
48 h Protein normalized
Con 0.00
GFP-hRAC1 1.00
mRac1 siRNA 0.00
GFP-hRAC1 + mRac1 siRNA 1.40

Table 7.52: Data from influence of single and double transfection on basal yH2AX and
53BP1 foci formation.

mRac1 knockdown was achieved by transfection with mRac1 siRNA. The treatment scheme is
shown in material and methods (Figure 2.1 E, F). Cells were additionally transfected with GFP-
hRAC1(T17N) or GFP-NLS-hRAC1(T17N) expression vector. The mean values of the evaluation
of Figure 7.18 B is listed in the Table (n=2-28 with 50 nuclei counted per experiment).
Abbreviations: NT Con, NT: non-transfected cells, TR Con, TR: cells treated with transfection
reagent (Lipofectamine RNAIMAX), mRac1 siRNA: siRNA against murine Rac1, NS siRNA: non-
silencing siRNA, T17N: dominant-negative RAC1, NLS-T17N: dominant-negative RAC1 with
additional NLS.

YH2AX 53BP1 colocalization
foci/nucleus foci/nucleus foci/nucleus
mean + SD mean + SD mean + SD

NT Con 2.69 + 0.85 1.85+1.21 0.81 +0.49

TR Con 210+ 1.24 1.59 + 1.32 0.74 + 0.56

mRac1 siRNA 2.89+1.17 1.51 + 1.06 1.00 + 0.66

NS siRNA 3.20+0.75 1.87 +1.59 1.00 + 0.68

T17N + mRac1 217 +1.55 0.78 +0.35 0.47 + 0.31
siRNA

NLS-T17N + mRact 119 + 0.95 1.59 + 0.98 0.61+055
siRNA

NS S'ﬁ":ﬁﬂ; Dox 12.24 +2.95 6.95+3.88 5.49 + 2.67

NT + Dox [1 uM] 13.11 + 3.32 8.92 +3.37 6.71 + 2.47
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p value p value p value
yH2AX 53BP1 colocalization vs
vs NT Con (*) / vs NT Con (*) / NT Con (*) /
NT (#)/ NT (#) / NT (#) /
GFP-hRAC1 (+) GFP-hRAC1 (+) GFP-hRAC1 (+)
TR Con (*) 0.5034 (*) 0.9926 (*) 0.9996
mRac1 siRNA (*) 0.9951 (*) 0.9635 (*) 0.9081
NS siRNA (*) 0.7541 (*) >0.9999 (*) 0.9460
T17N + mRac1 * * *
o (*) 0.9714 (*) 0.6606 (*) 0.9201
NLS-T17N + mRac1
SIRNA
NS S'ﬁ":ﬁ\‘ﬂ; Dox (#) 0.7669 #) 0.2177 (#) 0.3183

Table 7.53: Data from influence of dominant-negative hRAC1 expression on basal pATM
foci formation.

Cells were transiently transfected with GFP-hRAC1(T17N), GFP-NLS-hRAC1(T17N) or GFP
expression vector. Transfection control cells (TR Con, TR) were treated with TransIT-X2. Control
cells (NT Con, NT) were non-transfected. 24 h after transfection cells were treated with Dox
[1 uM, 1 h]. The mean values of the evaluation of Figure 7.19 B is listed in the Table (n=2- 18
with 50 nuclei counted per experiment). Abbreviations: NT Con, NT: non-transfected cells,
TR Con, TR: cells treated with TransIT-X2, T17N: dominant-negative RAC1, NLS-T17N:

dominant-negative RAC1 with additional NLS.

pATM p value
foci/nucleus vs NT Con (*)/
mean = SD NT (#)
NT Con 1.06 £ 1.03
TR Con 1.69 + 1.62 (*) 0.5098
T17N 1.22+1.24 (*) 0.9993
NLS-T17N 1.61+ 1.61 (*) 0.9398
GFP 0.89 +1.20
NT + Dox [1 uM] 9.72 + 2.96
TR + Dox [1 uM] 6.74 + 2.07 (#) 0.0714
GFP + Dox [1 uM] 4.53 +2.28

Table 7.54: Data from influence of human GFP-RAC1 expression itself on basal yH2AX and
53BP1 foci formation.

MEF were transiently transfected with GFP-hRAC1(WT), GFP-NLS-hRAC1(WT), GFP-
hRAC1(Q61L), or GFP-NLS-hRAC1(Q61L) expression vector. Transfection control cells
(TR Con, TR) were treated with TransIT-X2. Control cells (NT Con, NT) were non-transfected.
The mean values of the evaluation of Figure 7.20 B is listed in the Table (n=3 - 25 with 50 cells
counted per experiment). Abbreviations: NT Con: non-transfected cells, TR Con: cells treated
with transfection reagent (TransIT-X2), WT: wild-type RAC1, NLS-WT: wild-type RAC1 with
additional NLS, Q61L: constitutively active RAC1, NLS-Q61L: constitutively active RAC1 with

additional NLS.

yH2AX 53BP1 colocalization
foci/nucleus foci/nucleus foci/nucleus
mean + SD mean + SD mean + SD
NT Con 241 +1.15 1.33+0.83 0.68 £0.42
TR Con 2.67 +1.18 1.53+1.06 0.85 £ 0.57
WT 2.25+1.20 1.57 + 0.44 0.79 +0.22
NLS-WT 2.56 + 1.52 1.02 + 0.59 0.73+£0.41
Q61L 2.55+0.39 1.47 £0.22 0.59 £ 0.06
NLS-Q61L 2.23+1.19 1.01 +0.12 0.57 £0.15
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p value p value p value

yH2AX 53BP1 colocalization

vs NT Con vs NT Con vs NT Con

TR Con 0.9377 0.9378 0.6889
WT 0.9997 0.9949 0.9971
NLS-WT 0.9997 0.9835 0.9998
Q61L 0.9997 0.9997 0.9986
NLS-Q61L 0.9997 0.9810 0.9971

Table 7.55: Data from influence of EHT 1864 treatment on basal yH2AX and 53BP1 foci

formation.

MEF were transiently transfected with GFP-hRAC1(WT), GFP-NLS-hRAC1(WT), GFP-
hRAC1(Q61L), or GFP-NLS-hRAC1(Q61L) expression vector. Transfection control cells
(TR Con, TR) were treated with TransIT-X2. Control cells (NT Con, NT) were non-transfected.
24 h after transfection cells were treated with 30 uM EHT 1864 for 3 h. The mean values of the
evaluation of Figure 7.21 B is listed in the Table (n=3 - 23 with 50 nuclei counted per experiment).
Abbreviations: NT Con: non-transfected cells, TR Con: cells treated with TransIT-X2, WT: wild-
type RAC1, NLS-WT: wild-type RAC1 with additional NLS, Q61L: constitutively active RACA1,
NLS-Q61L: constitutively active RAC1 with additional NLS.

yH2AX 53BP1 colocalization
foci/nucleus foci/nucleus foci/nucleus
mean + SD mean + SD mean + SD
NT Con 2.14 +1.15 1.33+0.83 0.68 +0.42
NT Con + EHT 1864 248+017 111+0.28 0.90 +0.26
[30 uM]
TR Con + EHT 1864 244 +1.20 164 +1.16 0.76 + 0.42
[30 uM]
WT + EHT 1864
30 uM] 1.69 +1.21 0.61+0.42 0.32+0.28
NLS-WT + EHT 1864 178 + 1.53 1.26 + 0.66 0.63 + 0.50
[30 uM]
Q61L + EHT 1864 3.0+ 0.11 211+ 1.24 0.67 + 0.40
[30 uM]
NLS-Q61L +
EHT 1864 [30 uM] 2.02 +0.91 2.23+0.95 0.77 +0.21
p value p value p value
yH2AX 53BP1 colocalization

vs NT Con (*)/

GFP-hRAC1 (#)

vs NT Con (*)/
GFP-hRAC1 (#)

vs NT Con (*)/
GFP-hRAC1 (#)

NT Con + EHT 1864

B0 ol (*) >0.9999 (*) 0.9996 (*) 0.9934
TR Con + EHT 1864 ) \ ,
B0 ol (*) >0.9999 (*) 0.9641 (*) 0.9993
WT + EHT 1864 ) ) )
30 ] (*) 0.9754 (*) 0.9104 (*) 0.8710
NLS-WT + EHT 1864 (*) 0.9907 / (*) 0.9999 / (*) 0.9998 /
30 uM] (#) >0.9999 (#) 0.9994 (#) 0.9993
Q61L[§0E“HMT] 1864 (*) 0.9843 (*) 0.8608 (*) > 0.9999
NLS-Q61L + (*) 0.9994 / (*) 0.8876 / (*) 0.9997 /
EHT 1864 [30 uM] (#) 0.9922 (#) >0.9999 (#) >0.9999
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Table 7.56: Data from influence of single and double transfection on basal yH2AX and
53BP1 foci formation.

mRac1 knockdown was achieved by transfection with mRac1 siRNA. The treatment scheme is
shown in material and methods (Figure 2.1 E, F). Cells were additionally transfected with GFP-
hRAC1(WT), GFP-NLS-hRAC1(WT), GFP-hRAC1(Q61L), or GFP-NLS-hRAC1(Q61L)
expression vector. The mean values of the evaluation of Figure 7.22 B is listed in the Table
(n=2 - 20 with 50 nuclei counted per experiment). Abbreviations: NT Con: non-transfected cells,
TR Con: cells treated with Lipofectamine RNAIMAX and TransIT-X2, WT: wild-type RAC1, NLS-
WT: wild-type RAC1 with additional NLS, QG61L: constitutively active RAC1, NLS-Q61L:
constitutively active RAC1 with additional NLS.

yH2AX 53BP1 colocalization
foci/nucleus foci/nucleus foci/nucleus
mean + SD mean + SD mean + SD
NT Con 2.69 +0.85 1.85+1.21 0.81 +0.49
TR Con 210+ 1.24 1.59 +1.32 0.74 + 0.56
WT + mRac1 siRNA 2.72 + 1.06 2.07 £1.70 0.87 +0.62
NLS-WT + mRac1 217 +1.14 211+ 0.84 0.92 + 0.40
siRNA
Q61L + mRact 218 +1.61 0.76 + 0.23 0.48 +0.03
siRNA
NLS-Q61L + mRact 1.04 +0.28 117 + 0.64 0.69 + 0.38
siRNA
p value p value p value
yH2AX 53BP1 colocalization
vs NT Con (*)/ vs NT Con (*)/ vs NT Con (*)/
GFP-hRAC1 (#) GFP-hRAC1 (#) GFP-hRAC1 (#)
TR Con (*) 0.9993 (*) 0.9992 (*) 0.9996
WT + mRac1 siRNA (*) >0.9999 (*) 0.9997 (*) 0.9998
NLS-WT + mRac1 (*) 0.9959 / (*) 0.9996 / (*) 0.9996 /
siRNA (#) >0.9999 (#) >0.9999 (#) >0.9999

Table 7.57: Data from influence of the transfection methods on basal pATM foci formation.
Cells were transiently transfected with GFP-hRAC1(WT), GFP-NLS-hRAC1(WT), GFP-
hRAC1(Q61L), or GFP-NLS-hRAC1(Q61L) expression vector or mRac? siRNA. Transfection
control cells (TR Con) were treated with TransIT-X2. Control cells (NT Con) were non-transfected.
24 h after transfection with GFP-hRAC1 expression vectors or 48 h after transfection with mRac1
siRNA cells were fixed and staining of pATM foci was carried out as described in methods. The
mean values of the evaluation of Figure 7.23 B is listed in the Table (n=1 - 18 with 50 nuclei
counted per experiment). Abbreviations: NT Con: non-transfected cells, TR Con: cells treated
with TransIT-X2, WT: wild-type RAC1, NLS-WT: wild-type RAC1 with additional NLS, Q61L:
constitutively active RAC1, NLS-Q61L: constitutively active RAC1 with additional NLS, mRac1
siRNA: siRNA against murine Rac1.

pATM
foci/nucleus p value
vs NT Con
mean + SD
NT Con 1.06 + 1.03
TR Con 1.69 + 1.62 0.5417
WT 1.95 + 2.38 0.7629
NLS-WT 0.54 +0.28
Q61L 1.83 +1.49 0.8423
NLS-Q61L 2.34
mRac1 siRNA 0.68 + 0.85 0.9857

238



Appendix

Table 7.58: Data from influence of GFP as part of the plasmids on IR-induced foci
formation.

Cells were transiently transfected with GFP expression vector. Transfection control cells (TR Con,
TR) were treated with TransIT-X2. Control cells (NT Con, NT) were non-transfected. Cells were
irradiated with 1 Gy or 3 Gy. The mean values of the evaluation of Figure 7.24 B is listed in the
Table (n=3-24 with 50 nuclei counted per experiment). Abbreviations: NT Con, NT: non-
transfected cells, TR Con, TR: cells treated with transfection reagent (TransIT-X2), GFP: green
fluorescent protein, *': vs 1 Gy, *3: vs 3 Gy.

yH2AX 53BP1 colocalization
foci/nucleus foci/nucleus foci/nucleus
mean + SD mean + SD mean + SD
NT Con 3.03+£1.32 2.38+1.73 1.03 £ 0.60
TR Con 3.41+£1.26 2.83+1.93 1.37 £ 0.68
NT + IR [1 Gy] 16.15 + 3.32 7.99 +4.23 7.60 £ 4.50
TR+ IR[1 Gy] 17.16 £ 4.41 13.61 £ 4.88 9.69 + 3.11
GFP + IR [1 Gy] 17.05 £ 0.79 14.76 £ 1.65 9.99 + 0.64
NT + IR [3 Gy] 25.31 £6.09 14.55 £ 2.59 13.27 £ 0.85
TR+ IR [3 Gy] 25.39 £ 4.67 20.06 £ 4.63 14.24 £ 2.05
GFP + IR [3 Gy] 25.22 + 2.08 23.48 +1.42 14.10 £ 1.71
p value p value p value
yH2AX 53BP1 colocalization
vs NT (*, *%) vs NT (*1, *%) vs NT (*, *%)
TR+ IR[1 Gy] (*) 0.8006 (*") 0.0560 (*") 0.3203
GFP + IR [1 Gy] (*) 0.9394 (*') 0.0889 (*") 0.4431
TR+ IR [3 Gy] (*3) >0.9999 (*3) 0.0629 (*3) 0.8982
GFP + IR [3 Gy] (*3) >0.9999 (*3) 0.0139 (*3) 0.9849

Table 7.59: Data from flow cytometric analysis of cell cycle distribution and apoptosis after
lentiviral transduction with diluted Puro.Cre vector in mouse embryonic fibroblasts
without loxP sites (Rac7*""),

Cells were transduced with different dilutions of Puro.Cre vector and 24 h later treatment with
puromycin was started. Cells were analyzed 24 h, 48 h, 72 h, 96 h, and 120 h after puromycin
selection. Cells were lysed and the nuclei were stained with the DNA-intercalating agent
propidium iodide. The cell cycle distribution was determined using a flow cytometer. Control cells
(Rac1""") were non-transduced. The mean values on which Figure 7.25 is based on are listed in

the Table (n=1).

24 h SubG1 [%] G1[%] G2/M [%]
mean mean mean
Con 4.82 74.35 12.89
1:2 vector dilution 6.11 86.75 3.27
1:4 vector dilution 5.57 80.45 9.33
1:6 vector dilution 7.28 86.21 2.52
1:8 vector dilution 6.13 79.92 9.90
48 h SubG1 [%] G1[%] G2/M [%]
mean mean mean
Con 5.58 77.28 11.24
1:2 vector dilution 11.58 87.22 1.07
1:4 vector dilution 40.77 56.56 0.86
1:6 vector dilution 5.31 65.38 14.57
1:8 vector dilution 6.15 69.41 12.87
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79 h SubG1 [%] G1 [%] G2/M [%]
mean mean mean
Con 3.70 74.29 13.02
1:2 vector dilution 4.55 77.49 11.86
1:4 vector dilution 5.17 72.85 12.78
1:6 vector dilution 5.29 72.45 13.17
1:8 vector dilution 4.96 75.00 13.30
9% h SubG1 [%] G1 [%] G2/M [%]
mean mean mean
Con 5.04 74.92 12.96
1:2 vector dilution 5.51 73.83 13.65
1:4 vector dilution 5.65 61.62 14.81
1:6 vector dilution 4.28 54.03 16.49
1:8 vector dilution 4.42 60.63 15.91
120 h SubG1 [%] G1 [%] G2/M [%]
mean mean Mean
Con 3.94 63.18 16.11
1:2 vector dilution 3.71 60.42 16.08
1:4 vector dilution 3.56 72.35 14.94
1:6 vector dilution 5.37 71.34 14.96
1:8 vector dilution 5.39 70.79 14.68
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