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PART I: The basic mechanisms driving homologous recombination in vitro and in vivo 
Genome integrity is essential for cell survival and intricate mechanisms have evolved to 
guard our DNA. Non-homologous end joining (NHEJ) and homologous recombination (HR) 
are pathways that respond to the most challenging and dangerous DNA lesions, the dou-
ble-stranded breaks (DSBs). In the past decades, the mechanisms driving DSB repair by 
HR have been subject of intense research in vitro. However, its role and regulation in vivo 
are still largely unexplored. In addition to its well-documented functions in repair of DSBs, 
HR has been implicated in repair of single-stranded breaks (SSBs or nicks). In the first part 
of this thesis, mechanisms underlying nick-initiated HR (nickHR) in vitro and DSB-initiated 
HR (DSBHR) in vivo are described (Fig. 1).

In chapter 2 we summarize our understanding of nickHR. Early HR models are based on the 
assumption that nicks are the initiating lesions, but subsequently a more DSB-centered 
view on HR initiation was favored. However, more recent studies suggest that nicks can 
indeed initiate HR directly and describe nickHR that relies on single-stranded, rather than 
double-stranded repair templates. Importantly, the high-fidelity nature and low mutagenic 
potential of nickHR are relevant in precise gene editing approaches. We conclude that nickHR 
is a bona-fide pathway for nick repair, sharing the molecular machinery with canonical HR 
but displaying some unique properties as well.
 Chapter 3 contains detailed protocols for measuring HR triggered by Cas9-induced 
DSBs and nicks using the direct repeat green fluorescent protein (DR-GFP) reporter. We 
conclude that this system is suitable for testing genome-editing strategies and for studying 
HR mechanisms in vitro.
 This technique has been applied in chapter 4 where we describe our investigations of 
mechanisms driving nickHR. We confirm that single nicks can directly initiate HR and that 
this pathway is independent of the major damage-signalling kinases. Furthermore, we 
demonstrate that nickHR levels are not affected in NHEJ-deficient cells, in contrast to the 
canonical DSBHR, indicating that nicks are not converted to DSBs to trigger HR. Compared 
to a single nick, a nick in both strands enhances HR even when induced up to 1 kb apart. 
Accordingly, HR and NHEJ compete for repair of these paired nicks, but, only when 5’ 
overhangs or blunt ends are generated. This study contributes to the understanding of 
the mechanisms driving nickHR and paired nick HR in mammalian cells.
 Next, we studied the functioning of DSBHR in vivo. In chapter 5 we used the inducible 
DR-GFP (iDR-GFP) mouse model to visualize HR activity in normal tissues and in early skin 
tumors. We observed that HR is active in a wide variety of tissues, including bone, gut 
and skin. HR activity declines dramatically during aging in multiple murine tissues and 
organs, even though this is not accompanied by cell cycle distribution changes. We did not 
detect changes in HR levels in early stage chemically-induced skin tumors as compared 
to healthy skin, even though cancer cells were dividing more actively than normal skin 
cells. This study shows that the iDR-GFP mouse is a valuable model that can broaden our 
understanding of HR in vivo.
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PART II: Inhibition of homologous recombination to enhance anticancer therapies
Most cancer patients receive therapeutic treatments consisting of radio- and/or 
chemotherapy, which induce excessive amounts of DNA damage to eradicate cancer cells. 
Unfortunately, many patients poorly respond to treatment or experience tumor relapse. 
This is partly due to the efficient DNA repair mechanisms that protect the transformed 
cells from DNA-damaging agents. Hyperthermia – incubation at temperatures of 41-43 
°C – disrupts various DNA repair pathways, including HR, and can sensitize cancer cells 
to radio- and chemotherapy. The second part of this thesis describes new therapies 
combining hyperthermia and small molecule inhibitors to extend the suppression of HR 
and to increase sensitization of cancer cells to radio- and chemotherapy  (Fig. 1). 

In chapter 6 we review the effects of hyperthermia on DNA repair and related processes, 
including chromatin remodeling and damage signaling. We conclude that hyperthermia 
affects most DNA repair pathways at multiple levels and that there are no single factors or 
pathways that determine cellular responses. However, these effects offer potential avenues 
for exploiting hyperthermia to sensitize cancer cells to various DNA-damaging agents. 
 One such avenue was explored in chapter 7. In this study, we describe the use of  poly-
(ADP-ribose)-polymerase 1 (PARP1) inhibitor NU-1025 (PARP1-i) to sensitize cervical cancer 
cells to standard combinational treatment consisting of cisplatin and hyperthermia. We 
observed only a moderate sensitization of cells after addition of the PARP1-i to standard 
treatment. However, the use of this inhibitor enabled a reduction of the required 
concentration of cisplatin, the most toxic component of the treatment, by approximately 
ten-fold, whereas cytotoxicity of the treatment was maintained at levels comparable to 
standard treatment. Therefore, inclusion of the PARP1-i in hyperthermia/cisplatin therapy 
of cervix cancer patients may improve treatment outcomes.
 In chapter 8 we tested a different strategy to enhance the effects of hyperthermia. 
Heat-shock proteins, including HSP90, respond to elevated temperatures and function as 
chaperones to protect cells against the consequences of heat-induced stress. We show 
that a short exposure to the HSP90 inhibitor Ganetespib prolonged the HR-inhibitory 
effects and increased radio- and chemosensitization effects of hyperthermia in cervix 
cancer cell lines. Treatment with Ganetespib had no additional toxic effects on non-heated 
cells treated with radio- or chemotherapy alone. Our results suggest that HSP90 inhibition 
is a promising approach to improve HT treatment efficacy without increasing systemic 
toxicity. 
 Finally, in chapter 9 we propose a new strategy to target therapy-resistant cancer 
stem cells (CSCs). We argue that hyperthermia can be used to stimulate anti-CSC immune 
responses and to reverse or block a number of factors that render CSCs radio- and 
chemoresistant, including upregulated DNA repair pathways and poor oxygenation of 
the CSC niche. We conclude that hyperthermia has the potential to eradicate therapy-
resistant CSC, although further research – both in vitro and in vivo – is needed to test this 
hypothesis. 

In conclusion, the studies in this thesis portray the role of HR as a double-edged sword. 
On the one hand, HR is essential in genome maintenance in healthy cells and, on the other 
hand, interfering with HR can improve cancer therapy outcomes.
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Final figure. Overview of the major findings presented in this thesis. The numbers correspond to the 
thesis chapters. CSCs - cancer stem cells; HR - homologous recombination; HSP90-i - heat shock protein 90 
inhibitor; HT - hyperthermia; PARP1-i - poly-(ADP-ribose)-polymerase 1 inhibitor.




