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1 Introduction 
 

1.1 Stem cells 

 

The term ‘stem cell’ arises in the scientific literature already in the late 19th century, in 

the works of the German biologist Ernst Haeckel. He used the term stem cell in two 

ways. One was to describe the unicellular organism from which all multicellular 

organisms originate and the other was to characterize the fertilized egg that gives 

rise to a whole organism. Later, the term stem cell was involved in the two major 

embryological questions at that time concerning the continuity of the germ-plasm and 

the origin of the blood system (Ramalho-Santos and Willenbring, 2007). Today, stem 

cells are generally defined as cells capable of self-renewal and differentiation. 

Through the process of self-renewal the stem cells pool becomes established and 

replenished continuously and via differentiation mature effector cells are generated 

that ensure tissue function throughout a lifetime. The differentiation capacity 

(potency) of stem cells can range from totipotent (can give rise to all kinds of cells of 

an organism; zygote) to unipotent (can differentiate into one type of cell; 

spermatogonia). During embryonic development pluripotent embryonic stem cells 

give rise to the three germ layers endoderm, mesoderm and ectoderm. Multipotent 

adult / tissue stem cells are responsible for maintaining homeostasis of their specific 

tissue (referred to as lineage restriction) throughout life and become activated after 

injury in order to regenerate damaged tissues (Wagers and Weissman, 2004). Adult 

tissue stem cell populations are found in tissues with a high turnover of differentiated 

cells like blood, intestine, skin and mammary gland but also in other tissues such as 

muscle and brain (Altman and Das, 1965; Boehnke et al., 2012; Mauro, 1961; van 

der Flier and Clevers, 2009). 
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1.2 Hematopoiesis and Hematopoietic Stem Cells (HSCs) 

 

1.2.1 The	hematopoietic	hierarchy	
 
The mammalian blood system (hematopoietic system) consists of many cell types 

with specialized functions including erythrocytes, platelets, T-and B-lymphocytes, 

myeloid cells, mast cells, natural killer cells and dendritic cells. Many of these mature 

blood cells are short-lived and need to be produced at a rate of more than one million 

cells per second in the adult human (Ogawa, 1993). The continuous replenishment of 

these cells depends on the presence of hematopoietic stem cells (HSCs). HSCs are 

multipotent tissue stem cells that predominantly reside in the bone marrow (BM) at a 

frequency of two to five cells in 105 total BM cells and are the common ancestors of 

all of the blood cells. They were first described in the 1960s by Till, McCulloch, Wu, 

Becker and Siminovitch as a population of BM cells capable of forming 

myeloerythroid colonies in the spleens of irradiated recipient mice (Becker et al., 

1963; Siminovitch et al., 1963; Till and McCulloch, 1961; Wu et al., 1968). Within 

these colonies a very small subset of cells displayed the ability to self-renew and to 

differentiate into all types of blood cells, the two traits that only hematopoietic stem 

cells possess.  In the hematopoietic system, HSCs reside at the top of the 

hematopoietic hierarchy and either generate identical daughter cells through the 

process of symmetric self-renewal and/or differentiate into progenitor cells 

(asymmetric division or symmetric differentiation division) that become increasingly 

more committed and ultimately generate all mature blood cell types (Figure 1).  



 

 3 

 
Figure 1: Simplified scheme of the hematopoietic hierarchy. Hematopoietic stem cells (HSCs) reside 
at the top of the hematopoietic hierarchy, give rise to multipotent progenitor cells (MPP) and have the 
ability to self-renew. MPPs can give rise to oligopotent progenitor cells like common lymphoid 
progenitors (CLPs) and common myeloid progenitors (CMPs). These progenitor cell populations are 
lineage restricted and differentiate into mature blood cells (effector cells) through a series of 
intermediate progenitors. Mature effector cells of the blood system include erythrocytes, platelets, 
granulocytes, macrophages, dendritic cells, T cells, natural killer cells (NK cells) and B cells. All of the 
cell populations mentioned are characterized by a very defined set of surface markers and can be 
isolated out of bone marrow by fluorescence activated cell sorting (FACS) to almost 100 % purity. The 
surface antigens vary between mice and humans (Adapted by permission from Macmillan Publishers 
Ltd: [Nature Reviews] (Sharpless and DePinho, 2007), copyright (2007)). 

 

HSCs initially differentiate into multipotent progenitor cells (MPPs) that have lost the 

ability to self-renew but can still differentiate into the oligopotent progenitors of the 

myeloid (common myeloid progenitors, CMPs) or lymphoid (common lymphoid 

progenitors, CLPs) lineage. CMPs advance to megakaryocyte/erythrocyte 

progenitors (MEPs) and granulocyte/macrophage progenitors (GMPs) that generate 

mature effector cells involved in innate immunity, oxygen transport and blood clotting. 

CLPs give rise to the lymphoid arm of the hematopoietic system (T- and B-cells, 
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natural killer cells) that is responsible for adaptive immunity (Akashi et al., 2000; 

Kondo et al., 1997; Pronk et al., 2007). Phenotypically, these stem and progenitor 

cell populations within the hematopoietic system can be purified to near-homogeneity 

using cell surface marker staining or dye efflux properties together with fluorescence-

activated cell sorting (FACS). Functionally, HSCs are defined by their ability to 

provide long-term reconstitution potential of the blood in lethally irradiated recipients 

over serial transplantation experiments.  

HSCs ensure the lifelong production of the blood through homeostasis and repair 

after injury. Exhaustion and transformation of the HSC pool has to be avoided. This is 

achieved by controlling their number and functional quality through the complex 

regulated processes of quiescence (G0 state of the cell cycle), self-renewal 

(maintenance and expansion), differentiation (production of mature blood cells), 

localization and apoptosis (clearance of damaged cells).  

 

1.2.2 HSCs	and	their	niche	
 
The BM microenvironment provides regions that support the function of HSCs and 

cells within these regions constitute the HSC niche and contribute to the control of 

above-mentioned processes. The niche consists of a three-dimensional network of 

among others osteolineage, sinusoidal endothelial and mesenchymal (stromal and 

stem) cells, sympathetic neurons and extracellular matrix (Krause et al., 2013). HSCs 

often reside close to the endosteum (endosteal niche) or the vascular system 

(vascular niche) inside the BM. Communication between the niche and HSCs occurs 

either via direct cell-cell contact (adhesion receptors, gap junctions) or via cytokines, 

chemokines, growth factors or via components of the extracellular matrix (Geiger et 

al., 2013; Méndez-Ferrer et al., 2010). 

Under steady state conditions, HSCs are a largely quiescent, slowly cycling cell 

population, where only 8 % of cells enter the cell cycle per day (Cheshier et al., 

1999). However, in response to stress, HSCs exit quiescence and expand and 

differentiate. The mostly quiescent status of HSCs is thought to be a protective 

mechanism against endogenous stress caused by reactive oxygen species and DNA 

replication. Quiescence is different from terminal differentiation, senescence and 

apoptosis because it is reversible and functionally unlike cell cycle arrest. When 

quiescence is disrupted, HSCs display premature exhaustion, impaired self-renewal 
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and loss of repopulating capacity (Cheng et al., 2000; Wilson and Trumpp, 2006). 

The balance between quiescence and proliferation is strictly controlled (positive and 

negative) by intrinsic and extrinsic mechanisms. Positive extrinsic mechanisms are 

mostly associated with the HSC niche and comprise bone-lining osteoblastic cells 

and related signaling (c-Kit, Tie2/Ang-1, TPO/MPL) (Arai et al., 2004; Thorén et al., 

2008; Yoshihara et al., 2007), the hypoxic environment inside the bone (Kubota et 

al., 2008), Osteopontin (expressed on osteoblasts) (Stier et al., 2005), Ca2+ ions 

(retain HSCs to the endosteal surface of the bone) (Adams et al., 2006), TGF-β and 

Wnt signaling (Batard et al., 2000; Fleming et al., 2008). Hedgehog signaling serves 

as negative extrinsic regulator of HSC quiescence (Trowbridge et al., 2006). Counted 

as positive intrinsic mechanisms are a number of transcription factors (Gfi-1, Pbx1, 

p53, Scl, Irf2, TXNIP, Nurr1, GATA-2) (Li, 2011), cyclin dependent kinase inhibitors 

(p21 and p57) (Scandura et al., 2004) and other proteins including Cdc42 (Yang et 

al., 2007) and ATM (Ito et al., 2004). MEF/ELF4, Lnk and c-Myc were found to 

negatively regulate HSC quiescence cell intrinsically (Bersenev et al., 2008; 

Lacorazza et al., 2002; Wilson et al., 2004).  

Although the majority of HSCs are located within the endosteal niche, they can still 

exit and re-enter, via processes called mobilization and homing. Mobilization can 

occur as a consequence of BM injury or due to treatment with mobilizing drugs (G-

CSF, cyclophosphamide). Then HSCs enter circulation and are distributed to 

peripheral tissues like liver and spleen. Transplanted HSCs have the ability to home 

back and re-enter the BM through the process of transendothelial migration with the 

help of cell-surface adhesion molecules (selectins and integrins) (Nilsson and 

Simmons, 2004; Wilson and Trumpp, 2006).  

 

1.2.3 Ontogeny	of	the	hematopoietic	system	
 
This process of homing of HSCs to the BM is also very important during development 

of the hematopoietic system. The ontogeny of the hematopoietic system is 

characterized by the temporarily defined embryonic hematopoiesis (multiple 

anatomical sites) and the post-natal hematopoiesis (confined to the BM). The 

sequential sites of hematopoiesis during fetal development include yolk sac, the 

dorsal aorta with the hemangiogenic endothelium, an area surrounding the dorsal 

aorta termed the aorta-gonad mesonephros (AGM), placenta, fetal liver and finally 
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BM. HSCs are generated only within a small time window during fetal development 

and henceforward the HSC pool is maintained through self-renewal. The first 

hematopoietic activity is observed in the yolk sac and produces mainly red blood 

cells needed for tissue oxygenation. The true HSCs are generated later and the first 

de novo HSCs emerge from the dorsal aorta hemangiogenic endothelium (Bertrand 

et al., 2010; Boisset et al., 2010; Kissa and Herbomel, 2010). De novo HSC 

generation also occurs in the AGM and placenta and these HSCs migrate into the 

fetal liver for expansion and differentiation before homing to the developing spleen, 

thymus and BM. Once fetal HSCs migrate to the BM they acquire their adult 

phenotype and functional adult properties as for instance fetal liver HSCs are in cycle 

whereas adult BM HSCs are largely quiescent.   

 

 

1.3 Aging of HSCs 

 

Aging of HSCs is driven by cell-intrinsic and cell-extrinsic mechanisms leading to 

different aging-associated phenotypes of HSCs (for an overview see Table 1) (Geiger 

et al., 2014).  

 
Table 1: Hallmarks of hematopoietic stem cell (HSC) aging. Shown are characteristics of HSCs that 
change upon aging. 

HSC feature alteration upon aging 
number/frequency increased 
self-renewal capacity reduced 
differentiation myeloid-biased 
localization more distant from the endosteum 
homing reduced 
mobilization increased 
polarity reduced 
 

Surprisingly, the number of HSCs increases with age. In the aged bone marrow, 

there are two- to ten-fold more HSCs present when compared to young (Chambers 

and Goodell, 2007; de Haan et al., 1997; Morrison et al., 1996). But when theses 

cells are stressed, for example in serial transplantation assays, they show a 

diminished regenerative potential as consequence of a lower self-renewal capacity 

(Janzen et al., 2006; Kamminga et al., 2005; Sudo et al., 2000).  
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Additionally their activity in homing to the bone marrow is reduced two-fold (Liang et 

al., 2005). The most clinically relevant changes of the hematopoietic system with age 

are onset of anemia, decreased competence of the adaptive immune system and 

increased incidence of myeloid diseases. All these changes can be attributed to 

aging of HSCs since aged HSCs are deficient in their ability to support erythropoiesis 

and show a markedly decreased output of cells from the lymphoid lineage, whereas 

the myeloid lineage output is maintained or even increased compared to young 

HSCs (Geiger et al., 2013; Rossi et al., 2008). Furthermore young and aged HSCs 

occupy distinct niches within the bone marrow as seen in their localization relative to 

the endosteum. Aged HSCs show impaired adhesive properties to stroma cells and 

in turn can be much better mobilized into the blood compared with young (Köhler et 

al., 2009). Changes in cell adhesion are often linked to changes in cell polarity. Aged 

HSCs express increased levels of the small Rho GTPase cell division control protein 

42 (CDC42) and its activity is also increased in aged HSCs. The increased activity of 

CDC42 leads to loss of cell polarity in aged HSCs involving tubulin, CDC42 and the 

random nuclear distribution of acetylated H4K16 (Florian et al., 2012). Genome-wide 

expression studies comparing young and aged HSCs have identified a general 

downregulation of genes involved in lymphopoiesis and an upregulation of myeloid 

genes in aged HSCs, which is consistent with their myeloid bias (Chambers et al., 

2007). The epigenetic programs that maintain HSC function decline with age as 

evidenced by changes in DNA methylation patterns upon HSC aging (Beerman et al., 

2013). Another mechanistic driver of HSC aging could be replicative stress since it 

could be shown that aged HSCs present with heightened replicative stress upon 

cycling and decreased ribosomal biogenesis (Flach et al., 2014). The most 

controversially discussed cell-intrinsic factor driving HSC aging is DNA damage that 

will be discussed in more detail below. 
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1.4 DNA damage response in HSCs 

 

1.4.1 DNA	damage	
 
HSCs are responsible for maintaining tissue homeostasis throughout a lifetime. 

Therefore it is very important for HSCs to maintain genomic integrity to limit the risk 

of transformation leading to leukemia or BM failure. This is a though task since DNA 

damage constantly arises from DNA replication errors, spontaneous chemical 

reactions (hydrolysis reactions creating abasic sites and base deamination) and 

assaults by external or metabolism-derived agents (reactive oxygen species, 

irradiation and DNA damaging drugs) (Figure 2). It has been estimated that a cell can 

undergo up to 100,000 DNA lesions per day.  

 

 

 
Figure 2: DNA damage is very variable and results in a variety of different DNA lesions. These DNA 
alterations can be repaired by very specific repair mechanisms that differ in fidelity. Reprinted from 
(Blanpain et al., 2011) Copyright (2011), with permission from Elsevier, p.17. 

 

Endogenous sources for DNA damage include replication and recombination errors, 

spontaneous hydrolysis and reactive metabolites created as a by-product of cellular 
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metabolism like reactive oxygen species (ROS). These events and metabolites can 

cause abasic sites, base deamination, 8-oxoguanine lesions, base oxidations and a 

variety of DNA strand breaks. DNA damage can also arise from outside the cell 

(exogenous DNA damage) from mutagens present in the environment. These include 

ultraviolet light (UV) from the sun, chemicals, X-rays and gamma irradiation as well 

as chemotherapeutical drugs causing base modifications, interstrand crosslinks, 

single-and double strand breaks. The most severe forms of DNA damage are DNA 

double strand breaks (DNA DSBs) which arise at an estimated frequency of 10 

DSBs/cell/day. These breaks can be intentional in case of V(D)J –recombination and 

class switch in B-lymphocytes or they are accidental and unintentional. These DSBs 

can arise from ROS, gamma irradiation, mechanical stress, defective telomere 

processing, chemotherapeutic drugs and replication fork collapse.  

 

1.4.2 Zinc-finger	nucleases		
 

With the help of zinc-finger nucleases (ZFNs) it is possible to intentionally induce 

locus and thus DNA sequence specific DNA DSBs. Chandrasegaran and coworkers 

have originally developed ZFNs as chimeric nucleases in 1996 (Kim et al., 1996). 

The Cys2-His2 zinc-finger protein modules are found in the DNA binding domain of 

various transcription factors in eukaryotes. They consist of around 30 amino acids 

and are folded into a ββα configuration. Each finger coordinates one Zn2+ ion and 

several amino acids on the surface contact a 3 bp target DNA sequence. The 

greatest success has been in designing zinc-fingers to target 5’-GNN-3’ (N = any of 

the 4 bases) triplets. In a ZFN, three (or more) zinc-finger proteins are strung 

together and are fused at the C-terminus to the non-specific cleavage domain of the 

FokI typeII restriction endonuclease (Fn domain). These artificial nucleases bind as 

dimers to their DNA target site where each ZFN monomer binds to 9 bp. The 

complete ZFN target site consists of 9 + 9 bp that are separated by a spacer region 

of variable length into which a DNA DSB is introduced. The binding sites are 

arranged in an inverted orientation so that the two ZFNs do not get in the way of 

each other (Porteus, 2008, 2006; Porteus and Carroll, 2005) (Figure 3).  
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Figure 3: Homodimeric zinc-finger nuclease (ZFN) binding to its target sequence. Each monomer 
consists of three DNA binding zinc-finger proteins that are fused to the FokI nuclease domain (Fn) at 
the C-terminus. At the N-terminus a nuclear localization signal (NLS) is attached to the ZFN. The 
target sequence consists of 18 base pairs (bp) separated by a spacer region (NNNNNN; sequence 
does not need special requirements), where the DNA double strand break is introduced. The ZFN 
binding site has to fulfill special sequence requirements to insure optimal binding of the single fingers 
of the ZFN to its designated DNA triplet. (Adapted by permission from Macmillan Publishers Ltd: 
[Nature Biotechnology], (Porteus and Carroll, 2005), copyright (2005), p. 970). 

 

ZFN-induced modifications have been reported for a variety of cell types including 

Drosophila, C. elegans, zebra fish, plants and mammalian cells. Genes targeted with 

ZFNs imply CCR5, ROSA26, IL2RG and DHFR (Gaj et al., 2012; Lombardo et al., 

2011, 2007; Perez-Pinera et al., 2012; Santiago et al., 2008). The publicly available 

OPEN (oligomerized pool engineering) method was used to generate the ZFN 

employed in this thesis (Maeder et al., 2009).  

 

1.4.3 Cell	cycle	of	HSCs	
 

Cell cycle regulation plays an important role throughout hematopoiesis. Quiescence 

has to be tightly regulated for maintenance and self-renewal of HSCs. For expansion 

of blood cells a high cycling rate is required whereas terminally differentiated cells 

often withdraw from the cell cycle. Most differentiated cells though keep the ability to 

reenter the cell cycle when necessary (Pietras et al., 2011).  

The cell cycle can be divided into two major parts termed interphase and mitosis 

phase (M phase). During interphase the cells grow and duplicate their DNA so that 
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they can divide into two daughter cells during M phase. The interphase can be 

subdivided into Gap1 (G1), Gap0 (G0), synthesis (S) and Gap2  

(G2) phase. During G1 phase the cell prepares for division and at the so-called 

restriction point the cell is committed to divide and moves into S phase. Non-

proliferating cells e.g. HSCs enter the quiescent G0 state of the cell cycle where they 

can stay quiescent for an extended period of time while allowing for their rapid entry 

into the cell cycle to respond to hematopoietic demand. Fully differentiated cells often 

enter G0 phase and stop dividing altogether. In S phase the DNA is replicated so that 

each chromosome consists of two sister chromatids. Cytoplasmic materials 

necessary for mitosis and cytokinesis are assembled during G2 phase and the cell is 

ready for M phase where nuclear division and cytokinesis lead to the generation of 

two identical daughter cells (Lodish et al., 2000).  

The progression from one phase to the next is tightly regulated and depends on the 

proper completion of the previous phase. At so called checkpoints the cell stops and 

ensures that everything is in order before proceeding. There are four major 

checkpoints within the cell cycle (Figure 4). The G1-S checkpoint controls 

progression of the cell through the restriction point and into S phase. At this point the 

cell cycle will halt if the DNA is damaged and needs to be repaired. The same holds 

true for the S checkpoint within S phase. The checkpoint at the end of G2 phase, the 

G2-M checkpoint, becomes activated when DNA replication is erroneous or DNA is 

damaged. The M checkpoint or spindle-assembly checkpoint ensures that 

chromosomes are properly aligned and mitosis can proceed accurately (Elledge, 

1996). During this study we focused on the G1-S checkpoint. During G1 phase the 

tumor suppressor protein Rb binds to the transcription factor E2F thereby inhibiting 

its function. When complexes of cyclins and cyclin-dependent kinases (CDKs) 

phosphorylate Rb it dissociates from E2F and the resulting activation of E2F-

dependent gene transcription leads to the production of S phase promoting proteins 

(Wikenheiser-Brokamp, 2006). CDK inhibitors (CKIs) from the INK4 and Kip/Cip 

family inhibit the activity of cyclin-CDK complexes and can thereby prevent entry into 

S phase (Matsumoto and Nakayama, 2013). The G1-S checkpoint is also called DNA 

damage checkpoint since DNA damage leads to the activation of pathways through 

ATM/ATR and Chk1/Chk2 kinases that block CDK activity and finally result in cell 

cycle arrest and DNA repair or cell death, senescence or differentiation (see Figure 

4) (Inomata et al., 2009; Kastan and Bartek, 2004; Wang et al., 2012).  
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Figure 4: Scheme of the mammalian cell cycle with its four major checkpoints. Problems within the cell 
that lead to cell cycle arrest are indicated.  

 

1.4.4 DNA	damage	response	
 
Induction of DNA damage, regardless of which type, leads to a cascade of cellular 

events known as DNA damage response (DDR). The single components of these 

cascades can be classified into four functional groups: damage sensors, signal 

transducers, repair effectors and arrest or death effectors (Figure 5).  
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Figure 5: Upon induction of a DNA double strand break the DNA damage response (DDR) is set in 
motion. Therefore sensor proteins sense the damaged DNA and activate transducer proteins such as 
ATM. These proteins once activated induce signaling cascades that through effector proteins lead to 
apoptosis, senescence, cell cycle arrest or differentiation. The induction of a transient cell cycle arrest 
is achieved through activation of the cyclin-dependant kinase inhibitor p21. Apoptosis or programmed 
cell death is induced through induction of pro-apoptotic genes of the bcl2 family like bax, puma or 
noxa. Through activation of the cyclin-dependant kinase inhibitors p16 or p19 senescence program is 
initiated. A recent finding could show that DNA DSBs lead to an upregulation of the transcriptionfactor 
batf that induces differentiation. During cell cycle arrest the cells undergo DNA repair (homologous 
recombination (HR) or non-homologous end joining (NHEJ)). 

 
 
The outcome for the cell is variable and depends on potency of the damage, cell 

type, speed of DNA repair, p53 activation and cell cycle stage of the cell (Blanpain et 

al., 2011; d’Adda di Fagagna, 2008). The first step after a DNA DSB occurs involves 

proteins sensing the damage and activating the DDR. The two major sensor proteins 

are the MRE11-RAD50-NBS1 (MRN) complex that is involved in stabilizing broken 

DNA double strand break 

Sensor proteins 
(Ku70/80, PARP, MRN-Komplex, ATRIP) 

Transducer proteins 
(DNA-PK, ATM, ATR, Chk1/Chk2) 

Effector proteins 

p21 
Cell Cycle Arrest 

bcl2 genes 
Apoptosis 

p16 / p19 
Senescence 

batf 
Differentiation 

p53 
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chromosomes and the Ku70/80 heterodimer that immediately binds to the ends of a 

DNA DSB. Following the recognition of a DNA DSB, transducer proteins become 

activated and signaling cascades are set in motion. ATM (ataxia telangiectasia 

mutated) and ATR (ATM and Rad3-related) are the main transducer proteins and 

once activated promote DDR through phosphorylation-dependent recruitment of DDR 

factors to sites of DNA DSBs. A very important factor that becomes phosphorylated 

is the histone H2AX then called γH2AX. The DNA around the phosphorylated histone 

becomes less condensed and a cascade of factor assembly is initiated. Activation of 

downstream targets of ATM (including Chk2 and subsequently p53) as well as ATR 

signaling (leading to Chk1 and CDC25A phosphorylation) can result in various 

different cellular outcomes like transient cell-cycle arrest, apoptosis, senescence or 

differentiation. During transient cell-cycle arrest, repair processes are initiated (Bartek 

and Lukas, 2007; Inomata et al., 2009; Wang et al., 2012). 

 

1.4.5 DNA	double	strand	break	repair	mechanisms	
 
In case of DNA DSBs two different repair pathways can be activated called 

homologous recombination (HR) and non-homologous end joining (NHEJ). NHEJ 

requires the Ku heterodimer (Ku70 and Ku80) to bind to the free DNA ends of the 

DNA DSB. Then DNA-PKcs (DNA-dependent protein kinase catalytic subunit) is 

recruited to the break and activated. This protein in turn recruits XRCC4, 

XLF/Cerunnos and DNA ligaseIV that form a complex, which then religates the DNA 

ends regardless of whether they come from the same chromosome. DNA termini that 

need processing can be trimmed by nucleases (Artemis) or filled by DNA 

polymerases (Polµ or Polλ). Due to processing and direct ligation of the break, NHEJ 

generally leads to small deletions and is termed error-prone (Khanna and Jackson, 

2001). In contrast, homologous recombination is usually error-free. It constitutes of 

three steps: strand invasion, branch migration and Holliday junction formation. It is 

mostly active in S- and G2-phase of the cell cycle when homologue sister chromatids 

are available. HR starts with binding and resection of the broken DNA termini by the 

MRN/CtIP complex that produces produces 3’ single stranded overhangs. These 

overhangs are then bound by RPA to unwind the DNA. Then RPA is replaced by 

Rad51 (supported by BRCA2) to form filaments along the unwound DNA strand. The 

Rad51 nucleoprotein filament then searches for a homologous DNA duplex. When 
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found, the damaged strand invades and the DNA end is extended using the intact 

strand as template. After extension DNA ends are captured and the junctions are 

resolved and ligated together creating a double Holliday junction. Resolution then 

leads to crossover or non-crossover events (Brandsma and Gent, 2012; Sancar et 

al., 2004). HSCs are mostly residing in the G0-phase of the cell cycle and this might 

force them to use the error-prone pathway of NHEJ since HR is mostly active in 

cycling cells when sister chromatids are available (Mohrin et al., 2010).  

 

1.4.6 HSCs	and	DNA	DSB	repair	mechanisms	
 
Most mouse models deficient in components of the DDR machineries display severe 

BM phenotypes suggesting that an intact DDR is essential for HSC function. Mice in 

which the ATM gene was deleted show increased IR sensitivity and decreased T-cell 

numbers. HSCs from these mice show increased ROS levels and present with a 

decrease in number and function upon aging leading to progressive BM failure 

(Barlow et al., 1996; Ito et al., 2006, 2004). Knockout of any component of the MRN 

complex as well as deletion of BRCA2 result in embryonic lethality. A hypomorphic 

Rad50k22m mutation in mice leads to early death accompanied by B-cell lymphoma 

and BM failure. This is mostly due to p53-dependent apoptosis and loss of HSC 

function (Bender et al., 2002). Inactivation of genes involved in NHEJ demonstrated 

their essential function in lymphocyte development since components of NHEJ are 

critical for V(D)J recombination. Mice with a LigIVy288c hypomorphic mutation are 

immunodeficient and display severe HSC defects like impaired repopulating potential 

and decreased self-renewal (Nijnik et al., 2007). Mice devoid of Ku70 or Ku80 end-

binding proteins show self-renewal defects, impaired differentiation and proliferation 

potential as well as increased apoptosis within the HSC compartment (Kenyon and 

Gerson, 2007; Rossi et al., 2007a). In a mouse model where phosphorylation sites of 

DNA-PKcs were mutated (3A mutation, three alanine substitution of Thr2605, 2634 + 

2643) called DNA-PKcs3A/3A BM failure and loss of HSCs in fetal liver could be 

observed. This impairment of HSC proliferation is caused by p53 dependent 

apoptosis due to severe DNA damage. Since p53 is also involved in the DDR it is 

interesting to see that mice with varying p53 activities display hematopoietic 

problems. Reduced p53 activity in heterozygous p53+/- mice is accompanied by an 

increase in HSC proliferation. A p53 hypomorphic mutation (p53+/m) displaying 
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higher p53 activity than wildtype mice presented with decreased HSC frequency, 

repopulating capacity and proliferation (Dumble et al., 2007). Taken together, this 

shows that an intact DDR is essential for HSC function and subsequent an intact 

hematopoietic system.  

 

1.4.7 Attributes	of	HSCs	with	respect	to	DNA	damage	
 

The existence and functional capacity of HSCs throughout a lifetime suggests that 

theses cells have to be uniquely equipped to handle DNA damage (Suda et al., 

2011). In contrast to somatic cells HSCs mostly reside in the G0-phase of the cell 

cycle and are quiescent. This state is maintained by intrinsic and extrinsic factors and 

is a way to preserve HSCs function (long-term reconstitution potential). 

Consequently, the infrequenct cycling nature of HSCs limits DNA damage accrual 

through cell division (replication errors) and renders the cells more resistant to 

cytotoxic agents that affect cycling cells like UV light, ionizing radiation and 

chemicals. To generate energy, HSCs rely on the glycolytic pathway and not like 

differentiated cells on mitochondrial respiration. This gives HSCs a cytoprotective 

advantage since mitochondrial respiration generates reactive oxygen species (ROS) 

like superoxide, hydrogen peroxide, hydroxyl radicals and singlet oxygen and toxic 

metabolites (peroxinitrate). Oxidative stress ultimately occurs when there is 

excessive ROS production that cannot be neutralized by the cell anymore and thus 

will lead to DNA damage (Balaban et al., 2005). The management of ROS in HSCs is 

thought to be very important for their self-renewal potential. Studies regarding the 

FOXO transcription factors could show that mice lacking all three FOXO proteins 

have severe HSC phenotypes like loss of HSC numbers and impaired reconstitution 

potential. All this features resulted from oxidative stress induced by ROS (Tothova et 

al., 2007). ROS levels are also regulated by ATM and loss of ATM results in 

defective HSC self-renewal and a decline of HSCs with age (Ito et al., 2006, 2004). 

Interestingly, it is important to note that the HSC phenotype observed in ATM and 

FOXO deficient mice could be reversed when the animals were treated with the ROS 

scavenger NAC (N-acetyl L-cystein) indicating that low levels of ROS and an hypoxic 

microenvironment are crucial for HSC function and maintenance. Redox homeostasis 

is partially regulated by the expression of BMI1 that prevents the production of ROS 

and therefore limits oxidative stress (Liu et al., 2009). The low oxygen environment 
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for HSCs is provided within the BM. The hypoxic BM niche maintains HSC 

quiescence, self-renewal and differentiation through extrinsic regulators secreted by 

niche cells. Another property of HSCs is their high expression and activity of ABC 

transporters. Theses ATP-dependent membrane proteins provide a very efficient 

efflux of genotoxic metabolites thereby preventing an accumulation of theses 

substances inside the cell.  

 

1.4.8 Consequences	and	outcomes	of	DNA	damage	in	HSCs	
 

DNA damage is accompanied by a very robust activation of DDR pathways. The 

outcome of DNA damage however is variable and depends on severity and nature of 

the damage. One of the consequences can be transient cell cycle arrest followed by 

proper repair and cell survival. Alternatively, if repair is impossible, cells undergo 

apoptosis, senescence or in case of stem cells also differentiation. When DNA 

damage is not repaired properly in HSCs, mutations can be propagated. Through the 

process of self-renewal these mutations accumulate in the stem cell pool or via 

differentiation amass in the more differentiated daughter cells. DNA DSBs are very 

potent cellular senescence inducers, which can generate the persistent DDR 

signaling needed for the senescent growth arrest (Leonardo et al., 1994; Nakamura 

et al., 2008). Differentiation in response to DNA damage occurs in various tissues 

including HSCs, melanocytic stem cells and embryonic stem cells (Inomata et al., 

2009; Li et al., 2012; Wang et al., 2012). In HSCs DNA damage induced by telomere 

attrition or DNA DSBs lead to an up-regulation of the transcription factor Batf 

resulting in induction of lymphoid differentiation of HSCs (Wang et al., 2012). DNA 

damage induces apoptosis by p53-dependent and p53-independent pathways. In 

lymphocytes and germ cells apoptosis even represents the primary response to DNA 

damage (Lee et al., 1998). In the context of HSCs, premature differentiation, 

senescence and apoptosis as possible consequences of DNA damage can have 

positive and negative effects. These outcomes can on the one hand have a beneficial 

effect by removing damaged cells from the stem cell pool. On the other hand these 

cell fates can lead to depletion and exhaustion of the stem cell pool and finally lead to 

aging. Therefore these processes have to be tightly controlled otherwise this would 

lead to a reduced regenerative response and impaired tissue homeostasis. HSCs 

mostly residing in G0 phase of the cell cycle are thought to be susceptible to undergo 
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the error-prone NHEJ pathway to repair DNA DSBs arising from low dose irradiation, 

thus making the cells vulnerable to acquiring mutations via faulty NHEJ (Mohrin et 

al., 2010). In contrast to this observation, Insinga et al. showed an up-regulation of 

p21 in HSCs after irradiation followed by cell cycle entry that could enable the cells to 

use the error-free HR pathway to repair DNA DSBs (Insinga et al., 2013). More 

committed progenitor cells however, underwent p53 dependent apoptosis as a 

consequence of irradiation demonstrating the difference in DNA damage response 

between stem cells and their progeny.  

In case a HSC escapes the DDR or is not repaired correctly, mutations are 

propagated either in the pool of HSCs or in the more committed differentiated cells. 

These mutations can lead to genomic instability and mutations presenting a selective 

advantage have the possibility of being further amplified through clonal expansion. 

Then there is the risk of an additional mutational hit and this might lead to 

tumorigenesis (Mandal et al., 2011).  

 

 

1.5 HSCs, aging and DNA damage 

 
The paradigm of the DNA damage theory of stem cell aging states that aging-

associated changes in the DNA repair system in HSCs, together with changes in cell 

cycle regulation due to increased DNA damage with age (Pietras et al., 2011; Rossi 

et al., 2007a) are thought to result in elevated DNA mutations, which then causally 

contribute to the decrease in HSCs function with age. The paradigm is in part based 

on the finding that mice lacking a distinct set of DNA damage repair proteins display 

reduced function of HSCs, including an impaired repopulating potential and an 

overall depletion of the HSC pool (Geiger et al., 2013; Ito et al., 2004; Navarro et al., 

2006; Nijnik et al., 2007; Parmar et al., 2010; Prasher et al., 2005; Reese et al., 2003; 

Rossi et al., 2007a; Ruzankina et al., 2007; Zhang et al., 2010), although in naturally 

aged mice there is actually an expansion of the number of phenotypic stem cells 

instead of a depletion of the HSCs pool. HSC aging also correlates with an increase 

in DNA double strand breaks (DSBs). Both human and mouse HSCs present upon 

aging with a 2-3fold elevated number of γH2AX foci, a bona fide surrogate marker for 

unresolved DSBs (Rossi et al., 2007a; Rübe et al., 2011). Unresolved DSBs 
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accumulated in quiescent but not cycling HSCs upon aging (Beerman et al., 2013). 

γH2AX foci though were very recently shown to co-localize in HSCs with proteins 

associated with replication and ribosomal biogenesis stress (Flach et al., 2014), 

rendering γH2AX foci as a general marker for persistent DNA DSBs in HSCs 

questionable.  

 
 

1.6 Aims of the thesis 

 

The outcome of DNA damage in HSCs with respect to mutational load upon damage 

resolution as well as stem cell function in correlation to aging has not been 

investigated in great detail. The aims of this study were to investigate DNA damage 

outcomes of young and aged HSCs in more detail.  

To this end, the frequency of DNA mutations in young and aged HSCs and 

differentiated cells was determined to investigate the efficiency of the DNA damage 

response in young and aged HSCs.  
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2 Materials and Methods 

2.1 Materials 

2.1.1 Chemicals/enzymes/kits	
 

Table 2: List of chemicals/enzymes/kits 

Product Manufacturer 

2 X YT medium Difco 

3-Amino-1,2,4-triazole (3-AT) USB (#11245!)  

5-Brom-4-chlor-3-indoxyl-β-D-

galactopyranosid (X-gal) 
Sigma 

7-Aminoactinomycin (7AAD) BD, Cell Cycle Kit 

Ampicillin AppliChem 

AscI NEB 

Attractene Transfection reagent QIAGEN 

AvaI NEB 

BamHI NEB 

Bromdesoxyuridin (BrdU)  BD, Cell Cycle Kit 

Calcium Phosphate Transfection kit Invitrogen 

collagenase Type I  Biochrome 

complete protease inhibitor  Roche 

DNA Blood and Tissue Kit QIAGEN 

DNA Isolation Kit  Epicenter 

DNA MaxiPrep Kit QIAGEN 

DNA MiniPrep Kit QIAGEN and Promega 

DNAse Sigma 

DNAse  BD, Cell Cycle Kit 

DTT Sigma 

ECL reagent GE Healthcare 

Gel purification Kit QIAGEN 

Gentamycin PAA 

HindIII NEB 
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Table 2 continued from page 20 

Product Manufacturer 

Histopaque 1083 Sigma 

Hybond nylon membrane  GE Healthcare 

Kanamycin Roth 

KOD Polymerase Novagen 

L-glutamine PAA 

Lysozyme Roth 

M9 salts Difco 

NeoBlot Kit NEB 

NotI NEB 

pellet paint Millipore 

Pfu Polymerase Stratagene 

Phenyl β-D-glucopyranoside (P-gal) Sigma 

ratSCF, mIL-3, mFlt3-Ligand, mIL-11  Prospec 

RetroNectin TaKaRa 

salmon sperm DNA Sigma 

SbfI NEB 

sheep anti-mouse IgG Dynalbeads Invitrogen 

sheep anti-rat IgG Dynalbeads  Invitrogen 

SpeI NEB 

Taq Polymerase QIAGEN 

Xba NEB 

Xho NEB 
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2.1.2 Solutions	
 
Table 3: List of solutions 

Name of solution Composition 

LB medium 
10 g/L tryptone, 5 g/L yeast extract,      

10 g/L NaCl 

LBKan plates 
LB Agar (LB medium + 15 g/L Agar) 

supplemented with 30 µg/mL Kanamycin 

Solution A 
10 mM MnCl2, 50 mM CaCl2, 10 mM 
MES pH 6.3 (for pH titration use KOH), 
15 % glycerol, ddH2O 
store at 4°C protected from light 

TK plates 
LB Agar supplemented with 12.5 µg/mL 

Tetracyclin + 30 µg/mL Kanamycin 

TKS plates 

LB Agar supplemented with 12.5 µg/mL 

Tetracyclin, 30 µg/mL Kanamycin and    

5 % (w/v) sucrose 

TC plates 
LB Agar supplemented with 12.5 µg/mL 

Tetracyclin + 100 µg/mL carbenicillin 

CK plates 
LB Agar supplemented with 30 µg/mL 

chloramphenicol + 30 µg/mL Kanamycin 

CCK plates 

LB Agar supplemented with 30 µg/mL 

chloramphenicol, 100 µg/mL carbenicillin 

+ 30 µg/mL Kanamycin 

amino-acid mixture 

6 separate solutions á 100 mL mixed together: 

Solution 1: 0.99 g phenylalanine, 1.1 g lysine   

2.5 g arginine 

Solution 2: 0.2 g glycine, 0.7 g valine, 0.84 g 

alanine, 0.41 g tryptophan 

Solution 3: 0.71 g threonine, 8.4 g serine, 4.6 g 

proline, 0.96 g asparagine 

Solution 4: 9.1 mL HCl, 1.04 g aspartic acid,  

14.6 g glutamine 

Solution 5: 18.7 g L-glutamic acid potassium salt 

monohydrate, 0.36 g tyrosine, 4 g NaOH 

Solution 6: 0.79 g isoleucine, 0.79 g leucine 
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Table 3 continued from page 22 

Name of Solution Composition 

M9 plates 

439 mL H2O, 7.5 g Bacto-Agar, 50 mL 10 

X M9 salts, 1 mL 1M MgSO4, 10 mL     

20 % (w/v) glucose + 0.5 mL 100 mM 

CaCl2 

NM medium 

418 mL H2O, 50 mL 10 X M9 salts, 10 

mL 20 % (w/v) glucose, 5 mL 20 mM 

adenine HCl, 15 mL amino-acid mixture, 

500 µL 1 M MgSO4, 500 µL thiamine (10 

mg/mL), 500 µL ZnSO4 and 500 µL    

100 mM CaCl2 

NM plates 
NM medium supplemented with 7.5 g 

Bacto-Agar 

NMCCK plates 

NM agar supplemented with 10 µg/mL 

carbenicillin, 30 µg/mL chloramphenicol 

and 30 µg/mL kanamycin 

NMCCKI50 medium/plates 

NM agar supplemented with 10 µg/mL 

carbenicillin, 30 µg/mL chloramphenicol, 

30 µg/mL kanamycin and 50 µM IPTG 

Plate I 
NMCCKI50 plates supplemented with   

40 µg/mL streptomycin and 25 mM 3-AT 

PlateIII 
NMCCK plates supplemented with        

60 µg/mL streptomycin and 40 mM 3-AT 

Resuspension buffer 1 
50 mM Tris-HCl pH 7.5, 10 % (w/v) 

sucrose (Sigma) 

M9CA medium and plates 

4 g bacto casamino acids (Difco), 6.8 g 

Na2HPO4, 3 g KH2PO4, 0.5 g NaCl, 1 g 

NH4Cl fill up with H2O to 1 L; pH 6.8 

for plates 15 g agar was added 

Lysis solution 

2M NaCl, 7.6 % (w/v) spermidine-HCl 

(Sigma), 10 % (w/v) sucrose 
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Table 3 continued from page 23 

Name of Solution Composition 

storage buffer 

25 mM Tris-HCl pH8, 150mM NaCl,        

1 mM EDTA, 5mM MgCl2, 0.05% (v/v) 

Tween 20, 25% (v/v) glycerol, 14.3 mM 

beta-mercaptoethanol 

Leibovitz medim Lonza 

DMEM medium Gibco 

IMDM medium Lonza 

Phosphate buffered saline (PBS) PAA 

Trypsin PAA 

HBSS Lonza 

FBS (HyClone) Thermo Scientific 

Penicillin/Streptomycin  PAA 

Dignam A buffer  
10 mM Tris pH 7.9, 10 mM KCl, 1.5 mM 

MgCl2 

Dignam C  
20 mM Tris, 420 mM KCl, 1.5 mM MgCl2, 

0.2 mM EDTA, 25 % Glycerol 

AM100  
20 mM Tris pH8, 100 mM KCl, 0.2 mM 

EDTA, 5 mM MgCl2 10-20 % glycerol 

10 x SSC buffer  
1.5 M NaCl, 0.15 M Na3Citrate:2H2O, 

pH7 

Roti-Hybriquick solution Roth 

Mg2+ lysis/wash buffer Upstate cell signaling solutions 

MethoCult® GF M3534  StemCell Technologies 

cell dissociation buffer  Gibco 

Binding Buffer  BD, Cell Cycle Kit 

BD Cytofix/Cytoperm buffer  BD, Cell Cycle Kit 

Perm/Wash buffer  BD, Cell Cycle Kit 

CytopermPlus buffer  BD, Cell Cycle Kit 
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2.1.3 List	of	Antibodies	
 
Table 4: List of antibodies 

Name of antibody Detailed description 

anti-FLAG OctA-Probe (D8): sc-807, Santa Cruz 

anti-β-galactosidase Promega 

anti-mouse CD45.1 cloneA20, eBioscience 

anti-mouse CD45.2  clone 104, eBioscience 

anti-CD3ε  clone 145-2C11, eBioscience 

anti-B220  clone RA3-6B2, eBioscience 

anti-Mac-1  clone M1/70, eBioscience 

anti-Gr-1  clone RC57BL/6-8C5, eBioscience 

lineage cocktail 

anti-CD5 (01032D) 1:200 dil 25.0µl 

anti-B220 (01122D) 1:300 dil 16.7µl 

anti-Mac-1 (01712D) 1:320 dil 15.7µl 

anti-CD8a (01042D) 1:200 dil 25.0µl 

anti-Gr-1 (01212D) 1:350 dil 14.3µl 

anti-Ter119 (09082) 1:320 dil 15.7µl 

anti-mouse CD16/CD32 (Fc block)  clone 93, eBioscience 

anti-mouse Sca-1 clone D7, eBioscience 

anti-mouse c-Kit  clone ACK2, eBioscience 

anti-mouse CD34  clone RAM34, eBioscience 

anti-Streptavidin  eBioscience 

anti-AnnexinV  BD, Apoptosis Detection Kit 

anti-8-oxo-dG clone 2E2, Trevigen 

Alexa Fluor® 488 Goat Anti-Mouse IgG Invitrogen 

anti-BrdU  BD, Cell Cycle Kit 

 

 

2.1.4 Mice	
 

C57BL/6 mice (8-12 week-old) were obtained from Janvier or the divisional stock. 

Aged Congenic C57BL/6.SJL-Ptprca/Boy (BoyJ) mice were obtained from the 

divisional stock (derived from mice obtained from Charles River Laboratories). L30 
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LacZ+ mice (Tg(LacZpl)60Vij/J, small blue mouse, backcrossed on C57BL/6 

background) were described previously (Boerrigter et al., 1995). All mice were 

housed in the animal barrier facility under pathogen-free conditions at the University 

of Ulm. All mouse experiments were performed in compliance with the German Law 

for Welfare of Laboratory Animals and were approved by the Regierungspräsidium 

Tübingen. 

 

2.1.5 Bacterial	strains	
 
Table 5: List of bacterial strains 

Name of strain Purpose Supplier 

XL-1 Blue (recA1 endA1 

gyrA96 thi-1 hsdR17 supE44 relA1 

lac [F´ proAB lacIqZΔM15 Tn10 

(Tetr)]) 

cloning of B2H reporter 

plasmid 
Stratagene 

CSH100 (F’ lac proA+ proB+ 

(lacIq lacPL8)/ara- ∆(gpt-lac)5) 

donor strain of the F’ 

episome (required for 

B2H selection strain) 

Porteus Lab, Stanford 

KJ1C (F- ∆hisB463 ∆(gpt-proAB-

arg-lac)XIII zaj::Tn10) 

construction of B2H 

selection strain 
Porteus Lab, Stanford 

XL-1Blue 

electrocompetent cells 
(endA1 supE44 thi-1 hsdR17 

recA1 gyrA96 relA1 lac [FÅL 

proAB lacIqZΔM15 Tn10 (Tetr)]) 

cloning of B2H reporter 

plasmid 
Stratagene 

E.coli LacZ-LacI  
production of LacZ-LacI 

fusion-protein 
Dollé Lab, Bilthoven 

E.coli ΔLacZgalE- 
electrocompetent cells 

used in mutation assay 
Vijg Lab, New York 

OneShot®Top10 

chemically competent 

cells F- mcrA Δ( mrr-hsdRMS-

mcrBC) Φ80lacZΔM15 Δ lacX74 

recA1 araD139 Δ( araleu)7697 

galU galK rpsL (StrR) endA1 

nupG) 

chemically competent 

cells used for TA/TOPO 

cloning 

Invitrogen 
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2.1.6 Cell	lines	
 
Table 6: List of cell lines 

Name  Origin  Supplier 

HEK293FT 

Human embryonic kidney 

cells transformed with the 

SV40 large T antigen 

Porteus Lab, Stanford 

293T 

Human embryonic kidney 

cells transformed with the 

SV40 large T-antigen 

Baum Lab, Hannover 

Phoenix-gp 
293T cells expressing 

gag-pol proteins 
ATCC: CRL-3215 

3T3 
Mouse embryonic 

fibroblast cell line 
ATCC: CRL-1658 

 

 

2.1.7 Vectors,	plasmids	+	oligonucleotides	
 
Table 7: List of vectors/plasmids/oligonucleotides 

Application Name Sequence 

B2H selection plasmid pKJ1712 vector (Maeder et al., 2009) 

binding site oligos 407 - 430 A 

5’-TGT GGA AGA TCT 

TCG ACA CC ggt gcc gga 

A-3’ 

 407 - 430 B 
5’-TAA TGT AAT T tcc ggc 

acc G GTG TCA-3’ 

Sequencing of plasmid 

pKJ1712 derivatives 
OK181 primer 

5’- CCA GAG CAT GTA 

TCA TAT GGT CCA GAA 

ACC C-3’  

pAC-alphaGal4 plasmid 

(KJ1267) 
 (Maeder et al., 2009) 

three-finger-cassette plasmid M266 vector Porteus Lab, Stanford 

Sequencing of DNA binding 

domain 
OK61 primer 

5’-GGG TAG TAC GAT 

GAC GGA ACC TGTC-3’ 
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Table 7 continued from page 27 

Application Name Sequence 

Rescue PCR of DNA binding 

domain (5 amino acid linker) 
M248F primer 

5’-ACG TGG ATC CAC 

CAT GGA CTA CAA AGA 

CGA TGA CGA CCC AAA 

AAA GAA GCG AAA GGT 

ACC CTT CCA GTG TCG 

CAT TTG-3’ 

Rescue PCR of DNA binding 

domain (5 amino acid linker) 
M248G primer 

5’-

CTTTTGACTAGTTGGTC

CTTCTGTCTCTGTGTGT

GGGTTTTTAGGTG-3’ 

Vector harboring FokI 

nuclease domain 
M483 vector Porteus Lab, Stanford 

Sequencing of full zinc-finger 

nuclease 
CN6 primer 

5’-

GTGGGAGGTCTATATAA

GCAG-3’ 

SSA reporter plasmid M431 Porteus Lab, Stanford 

SSA reporter oligo SSA407F 

5’-

CGCGCACCATCTTCTTC

AAGGACGACGGCATTC

GGCACCAGAAGCGGTG

CCGGAATGCA-3’ 

SSA reporter oligo SSA407R 

5’-

TTCCGGCACCGCTTCTG

GTGCCGGAATGCCGTC

GTCCTTGAAGAAGATGG

TG-3’ 

GFP plasmid (toxicity assay) M171 Porteus Lab, Stanford 

Human caspase-activated 

DNAse (CAD) 
A726 Porteus Lab, Stanford 

I-SceI homing endonuclease  A530 Porteus Lab, Stanford 

GFP2-B2H ZFN (internal 

standard in SSA assay) 
SP202a 

Porteus Lab, Stanford 

(Pruett-Miller et al., 2008) 
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Table 7 continued from page 28 

Application Name Sequence 

GFP1.4-B2H ZFN (internal 

standard ion SSA assay) 
SP202b 

Porteus Lab, Stanford 

(Pruett-Miller et al., 2008) 

Genotyping L30 LacZ mice L30Geno.F 

5’-

ACCCCAGGCTTTACACT

TTATGC-3’ 

Genotyping L30 LacZ mice LacZ147B.R 

5’-

GTGGGAACAAACGGCG

GATT-3’ 

mutation assay target 

plasmid 
pUR288 plasmid Vijg Lab, New York 

mutation assay, plasmid 

amplification 
pUR4923-F 

5'-

TGGAGCGAACGACCTA

CACCGAACTGAGAT-3' 

mutation assay, plasmid 

amplification 
pUR3829 R 

5'-

ATAGTGTATGCGACCGA

GTTG CTCTTG-3' 

TA cloning pDrive Cloning Vector QIAGEN 

TOPO cloning pCR2.1-TOPO vector Invitrogen 
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2.2 Methods 

 

2.2.1 Genotyping	
 
For all analysis heterozygous LacZ+ mice were used. Therefore breeding pairs with a 

LacZ+ male and a C57Bl6 female mouse were set up. The genotype of the pups was 

determined after 3 weeks after they were separated from the mother. Then a piece of 

1 - 2 mm was cut of the tail and DNA was extracted. Therefore the piece of tail was 

incubated in 300 µL of 50 mM NaOH solution for 1 h at 95 °C under constant 

agitation. After a centrifugation step at 14 000 rpm for 10 min at 4 °C the supernatant 

was transferred into a new tube and mixed with 50 µL Tris-HCl buffer pH 8 and 2 µL 

were used for PCR. PCR reaction was performed using primers L30Geno.F and 

LacZ147B.R to amplify a 433 bp sequence within the lacZ. LacZ+ mice were used for 

experiments.  

 

2.2.2 Mutation	Assay	
 

 
 
 
 
 
 

pUR288&plasmid&

...."

digestion with HindIII + binding of LacI coated magnetic beads  

removal of bound plasmid with magnet / IPTG elution + religation    

electroporation into E.coli C (ΔlacZ/galE-)  
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adapted from Vijg et al. 2005 
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Figure 6: Experimental setup of the assay to determine genomic 
mutations. The assay is based on a LacZ mouse model where 20 
copies of a LacZ plasmid (pUR288) are integrated in chromosome 
11 and can be interpreted as representative for the whole genome. 
The assay allows determination of the quantity of mutations as well 
as their quality. © (Moehrle et al., 2015), Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 International Public 
License. 
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Complete protocol for mutation frequency analysis using the L30/small blue mouse 

model can be found elsewhere (Boerrigter et al., 1995; Dollé et al., 1997; Vijg et al., 

1997). Briefly, genomic DNA was isolated using the QIAGEN Blood&Tissue Kit and 5 

- 20 ug were used for the analysis. DNA was digested with HindIII and incubated with 

LacZ-LacI fusion protein coated magnetic beads (Sheep anti-mouse IgG 

Dynalbeads). Bound lacZ plasmids (pUR288) were eluted from the beads by IPTG 

extrusion and religated using T4-DNA ligase (Invitrogen). DNA was ethanol 

precipitated and transformed into E. coli ΔlacZ/galE- by electroporation. With a 

dilution factor of 500 transformed cells were plated on a titer plate with X-gal and the 

rest was plated on a selective plate with P-gal. After incubation for 14-16 hours at 37 

°C mutation frequency was determined by dividing the number of colonies on the 

selective plate by the number of colonies on the titer plate multiplied with the dilution 

factor 500. To characterize the nature of mutations, single colonies from the selective 

plate were investigated. Therefore single colonies were grown over night in LB (with 

Ampicillin + Kanamycin) and 1 µL was used for PCR to amplify the pUR288 plasmid 

using the pUR4923-F and pUR3829 R primers. Another aliquot of bacteria was 

plated on LBAmp/Kan/X-gal plates to exclude false mutants which turn blue after 2 h at   

37 °C. PCR product was digested with HindIII and AvaI and size-separated on a 1 % 

agarose gel. According to the digestion pattern the nature of mutation could be 

determined and false positives could be excluded (Figure 6).  

 

2.2.3 Preparation	of	electrocompetent	ΔLacZ	galE-	E.	coli	cells	
 
Electrocompetent cells for the mutation assay were generated as described 

elsewhere (Geiger et al., 2009). Briefly, 4 x 600 µL of an over night culture of E.coli 

ΔlacZ/galE- was used to inoculate 4 x 200 mL LB medium. The cells were grown to 

an OD600 0.45 at 31.5OC and 250 rpm. Then the cells were cooled on ice for 30 min 

and centrifuged at 4000 g for 15 min at 4 °C. Supernatant was removed very 

carefully and pellet of 400 mL cell solution was very gently resuspended in 250 mL 

ice-cold H2O by shaking on ice. This step was repeated one time and after the last 

centrifugation step pellets were resuspended in 50 mL ice-cold 10 % glycerol and 

again centrifuged. Finally the pellets were resuspended in 250 µL 10 % glycerol, 

combined and split in 255 µL aliquots. Tubes were frozen directly in a dry ice/ethanol 

bath and stored at -80 °C. 
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2.2.4 Test	of	efficiency	of	electrocompetent	cells	
 
For the mutation assay the efficiency of electroporation and the therefore used 

electrocompetent E.coli cells is very important and has to be determined in advance. 

Therefore 2 pg of the pUR288 plasmid (0.4 pg per uL) were used to electroporate 

freshly prepared electrocompetent cells according to standard protocol. Immediately 

after 1ml of TB medium was added to the cells and incubate for 1 h at 37 °C. Then  

20 µl were plated with 10 mL x-gal top agar and incubated over night at 37 °C. The 

next day colonies were counted and efficiency was determined using the following 

equation: 

number of colonies on plate    1 x 10 6 pg   x   50 (dilution factor) 

2 pg of DNA                     µg 

Efficiency of cells used was around 1 x 109 colonies/µg. 

 

2.2.5 Generation	of	LacZ-LacI	fusion	protein	and	coated	beads	
 
LacZ-LacI fusion protein was prepared as already described elsewhere (Geiger et al., 

2009). Briefly, LacZ/LacI fusion protein producing E.coli strain was grown over night 

on M9CA at 30 °C. The next day 5 colonies was picked and used to inoculate 1.5 mL 

of M9CA medium. After 4 h at 30 °C 100 µL were spread on LBX-gal plates and 

cultures and plates were incubated at 30 °C over night. The colony with the highest 

beta-galactosidase activity (bluest plate) was used to inoculate an overnight culture 

in 50 mL M9CA medium. The next day, 30 mL of this culture were transferred to 8 L 

of LB medium and incubate at 30 °C until OD600 of 1.5 (late log phase). Then cell 

suspension was centrifuged at 4000 g for 20 min. Supernatant was discarded and 

pellet was resuspended in 1 mL resuspension buffer 1 / 1 g of cell pellet. The cell 

slurry was dripped into liquid nitrogen and stored frozen at -80 °C. The next day 1 

tablet of protease inhibitor was dissolved in 50 mL resuspension buffer 1 and 40 g of 

frozen cells were added. After resuspending carefully 5 mL lysis solution and 20 mg 

lysozyme was added and incubated on ice for 1 h. Suspension was transferred to   

37 °C water bath for 4 min under agitation and put back on ice. After a centrifugation 

step at 23000 g at 4 °C supernatant (85 mL) was transferred to a new tube and put 

on ice. While stirring 20.4 g of (NH4)2SO4 was added to reach 40 % saturation and 

stirring was continued for another 2 h. After another centrifugation step at 18000 g for 

x 
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15 min at 4 °C supernatant was discarded and pellet was resuspended in 4 mL 

storage buffer. Single use aliquots of 15 µL were stored at -80 °C.  

For the mutation assay LacZ-LacI fusion protein coated magnetic beads (Sheep anti-

mouse IgG Dynalbeads) were used. Therefore 1 mL (4 x 108 magnetic beads) was 

washed with PBS and incubated for 1 h with 100 µg anti-β-galactosidase antibody in 

1 mL PBS at 37 °C. Then beads were washed again with PBS and incubated for 2 h 

with 990 µL PBS and 10 µL of LacZ-LacI fusion protein at 37 °C. Then, after another 

3 washing steps with PBS, beads were resuspended in 1 mL PBS and stored at 4 °C. 

 
 

2.2.6 Generation	of	zinc-finger	nucleases	(ZFNs)	
 

The lacZ specific zinc-finger nucleases (ZFN) 1.25 and 1.34 were generated using 

the OPEN method (oligomerized pool engineering) (Maeder et al., 2009). The 

homodimeric ZFN target site within the lacZ locus (bp 407-430, 5’-TCC GGC ACC 

AGA AGC GGT GCC GGA-3’) was identified by our collaboration partner Prof. 

Matthew Porteus (Stanford University) using the web based software provided by the 

ZFN consortium (http://www.zincfingers.org). Then bacterial two-hybrid (B2H) 

selection strains were constructed harboring the ZFN target half-sites upstream of a 

B2H promoter. Therefore oligonucleotides harboring the ZFN target site were 

designed and inserted into the pKJ1712 plasmid. First the pair of oligonucleotides 

was annealed by mixing oligo 407-430 A (50 nM) with oligo 407-430 B (50 nM), 

annealing buffer (1X) and nuclease free water to a total volume of 200 µL and then 

incubating at 95°C for 2 min and slowly cooling to 35°C before putting the mixture on 

ice. The annealed oligos were then ligated into the pKJ1712 vector that was 

previously digested with the SapI and treated with Pfu polymerase to create dCTP 

overhangs. Ligation was carried out for 15 min at room temperature (RT) using 400 U 

T4 DNA ligase, 1 ng/uL digested and treated vector, 19 nM annealed oligos and 1X 

T4 ligase buffer. Ligation was transformed into chemically competent XL-1 Blue cells 

and plated on LBKan plates. Clones were picked, grown over night in LBKan and 

plasmid DNA was isolated using the MiniPrep kit. To check for inserts, plasmid DNA 

was digested with EcoRI and HindIII yielding a positive fragment at the size of 456 

bp. These positive clones were validated by sequencing (GATC Biotech) with the 

OK181 primer. The next step was to transfer the altered plasmid to a single-copy 

episome within the bacterial CSH100 strain via a double recombination event. 
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Therefore CSH100 cells were made chemically competent (Box 3 in (Maeder et al., 

2008)) and then transformed with the pKJ1712 plasmid harboring the ZFN target site 

(Figure 7).  

 

 

 

 

 

 

Figure 7: The reporter plasmid (derived from the pKJ1712 vector) 
harboring the ZFN target site was transferred via a double 
recombination event into the F’ episome of the CSH100 strain. 
Identical sequences on the episome and the reporter plasmid (LacIq 
and LacZ) allowed the transfer of the reporter cassette containing a 
kanamycin resistance gene (KanR), the ZFN target sequence (DNA 
site), B2H promoter (arrow) and the two selection markers (HIS3 
and aadA). The double recombination event is depicted in dashed 
lines and this caused the loss of the counter-selectable sacB marker 
gene. The recombination was carried out within the CSH100 
bacterial strain and then this strain was mated with the F’ episome 
deficient KJ1C strain to allow for the transfer of the recombined F’ 
episome. Positive clones, where double recombination occurred, 
could grow on TKS plates containing kanamycin, tetracyclin and 
sucrose. (adapted from (Maeder et al. 2009)) 
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All transformed colonies were scraped off the LBKan plate, resuspended and 

subcultured in 5 mL of LB medium under very light agitation to not damage the F pili. 

At the same time the F pili negative bacterial strain KJ1C was also subcultured in    

10 mL of LB medium from an over night culture. After 2 h at 37°C the cells reached 

their pre-log phase and then the actual mating was performed. 1 mL of CSH100 cells 

was combined with 1 mL of KJ1C cells and incubated at 37°C for 1h without agitation 

before shaking the mixtures at 105 rpm for 90 min. As controls 1 mL of CSH100 cells 

was combined with 1 mL of LB medium, 1 mL of KJ1C cells was mixed with 1 mL LB 

medium and 1 mL LB medium was mixed with 1 mL LB medium. 300 µL of each 

preparation was plated on a TK and a TKS plate and incubated at 37 °C over night. 

The next day all control plates were empty and a 30-fold reduction of colonies could 

be seen from TK (160 colonies) to TKs plates (5 colonies). From the TKS plate 2 

colonies were picked for confirmation. Therefore each colony was serially restreaked 

on TKS plates and after growing them over night in LBKan medium 5 µL of culture 

were grown in 100 µL NM media and plated on NM and M9 minimal plates. M9 plates 

lack the amino acid proline and only the cells with an intact F’ from the CSH100 

strain can survive since the KJ1C strain is devoid of the proAB needed for proline 

biosynthesis. To make the positive clones chemically competent, colonies on the M9 

plate were cultured over night in LBKan medium and used the next day to inoculate  

10 mL of LBKan/15 mM MgCl2 medium. After growth for 1 h 20 min at 250 rpm at 37 °C the 

cells were centrifuged at 2500 rpm for 25 min at 4 °C. Pellet was resuspeded in     

300 µL Solution A and incubated on ice for 20 min before 150 µL aliquots were snap 

frozen in ethanol/dry ice bath and stored at -80 °C. 100 µL of the over night culture 

were used for genetic confirmation via PCR and sequencing (OK 181 primer). One 

positive clone, that passed all the above-mentioned criteria, was then transformed 

with the pAC-alphaGal4 plasmid (KJ1267) coding for an RNA polymerase alpha-

subunit-Gal4 hybrid protein, needed later for the bacterial two-hybrid system. Positive 

clones, growth on CK plate, were grown over night in NM medium supplemented with 

chloramphenicol 30 µg/mL, kanamycin 30 µg/mL and IPTG 50 µg/mL and the next 

day 1 mL was combined with 500 µL glycerol (50%), snap frozen and kept at -80 °C. 

These clones are now referred to as B2H selection strains (Figure 8).  
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The zinc-finger array libraries were constructed by using DNA sequences encoding 

fingers from pre-selected ‘pools’ for each targeted triplicate (F1: GGA, F2: GCC, F3: 

GGT) (kindly provided by Matthew Porteus, Stanford) that were fused together by 

overlap-PCR and amplified using KOD polymerase (Figure 9).  

KanR% aadA%HIS3%
DNA%site%
F3/F2/F1% lacZ%lacIq%

ON#

gal11b%

gal4%
RNA%

polymerase%

KJ1C#

Figure 8: Scheme of the bacterial two-hybrid 
selection system. When zinc-finger proteins 
conjugated to the gal11b protein bind to the DNA 
target site the gal4-conjugated polymerase is 
recruited and the target genes are transcribed. This 
recruitment is due to interaction between Gal11b 
and Gal4 and results in increased transcription of 
reporter genes that allow the bacteria to grow on 
the selection plates. Failure of the zinc-finger array 
to bind to the target DNA site leads to no 
transcription of reporter genes and therefore no 
growth on selection plates. (adapted from (Maeder 
et al. 2009)) 
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Figure 9: For the construction of zinc-finger libraries DNA sequences encoding single fingers were 
amplified by PCR and then fused together by overlap PCR. The result is a library of sequences 
encoding random combinations of fingers. These DNA sequences are then linked to the gal11b 
protein and used for B2H selection. (adapted from (Maeder et al. 2009)) 

 

After gel purification of the PCR product the three-finger-cassette was digested with 

AscI and NotI, gel purified and ligated into a pre-digested (AscI + NotI) M266 vector. 

Ligation was transformed into XL1 Blue cells and plated on LBAmp plates. Six clones 

were sent for sequencing (OK 61 primer) and validated. The rest of the ligation was 

precipitated using NaAc (3M), ethanol (100 + 70 %) and pellet paint for use in 

electroporation to make the cell based library. 2.5 uL of precipitated ligation were 

transformed into electrocompetent XL1 Blue cells. After 1h at 105 rpm at 37 °C in   

10 mL SOC medium, 10-1-10-5 dilutions of transformation were spotted (5 µL) on TC 

plates to determine pre-amplification quantification. The rest of the cells was 

amplified by incubation at 37°C at 250 rpm for 2 h in 100mL 2 X YTTet/Carb medium. 

Then again 10-1-10-5 dilutions were spotted on TC plates. The rest of the cells was 

pelleted and resuspended in 2 mL of 2 X YT15% glycerol  medium. 500 µL of cells were 
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snap frozen in dry ice/ethanol bath and the remaining cells were used to make the 

phage-based library. 10 mL of 2 X YTTet/Carb medium were inoculated and incubated 

for 1h 15 min at 37 °C at 105 rpm. To determine the pre-infection titer 10-1-10-6 

dilutions were spotted on a TC plate. The rest of the bacteria were infected for 15 min 

at RT with 10 µL (1011 particles/µL) M13K07 helper phage harboring a kanamycin 

resistance. Then cells were incubated for 1 h at 37 °C at 105 rpm. For calculation of 

phage-based library 10-1-10-6 dilutions were spotted on a CK plate to determine the 

number of colonies after infection. Then 90 mL of 2 X YTCarb medium was added and 

after 40 min kanamycin was added and cells were incubated for 18 h at 37 °C and 

250 rpm. Complexity of cell-based library was calculated based on the colonies on 

the TC pre-amplification plates. 10.8 colonies / µL were observed at the 10-1 dilution 

(dilution for which distinct countable colonies are visible), resulting in a complexity of 

1.08 x 106 different transformants. The complexity of the phage-based library was 

calculated using the colonies on the CK plate. There 6 colonies / µL could be counted 

at a dilution of 10-2 resulting in a complexity of 6 x 107 infected transformants (should 

be at least 3 x cell based library). After 18 h incubation the phage/bacteria culture 

was centrifuged at 4000 rpm and 4 °C for 30 min. The supernatant was poured 

through a 0.22 µm PES filter then 10 mL of 5 x PEG/NaCl (17.5 %/12.5 %) were 

added to 30 mL of supernatant and stored over night at 4 °C. The next day mixture 

was ultracentrifuged at 10.000 rpm for 45 min and phage pellet was resuspended in 

500 µL 2 x YT medium per 30 mL of filtered supernatant and stored at -80 °C. The 

titer of the phage was determined by infecting the reporter strain with 10-1-10-7 

dilutions of the phage library. An over night culture of the reporter strain was grown in 

NMCCKI50 medium and 1 mL was used to inoculate 10 mL prewarmed NMCCKI50. 

At an OD600 of 1, 50 uL of bacteria were infected for 45 min at RT with 10 uL of 

phage dilutions. Then 190 µL of NMCCKI50 medium were added and incubated at  

37 °C for 2 h 15 min. 5 µL were spotted on CK and CCK plates and incubated for    

12 h. Titer was calculated by counting the colonies on the CCK plate (highest dilution 

spots for which distinct countable colonies are visible, # colonies/µL x mL of culture x 

dilution factor = # phage/ µL): 2 colonies/µL x 250 µL total volume x 106 = 5 x 108 

phage particle/µL. B2H selection was carried out using an oversampling of 6 for the 

cell based library and an oversampling of 2.5 for the phage based library (1.08 x 106 

(cell based library) x 6 = 6.48 x 106) on 3 plates (6.48 x 106 x 3 = 19.44 x 106) then 

total phage particle needed when MOI = 2.5 à (19.44 x 106/ 5 x 108) x 2.5. One day 
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prior to infection, 20 mL of NMCCKI50 medium were inoculated with the verified 

selection strain and cultured over night at 37 °C, 250 rpm. 2 mL of culture were then 

used to inoculate 20 mL of fresh NMCCKI50 medium and cultured till OD600 = 1. 

Then 5 mL of culture were infected for 30 min with 10 µL of a 1:100 dilution of phage 

resembling an MOI of 2.5. Then 20 mL of NMCCKI50 medium were added and 

incubated for at 37 °C, 105 rpm for 2 h. Cells were centrifuged (2500 rpm, 25 min, 

RT) and pellet was resuspended in a final volume of 612 µL. 10-1-10-6 dilutions were 

spotted in triplets on CK, CCK and NMCCKI50 plates as controls and incubated over 

night at 37 °C. Of the rest, 200 µL were spread on plate I (NMCCKI50-3AT25-

Strep40) and plate III (NMCCK-3AT40-Strep60) and grown for 2 - 5 days at 37 °C. 

The next day controls (NMCCKI50 plates) were used to calculate actual sampling 

and functional phage titer. At a dilution of 10-2 7.4 colonies/µL were counted. With a 

final volume of 612 µL of bacteria this results in 4.5 x 105 total bacteria. The actual 

sampling then was (4.5 x 105 / 612) x 200 (volume plated) / 1.08 x 106 (complexity of 

cell based library) = 0.162. The functional titer was calculated the following: 7.4 x 612 

/ 0.162 x 102 = 2.8 x 106 (expected titer was 5 x 108). On day 1.5 10 colonies were 

visible on the plate I and 5 colonies were picked and grown over night in TBCarb 

medium for further analysis. Mini-Prep DNA was digested the next day with Xba and 

HindIII to check for zinc-finger DNA binding domain insert. Positive clones were sent 

for sequencing of DNA binding domain using OK61 primer. 2 clones were chosen for 

further processing (Table 8).  

 

  Table 8: DNA binding domain amino acid sequences of the two    
  zinc finger nucleases 1.25 and 1.34 

 Finger 1 GGA Finger 2 GCC Finger 3 GGT 

ZFN 1.25 QQAHLVR DSSVLRR VMHHLAR 

ZFN 1.34 QQAHLVR ESTTLVR VMHHLAR 

 

To generate a functional zinc-finger nuclease the DNA binding domain of the 2 

clones was rescued via PCR reaction and cloned into the M483 vector (Porteus Lab) 

upstream of the wildtype FokI nuclease domain using SpeI and BamHI restriction 

enzymes. For the rescue PCR the primers M248F and M248G were used to insert a 
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5 amino acid linker region between the DNA binding domain and the nuclease 

domain. A 5 amino acid linker region was chosen since the spacer region between 

the two zinc-finger half sites was 6 bp. Sequence of the full zinc-finger nucleases 

(1.25 + 1.34) was confirmed by sequencing with CN6 primer and used for further 

activity testing of the ZFN via single - strand annealing assay (SSA). 

Sequences: 

1.25: 
ATGGACTACAAAGACGATGACGACCCAAAAAAGAAGCGAAAGGTACCCTTCCAGTGTCGCATTTGCATGCGGAACTTTTCGCAGCAGGCCCACCTTGTCAGGCATACC

CGTACTCATACCGGTGAAAAACCGTTTCAGTGTCGGATCTGTATGCGAAATTTCTCCGACAGCAGCGTGTTGCGCCGGCATCTACGTACGCACACCGGTGAGAAGCCA

TTCCAATGCCGAATATGCATGCGCAACTTCAGTGTGATGCACCACCTGGCCAGGCACCTAAAAACCCACACAGGACAGAAGGACCAACTAGTCAAAAGTGAACTGGAG

GAGAAGAAATCTGAACTTCGTCATAAATTGAAATATGTGCCTCATGAATATATTGAATTAATTGAAATTGCCAGAAATTCCACTCAGGATAGAATTCTTGAAATGAAGGTA

ATGGAATTTTTTATGAAAGTTTATGGATATAGAGGTAAACATTTGGGTGGATCAAGGAAACCGGACGGAGCAATTTATACTGTCGGATCTCCTATTGATTACGGTGTGAT

CGTGGATACTAAAGCTTATAGCGGAGGTTATAATCTGCCAATTGGCCAAGCAGATGAAATGCAACGATATGTCGAAGAAAATCAAACACGAAACAAACATATCAACCCT

AATGAATGGTGGAAAGTCTATCCATCTTCTGTAACGGAATTTAAGTTTTTATTTGTGAGTGGTCACTTTAAAGGAAACTACAAAGCTCAGCTTACACGATTAAATCATATC

ACTAATTGTAATGGAGCTGTTCTTAGTGTAGAAGAGCTTTTAATTGGTGGAGAAATGATTAAAGCCGGCACATTAACCTTAGAGGAAGTGAGACGGAAATTTAATAACGG

CGAGATAAACTTTTAA 

1.34: 
ATGGACTACAAAGACGATGACGACCCAAAAAAGAAGCGAAAGGTACCCTTCCAGTGTCGCATTTGCATGCGGAACTTTTCGCAGCAGGCCCACCTTGTCAGGCATACC

CGTACTCATACCGGTGAAAAACCGTTTCAGTGTCGGATCTGTATGCGAAATTTCTCCGAGAGCACCACGTTGGTGCGGCATCTACGTACGCACACCGGCGAGAAGCCA

TTCCAATGCCGAATATGCATGCGCAACTTCAGTGTGATGCACCACCTGGCCAGGCACCTAAAAACCCACACAGGACAGAAGGACCAACTAGTCAAAAGTGAACTGGAG

GAGAAGAAATCTGAACTTCGTCATAAATTGAAATATGTGCCTCATGAATATATTGAATTAATTGAAATTGCCAGAAATTCCACTCAGGATAGAATTCTTGAAATGAAGGTA

ATGGAATTTTTTATGAAAGTTTATGGATATAGAGGTAAACATTTGGGTGGATCAAGGAAACCGGACGGAGCAATTTATACTGTCGGATCTCCTATTGATTACGGTGTGAT

CGTGGATACTAAAGCTTATAGCGGAGGTTATAATCTGCCAATTGGCCAAGCAGATGAAATGCAACGATATGTCGAAGAAAATCAAACACGAAACAAACATATCAACCCT

AATGAATGGTGGAAAGTCTATCCATCTTCTGTAACGGAATTTAAGTTTTTATTTGTGAGTGGTCACTTTAAAGGAAACTACAAAGCTCAGCTTACACGATTAAATCATATC

ACTAATTGTAATGGAGCTGTTCTTAGTGTAGAAGAGCTTTTAATTGGTGGAGAAATGATTAAAGCCGGCACATTAACCTTAGAGGAAGTGAGACGGAAATTTAATAACGG

CGAGATAAACTTTTAA 

 

2.2.7 Cloning,	virus	production	+	titrating	
 

For expression of the ZFN in hematopoietic cells the bicistronic retroviral vector 

SF91/IRES-eGFP was used (Figure 10). The ZFN sequence was inserted upstream 

of the egfp coding sequence within the multiple cloning site (NotI and Xho). Due to 

the IRES sequence between zfn and egfp the expression of the ZFN was coupled to 

the expression of eGFP.  
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Cell-free supernatants containing retroviral particles were generated by transient 

transfection of Phoenix-gp packaging cells using Calcium Phosphate Transfection kit. 

Virus containing supernatant was collected up to 72 h after transfection. Virus titer 

was determined by titration of the virus containing supernatant on 3T3 cells (ATCC 

number: CRL-1658) and determination of GFP+ cells by flow cytometry. For the 

SF91/IRES-eGFP virus titers were between 0.4 - 3 x 106 virus particles/mL and for 

the SF91/ZFN-IRES-eGFP virus it was between 0.3 - 1.5 x 105 virus particles/mL. 

The high virus titer fractions were used for transduction of fibroblasts and BM cells. 

 

2.2.8 Generation	of	lacZ+	fibroblast	cell	line	
 

Fibroblasts of L30 lacZ+ and lacZ- mice were generated as described before (Bosco 

and Knudsen, 2005). Briefly, mice were sacrificed and peritoneal fascia was isolated. 

Peritoneum was minced and under constant agitation incubated for 45 min at 37 °C 

in Leibovitz’s medium supplemented with 0.2 mg/mL collagenase Type I and 100 U 

DNAse I. The tissue was washed with PBS and digested for 15 min at 37 °C in     

0.25 % trypsin with constant agitation. After two PBS washes, cells were passed 

through a cell strainer (70 µm), plated in DMEM high glucose medium supplemented 

with 10 % FBS, 1 % Penicillin/Streptomycin, 2 mM L-glutamine and gentamycin     

(10 µg/mL) and incubated at 37 °C and 5 % CO2. Murine adult fibroblasts (MAFs) 

5’LTR& ZFN& IRES& eGFP& 3’LTR&wPRE%

5’LTR& IRES& eGFP& 3’LTR&wPRE%

Figure 10: Schematic representation of the gammaretroviral bicistronic SF91/ZFN-IRESeGFP 
vector used for stable transduction of cells (LTR, long terminal repeat with strong enhancer 
element; wPRE, woodchuck hepatitis virus posttranscriptional regulatory element). © (Moehrle et 
al., 2015), Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International Public 
License 
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were subcultured in DMEM containing 10 % FBS supplemented with 100 U/ml 

Penicillin/Streptomycin and 2 mM L-glutamine at 37 °C in air containing 5 % CO2. 

L30 lacZ+ adult fibroblasts started to become immortalized between passage 11 and 

15 and were then used for experiments. 

 

2.2.9 Single	strand	annealing	assay	(SSA	assay)	
 

The activity of the ZFNs was investigated using an already established assay that is 

based on single strand annealing repair (Pruett-Miller et al., 2008). Therefore cells 

were cotransfected with the ZFN and a reporter plasmid that harbors the ZFN target 

site in between a GFP coding sequence so that GFP is not expressed. The creation 

of DNA DSB at the ZFN target site results in SSA repair and subsequently in the 

expression of functional GFP. So in the assay the activity of the ZFN is proportional 

to the expression of GFP. 

To generate the SSA reporter plasmids, the full ZFN target site was inserted into 

repeated sequences within the GFP gene on the M431 vector (Porteus Lab). The 

reporter constructs also included the GFP1/2 full ZFN target site (5′-ACCATCTTC-

ttcaag-GACGACGGC-3′) as a positive control and internal standard, previously 

described in (Pruett-Miller et al., 2008) as GFP1.4-B2H and GFP2-B2H. Oligos 

(SSA407F and SSA407R) harboring the ZFN target site together with the GFP1/2 full 

target site were ordered and annealed. Then the annealed oligos were ligated into 

the M431 vector, digested with AscI and SbfI, and transformed into Xl-1 Blue 

competent cells. Positive clones were sequenced and used for the assay. These so 

called SSA reporter plasmids were then used to investigate the activity of the ZFNs 

on their target site. Therefore, 100 ng of each ZFN-expression plasmid and 20 ng of 

reporter plasmid were cotransfected into HEK293 or 293T cells using the calcium 

phosphate transfection kit. Percentage of GFP+ cells (DSB of ZFN at target site and 

subsequent SSA repair, restoring GFP expression) was determined at day 2 via flow 

cytometry. The activities of the ZFNs 1.25 and 1.34 were normalized to the activity of 

the internal standard.  
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2.2.10 	Toxicity	assay	
 
For the toxicity assay L30 lacZ+ fibroblast cells were transfected in triplicate using 

Attractene Transfection Reagent with 200 ng of a GFP expression plasmid and with 

100 ng of each nuclease expression plasmid (ZFNs, Caspase-activated DNase 

(CAD) and I-SceI). At day two and day six after transfection, the percentage of GFP 

positive cells was determined by flow cytometry. Therefore, cells were trypsinized 

and 80 % of cells from each well were used for flow cytometry. The other 20 % of the 

cells were pooled together, grown for another 2 days and splitted 1:10 at day 4. Then 

at day 6 all of the cells were used for flow cytometry to determine % GFP+ cells. To 

calculate the percent survival relative to I-SceI, the ratio after nuclease transfection 

was normalized to the ratio after I-SceI transfection and this determined the percent 

survival relative to I-SceI.  

Calculation: 

I-SceI % GFP+ on day 2 = A 

I-SceI % GFP+ on day 6 = B 

Other (blank or nuclease) % GFP+ on day 2 = C 

Other (blank or nuclease) % GFP+ on day 6 = D 

Then % survival relative to I-SceI = { ( D / C ) / ( B / A ) } 

 

2.2.11 	Preparation	of	nuclear	extract	
 
Nuclear extract was prepared based on the protocol from Dignam et al. from 

L30LacZ- fibroblasts stably transfected with the SF91/ZFN-IRES-eGFP virus (Dignam 

et al., 1983). Transfected cells were grown until 100 % confluence, washed with cold 

PBS and harvested on ice. Cell pellet was resuspended in Dignam A buffer, 

incubated on ice and pressed ten times through a 0.6 mm syringe. After 

centrifugation supernatant was discarded and pellet was dissolved in Dignam C +     

2 mM DTT and incubated at 4 °C on wheel. After another centrifugation step 

supernatant was dialyzed at 4 °C in a buffer containing 20 % glycerol, 10 % AM100, 

70 % H2O, 2 mM DTT and 1 mM Zn-acetate. Four hours later nuclear extract was 

removed and protein concentration was determined via Bradford method (Bradford, 

1976). The concentrations were between 2 - 6 µg/µL.  
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2.2.12 	Plasmid	based	activity	assay	
 
Activity of the ZFNs on the target site within the pUR288 plasmid was investigated 

with a specifically designed assay. In this assay the purified pUR288 plasmid was 

incubated with nuclear extracts from cells transduced with the SF91/ZFN-IRES-eGFP 

virus. The principle of the assay is based on the assumption that the ZFNs create a 

DNA double strand break at their target site and the supercoiled plasmid becomes 

linearized. Therefore 2 µg of supercoiled pUR288 plasmid were incubated at 37 °C 

with 50 µg of nuclear extract in 1 x NEB buffer 2. As positive control the plasmid was 

digested with the restriction enzyme HindIII and plasmid alone was used as negative 

control. After 1 h and 3 h samples were taken and applied on a 1 % agarose gel for 

size-separation. As positive signal a band at 5.3 kb (linearized plasmid) could be 

observed. The supercoiled form of the plasmid did not give a specific band.   

 

2.2.13 	Southern	blot	
 
To investigate the activity of the ZFNs on genomic DNA a Southern Blot approach 

was used. Since 20 copies of the pUR288 plasmid are integrated in the mouse 

genome in a row, the creation of a DNA DSB at the ZFN target site within the 

pUR288 plasmid results in the excision of a DNA fragment the size of the plasmid or 

multiples of. We used a radioactive labeled (32P-dCTP) probe against bp 849-2442 of 

the plasmid for visualization. Briefly, L30LacZ+ fibroblasts were transfected with the 

ZFN plasmids using the Attractene Transfection Reagent according to manufacturers 

instruction. After 8 and 18 hours cells were harvested and genomic DNA was isolated 

using the total DNA purification Kit (Epicenter). As positive control 10 µg of L30lacZ+ 

genomic DNA was digested with HindIII for 2 h at 37 °C. Then 15 µg of genomic DNA 

from transfected cells was loaded on a 1 % agarose gel and run for 3.5 h at 85 volts. 

Gel was then incubated at 0.2 N HCl and after denaturation and neutralization it was 

transferred over night on a Hybond nylon membrane using 10 x SSC buffer. The next 

day, membrane was autocrosslinked with 2400 mJoule UV irradiation, prehybridized 

for 1 h at 45 °C with salmon sperm DNA and Roti-Hybriquick solution and finally 

hybridized with the radioactive labeled probe over night at 48 °C in a hybridization 

oven. After stringent washing the membrane was exposed to a PhosphoImager 

screen and analyzed using AIDA Image Analyzer and ImageJ software. 
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Radioactive labeled probe was generated using the random primed DNA labeling kit 

NEBlot according to manufacturers instructions. In short, probe was amplified from 

pUR288 plasmid using PCR with the proof reading polymerase Pfu. After gel 

purification 25 ng of PCR product and 50 µCi dCTP were used for random primed 

labeling. Excess dNTPs were removed by spin column purification and denatured 

labeled probe was used directly for hybridization.  

 

2.2.14 	Western	blot	
 
Briefly, L30lacZ+ fibroblasts were transduced with the SF91/ ZFN-IRES-eGFP virus 

over night. Cells were harvested and resuspended in Mg2+ lysis/wash buffer 

containing 10 % glycerol, 25 mM sodium fluoride, 1 mM sodium orthovanadate and 

complete protease inhibitor cocktail, incubated for 15 minutes on ice and centrifuged. 

Equal amounts of protein were used for western blot analysis. ZFN was visualized 

using anti-FLAG-Tag antibody. β-actin (Sigma) was used to determine total protein 

(loading control). As secondary antibody an HRP-conjugated anti-rabbit/anti-mouse 

antibody was used and visualization was carried out using ECL reagent.  
 

2.2.15 	Isolation	of	BM	and	retroviral	transduction	
 
Femora and tibiae from lacZ+ young (8 - 12 months) and aged (18 -24 months) mice 

were isolated and BM was flushed with HBSS supplemented with 10 % FBS and 1 % 

Penicillin/Streptomycin. Mononuclear cells were isolated by low-density centrifugation 

using Histopaque 1083 and stained with a cocktail of biotinylated lineage antibodies. 

After lineage depletion using separation with magnetic beads (sheep anti-rat IgG), 

cells were pre-stimulated for 2 days in IMDM medium supplemented with 10 % FBS, 

1 % Penicillin/Streptomycin, 2 mM L-glutamine, 50 ng/mL ratSCF, 10 ng/mL mIL-3, 

100 ng/mL mFlt3-Ligand and 100 ng/mL mIL-11 at a density of 6 - 8 x 106 cells/well. 

Viral transduction was performed on day 3 in RetroNectin-coated non-tissue culture 

plates that were pre-loaded with viral supernatant by centrifugation. Pre-stimulated 

BM cells were seeded on top (9 - 9.5 x 105 cells/well) and another layer of virus with 

cytokines (50 ng/mL ratSCF, 10 ng/mL mIL-3, 100 ng/mL mFlt3-Ligand and            

100 ng/mL mIL-11) was added. Media was changed the next morning and another 

round of transduction was carried out over night. The next day cells were harvested 
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using cell dissociation buffer and GFP+ cells were sorted by FACS on a BD FACS 

Aria II or III (BD Bioscience).  

For Mutation Assay analysis, GFP+ cells were sorted into IMDM medium with 

cytokines and expanded for another 3 days. Then GFP+ cells were determined by 

flow cytometry and genomic DNA was isolated from 1 - 2 x 106 cells using the 

Blood&Tissue Kit.  

 

2.2.16 	Transplantation	and	analysis	of	peripheral	blood	
 
Cellularity of peripheral blood was determined using a Hemavet 850 (Drew Scientific, 

Dallas, TX). To investigate in vivo behavior of cells transduced with the ZFNs,           

1 - 4 x 105 sorted GFP+ Lin- cells in 200 µL PBS/mouse were transplanted into 

lethally irradiated (11 Gy) 3 - 6 months old BoyJ (Ly5.1+) mice via retro-orbital 

injection. PB chimerism was analyzed every 4 weeks by flow cytometry. To 

determine chimerism, 30 µL of PB were stained for Ly5.2+ donor and Ly5.1 recipient 

cells using anti-mouse CD45.1 and CD45.2 antibodies.  

For PB and BM lineage analysis the antibodies used were anti-CD3ε, anti-B220, anti-

Mac-1 and anti-Gr-1. Lineage FACS analysis data are plotted as the percentage of 

B220+, CD3+, Gr-1+, Mac-1+ and Gr-1+Mac-1+ cells among donor-derived Ly5.2+ cells 

in case of a transplantation experiment or among total white blood cells. Analysis 

was performed on a LSRII flow cytometer (BD Biosciences).  

 

2.2.17 	CFC	assay	
 
CFC assays were performed as described elsewhere (Geiger et al., 2001; Xing et al., 

2006). Briefly, sorted GFP+ cells were plated in triplicate and incubated for 7 days in 

methylcellulose medium (M3534) with 5 % CO2 at 37 °C. On day 7, colonies 

containing at least 50 cells were scored.  

 

2.2.18 	TA/TOPO-cloning	for	mutation	detection	
 
18-21 weeks after transplantation, GFP+ donor derived BM cells were sorted using a 

BD FACS Aria II or III (BD Bioscience). DNA was isolated using the total DNA 

extraction kit (Epicentre) and a PCR reaction was performed amplifying a portion of 

the pUR288 plasmid carrying the ZFN target site (primer: L30Geno.F + LacZ147B.R). 
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For the PCR reaction a Taq polymerase was used with an elongation time of 20 min 

to generate 3’-adenine overhangs. This PCR product was then ligated into either TA 

or TOPO cloning vector, transformed into OneShot or XL-1 blue chemically 

competent E.coli cells, plated on LBAmp plates and incubated over night. The next day 

colonies were picked, amplified and send for sequencing (GATC Biotech) using T7 or 

L30 Geno.F primer. Sequences were analyzed using ApE plasmid editor v 2.0.45. 

 

2.2.19 	Cell	cycle	and	apoptosis	analysis	in	LT-HSCs	
 
For apoptosis and cell cycle analysis, young (2 - 3 months) and aged (18 - 24 

months) C57Bl6 mice were irradiated with 3 and 7 Gy (n = 4-5). After 16 h, 500 µg 

BrdU in 200 µL PBS/mouse were i.p. injected and after 45 min the mice were 

sacrificed. BM was flushed and mononuclear cells were isolated by low-density 

centrifugation. 2 x 106 cells were stained with a cocktail of biotinylated lineage 

antibodies and after Fc block for 15 min surface marker staining was completed 

using anti-Sca-1, anti-c-Kit, anti-CD34 and Streptavidin for 1 h on ice. Then cells 

were washed and incubated in 1 x Binding Buffer with anti-AnnexinV antibody for     

20 min at RT. After washing cells were fixed and permeabilized using BD 

Cytofix/Cytoperm buffer. Cells were kept over night in 1 x Perm/Wash buffer and 

permeabilized again the next day with CytopermPlus buffer. To make BrdU 

accessible, cells were treated with 30 µg DNAse in PBS with Ca2+/Mg2+ for 1.5 h at 

37 °C and after washing incubated with anti-BrdU antibody for 20 min at RT. Finally, 

after washing 7AAD was added and cells were immediately analyzed at a LSRII flow 

cytometer (BD Biosciences).  

 

2.2.20 	8-oxo-dG	staining	
 
Lineage negative cells were harvested and incubated over night at 37 °C (5 % CO2,  

3 % O2) in HBSS supplemented with 10 % FBS. After 16 h cells were irradiated with 

2 Gy and incubated for 1 h at 37 °C (5 % CO2, 3 % O2) in HBSS supplemented with 

10 % FBS. Then surface marker staining and permeabilization was completed as 

described above. Stained, fixed and permeabilized cells were incubated with 30 µg 

DNAseI in PBS with Ca2+/Mg2+ for 1 h at 37 °C., washed and stained over night with 

the anti-8-oxo-dG antibody (clone 2E2, Trevigen). After 16 h cells were washed and 
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stained with secondary antibody (Alexa Fluor® 488 Goat Anti-Mouse IgG, 

Invitrogen).  

2.2.21 	Statistical	analysis	
 
Normal distribution of data was implied. The variance between the groups that were 

statistically compared was similar. Data is displayed as mean +1 standard error of 

the mean (SEM). Since variance information is used by the Student’s t-test analysis, 

the SEM representation of the data does not influence the outcome of the statistical 

analysis. All statistical analysis were performed using Student’s t-test with GraphPad 

prism 6 software. In transplantation experiments only healthy engrafted mice were 

included in the analysis. For in vitro experiments, samples were excluded due to 

technical problems (procedure or reagents). Number of biological repeats (n) 

(samples obtained from experiments repeated in different days and starting from 

different mice) is indicated in figure legends. Mice for experiments were chosen 

randomly from our in house colonies or suppliers. The investigator was not blinded to 

the mouse groups allocation. 
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3 Results  
 

3.1 Distinct DNA damage checkpoint activation in young and aged 
HSCs upon irradiation 

 

Activation of DNA damage induced cell cycle checkpoints in combination with 

apoptosis upon DNA damage directly impact on DNA damage repair outcomes 

(Kastan and Bartek, 2004). Murine embryonic fibroblasts (MEFs), multiple cell lines 

as well as differentiated primary cells activate a G1/S cell cycle checkpoint upon DNA 

damage through inhibition of the transcription factor E2F by the retinoblastoma (Rb) 

repressor complex. This results in a transcriptional arrest and a halt of progression 

into S-phase, which has been regarded to be a hallmark of the DNA damage 

response. The common paradigm therefore holds that cells undergo a strong G1-S 

arrest upon damage to allow for repair in the G0/G1 phase of the cell cycle, although 

there is evidence that ES cells skip activation of the G1/S checkpoint upon DNA 

damage (Hong and Stambrook, 2004). We thus determined which DNA-damage 

checkpoints are actually active in HSCs and at which of these stages HSCs undergo 

apoptosis in response to DNA damage. Therefore I established a novel flow 

cytometry assay to measure cell cycle profiles and at the same time the apoptotic 

status of young and aged HSPCs and differentiated hematopoietic cells. The assay 

was performed on bone marrow (BM) cells 16 hours post irradiation of animals with 7 

Gy (sublethal dose) (Figure 11A). Cell populations were defined as Lin+ (lineage 

marker positive), Lin- (lineage marker negative), c-Kit+ (lineage marker negative, c-Kit 

positive), LSK (lineage negative, Sca-1 positive, c-Kit positive) and LT-HSC (lineage 

marker negative, Sca-1 positive, c-Kit positive, CD34 negative). Each population was 

analyzed for cell cycle status and apoptosis (Figure 11B). 
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A 

 
B 

 
Figure 11: A: Experimental setting and gating strategy. Young (2-3 months) and aged (18-24 months) C57Bl6 

mice were irradiated with 7 Gy. After 16 h, 500 µg BrdU were injected intraperitoneally per mouse and 45 min 

later the mice were sacrificed. BM was isolated and Lineage- cells, c-Kit+ cells, LSK cells and LT-HSCs were 

analyzed by flow cytometry. Each population was scanned for cell cycle status (BrdU incorporation over DNA 

content) and apoptosis (AnnexinV+), © (Moehrle et al., 2015), Creative Commons Attribution-NonCommercial-

NoDerivatives 4.0 International Public License; B: Representative FACS plot showing gating strategy to identify 

cell cycle distribution (BrdU incorporation over DNA content (7AAD)) and apoptosis (AnnexinV staining) of LT-

HSCs (Lineage-/c-Kit+/Sca-1+/CD34-). Cell doublets were excluded using the area over width plot of the 7AAD 

signal. Linear analysis of the 7AAD signal represents DNA content. 
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In response to 7 Gy of irradiation, the total number of young and aged c-Kit+ HPCs 

(hematopoietic progenitor cells), early hematopoietic progenitor cells (LSK cells) and 

long-term repopulating HSCs (LT-HSCs) was reduced, but not that of terminally 

differentiated Lin+ cells (Figure 12 A,B+C). These data are consistent with a positive 

correlation between radiation sensitivity and primitiveness of hematopoietic cells. 
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C 

 

 
 

 

 

 

 

 

 

 

Figure 12 A, B + C: Total number of Lin+, Lin-, c-Kit+, LSK and LT-HSC cells per tibiae and femur 

determined by flow cytometry 16 h after total body irradiation with 7 Gy. *p < 0.05, **p < 0.005,       

****p < 0.0001; columns are means +1 SEM;  n=5; © (Moehrle et al., 2015), Creative Commons 

Attribution-NonCommercial-NoDerivatives 4.0 International Public License. 

 

Differentiated hematopoietic cells (Lin+ as well as Lin- cells) retain their frequency of 

cells in G0/G1 upon irradiation, but interestingly, more primitive c-Kit+, LSK or LT-

HSCs of both young and aged mice show a lower frequency of cells in G0/G1 upon 

irradiation. This finding implies an impaired activation of the G1-S checkpoint in 

primitive hematopoietic cells, but not in differentiated hematopoietic cells (Figure 13). 
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B 

 
A lack of activation of the G0/G1-S checkpoint has been also reported for embryonic 

stem (ES) cells (Aladjem et al., 1998; Hirao et al., 2000; Hong and Stambrook, 2004). 

All cell populations tested accumulated to a similar extent in the G2/M phase upon 

irradiation, implying a functional G2/M or mitotic checkpoint (Figure 14).  
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Figure 13 A+B: Percentage of cells in either G0/G1- or S-phase of the cells cycle. *p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001 statistics relative to control group; columns are means +1 SEM; 

young control n=5, young 7 Gy n=3, old control n=5, old 7 Gy n=5; © (Moehrle et al., 2015), Creative 

Commons Attribution-NonCommercial-NoDerivatives 4.0 International Public License. 
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Figure 14: Percentage of cells in G2/M-phase of the cell cycle; *p < 0.05, **p < 0.01, ***p < 0.001, 

****p < 0.0001 statistics relative to control group; columns are means +1 SEM; young control n=5, 

young 7 Gy n=3, old control n=5, old 7 Gy n=5; © (Moehrle et al., 2015), Creative Commons 

Attribution-NonCommercial-NoDerivatives 4.0 International Public License. 

 

The impaired activation of the G1-S checkpoint can already be observed at lower 

doses of irradiation like in animals irradiated with 3 Gy (Figure 15 A+B).  
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An impaired activation of the G1-S restriction checkpoint upon DNA damage is 

further implied by the finding that the frequency of primitive hematopoietic cells (c-

Kit+, LSK, LT-HSCs) in S-phase of the cell cycle increases upon irradiation, with up to 

50% of LT-HSCs in S-phase in response to irradiation, compared to less than 10% in 

non-irradiated controls (Figure 13B).  

Activation of the G1-S checkpoint is supposed to stop a cell from entering S-phase of 

the cell division cycle to allow for DNA repair processes in G0/G1, which in turn 

inhibit apoptosis initiated by the DNA damaging event (Sancar et al., 2004). 

Consequently, the level of apoptosis along the distinct stages of the cell-division 

cycle upon DNA damage was investigated. The assays revealed that differentiated 

hematopoietic cells showed low levels of apoptosis in G0/G1-phase in response to 

irradiation, and elevated levels in the S and G2-M stages of the cell division cycle 

(Figure 16 A,B+C).  
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Figure 15 A+B: Percentage of cells in either G0/G1- or S-phase of the cells cycle. *p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001 statistics relative to control group; columns are means +1 SEM; 

young control n=5, young 3 Gy n=5, old control n=5, old 3 Gy n=4; © (Moehrle et al., 2015), Creative 

Commons Attribution-NonCommercial-NoDerivatives 4.0 International Public License. 
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Figure 16 A, B + C: Percentage of AnnexinV+ cells either in G0/G1-, S- or G2/M-phase of the cell 

cycle. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 statistics relative to control; young control 

n=5, young 7 Gy n=3, old control n=5, old 7 Gy n=5; © (Moehrle et al., 2015), Creative Commons 

Attribution-NonCommercial-NoDerivatives 4.0 International Public License 
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Surprisingly though, there was already a strong induction of apoptosis in G0/G1-

phase in more primitive cells (c-Kit+, LSK and LT-HSCs) in response to irradiation, 

with levels of apoptosis remaining at a high level in cells entering S- and G2-M-

phase, indicating that primitive cells undergo apoptosis independent of their cell cycle 

checkpoint position in response to irradiation. This distribution of apoptosis in 

response to irradiation with respect to cell cycle position of HSPCs is already seen 

when animals are irradiated with a lower dose of 3 Gy (Figure 17 A,B+C). 
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C 

 

In summary, young as well as aged primitive hematopoietic cells actively suppress 

activation of the G1-S checkpoint upon irradiation and present at the same time with 

high levels of apoptosis upon DNA damage, independent of their position within the 

cell division cycle.  
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Figure 17 A, B + C: Percentage of AnnexinV+ cells either in G0/G1- or S-phase of the cell cycle. *p < 

0.05, **p < 0.01, statistics relative to control; young control n=5, young 3 Gy n=5, old control n=5, old 3 

Gy n=4. 
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3.2 Robust protection of genomic integrity in young and aged 
HSCs 

3.2.1 Similar	response	of	young	and	aged	HSCs	to	DNA	damage	
 
Various reports indicate persistence of DNA damage after irradiation in HSCs and 

elevated steady-state damage in aged HSCs (Rossi et al., 2007b; Mohrin et al., 

2010; Insinga et al., 2013) or elevated levels of stalled replication forks (Flach et al., 

2014). Aged LT-HSCs present with a small, but significant increase in the number of 

gammaH2AX foci (Beerman et al., 2013; Flach et al., 2014; Rossi et al., 2007a) and 

with minor, but significantly elevated tail moment in comet assay experiments under 

steady state conditions compared to young cells (Beerman et al., 2014). Previous 

experiments in our laboratory indicated that both young and aged LT-HSCs present 

with a similar increase in the tail moment as well as γH2AX foci number after 

irradiation, implying a similar response of young and aged HSCs to DNA damage 

(Vogel M., 2013). In addition, oxidative stress damage is also perceived identically by 

young and aged HSCs since levels of 8-oxo-dG (a quantitative marker of oxidative 

damage of DNA) did not show significant differences between young and aged LT-

HSCs in steady state and upon irradiation (Figure 18). Both young and aged HSCs 

thus respond to DNA damage with respect to accumulation of DNA damage in a very 

similar ways. 

 

 
Figure 18: Mean Fluorescence Intensity (MFI) of 8-oxo-dG staining in young (Y) and aged (O) LT-

HSCs 2h after irradiation with 2 Gy; n=5 mice/group; columns are means +1 SEM; © (Moehrle et al., 

2015), Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International Public License. 
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3.2.2 Generation	of	a	defined	DNA	DSB	in	vivo	in	stem	cells	via	a	lacZ-specific	
zinc-finger	nuclease	

 

DNA damage results in a similar accumulation of DNA damage in young and aged 

HSCs. DNA damage also pushes young as well as aged HSCs into a high level of 

apoptosis. We thus hypothesized that both young and aged primitive hematopoietic 

cells do accumulate to a similar level DNA mutations upon DNA damage in vivo. To 

test this hypothesis we used the technology of zinc-finger nucleases (ZFNs) to 

induce DNA DSB in cells. In detail, ZFNs were used to induce a defined DNA double 

strand break within the lacZ gene that is integrated in the transgenic mouse line 

(C57BL/6-Tg(LacZpl)60Vij/J) and which the mutation assay mentioned above is 

based on. Two homodimeric ZFNs (1.25 and 1.34) specific to a homodimeric target 

site within the lacZ gene (at bp 407 - 430) were generated with the expertise of Prof. 

Matthew Porteus (Stanford University) and according to the published protocol of 

Morgan L. Maeder (Maeder et al., 2009). For additional details see Materials and 

Methods. ZFNs bind as dimers to their specific target site (in our case lacZ) and a 

DNA DSB is generated via the attached Fok1 nuclease domain within the spacer 

region (6 bp), separating the two binding domains (9 bp each, (Figure 19)).  

 

 
Figure 19: Each three-finger zinc finger (F1, F2, F3) linked to the FokI nuclease domain (Fn) (zinc-

finger nuclease (ZFN) binds to a 9-bp half of a palindromic target site within the lacZ/pUR288 plasmid. 

© (Moehrle et al., 2015), Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 

International Public License 
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To test the activity of the two ZFNs, a plasmid-based single strand annealing repair 

assay (Porteus and Baltimore, 2003) was performed. In this assay the activity of the 

ZFN is proportional to the expression of GFP (Figure 20). 

 

 
Figure 20: Schematic representation of the SSA-assay. In the assay the activity of the ZFN is 

proportional to the expression of GFP. © (Moehrle et al., 2015), Creative Commons Attribution-

NonCommercial-NoDerivatives 4.0 International Public License 

 

It could be shown that the activity of the ZFNs is increased relative to a positive 

standard control (113% for 1.25 and 192% for 1.34) (Figure 21), meaning that the 

ZNF generated are at least as efficient or even slightly better in generating a DSB at 

the lacZ locus as an already established and tested ZNF that serves as a control. 
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A cell survival assay, in which the non-toxic endonuclease I-SceI from yeast was 

used as a negative standard for reference and transfection with caspase-activated 

DNAse (CAD) served as positive control, revealed no toxicity of the zinc-fingers and 

thus most likely no or very low unspecific off-target activity (Figure 22).  
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Figure 21: Activity of the ZFNs relative to a positive standard. n=3. 

Columns are means +1 SEM. © (Moehrle et al., 2015), Creative 

Commons Attribution-NonCommercial-NoDerivatives 4.0 

International Public License. 
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Figure 22: ZNF toxicity assay: Survival of fibroblasts co-transfected with a GFP 

plasmid and either with the ZFN or with the non-toxic endonuclease I-Sce-I (negative 

control) or caspase-activated Dnase (CAD, positive control), n=3. Columns are 

means +1 SEM. © (Moehrle et al., 2015), Creative Commons Attribution-

NonCommercial-NoDerivatives 4.0 International Public License 
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For stable transfection of the ZFNs in cell lines and hematopoietic cells the bicistronic 

retroviral vector SF91/ZFN-IRES-eGFP was used (see Materials and Methods). 

Expression of the ZFN proteins was confirmed by western blotting of cells transduced 

with the ZFNs (Figure 23). 
 

 

To determine activity in vivo a plasmid-based assay was established. Fibroblasts 

were transfected with the ZFNs and nuclear extract was extracted from the GFP+ 

(and consequently ZFN expressing) cells. The nuclear extract was then incubated 

with the pUR288 plasmid containing the lacZ target sequence. After one hour 

incubation, the plasmid was separated on a agarose gel (Figure 24).  
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Figure 23: Expression of the ZFNs 1.25 and 1.34 and actin in fibroblasts 

transduced with the SF91/ZFN-IRES-eGFP vector (representative Western 

blot); © (Moehrle et al., 2015), Creative Commons Attribution-

NonCommercial-NoDerivatives 4.0 International Public License 
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Figure 24: Schematic representation of experimental setup of the plasmid-based in vivo activity assay. 

© (Moehrle et al., 2015), Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 

International Public License 

Incubation with the nuclear extract resulted in linearization of the plasmid (5.3kb 

band), which intensified in response to a 3-hour incubation, confirming specific ZFN 

activity against the pUR288 plasmid in nuclear extracts (Figure 25). 

 

 

 
Figure 25: Agarose gel electrophoreses of pUR288 plasmid incubated with nuclear extracts for 1 or 3 

hours from cells transduced with the SF91/ZFN-IRES-eGFP virus containing the ZFNs, pUR288 alone 

(negative control) and pUR288 digested with the restriction enzyme HindIII (positive control). © 

(Moehrle et al., 2015), Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International 

Public License 
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L30). These fibroblasts, bearing the lacZ transgene, were then transfected with the 

ZFNs and a Southern blot was performed. 
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Figure 26 A: Schematic representation of experimental setup. B: Representative Southern blot against 

pUR288. CTL= genomic DNA digested with HindIII (positive control). The linear plasmid has a size of 

5.3 kb. © (Moehrle et al., 2015), Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 

International Public License 

 

Since the pUR288 plasmid is integrated as a concatamer of 20 copies within the 

genome, the creation of a DNA DSB at the ZFN target site in vivo will result in DNA 

fragments the size of the plasmid (5.3 kb) (Figure 26 A). ZFN 1.25 displays a distinct 

band at 5.3 kb. Usually “free” degradation products of ZFNs are very difficult to track 

due to their short half-life in vivo (Figure 26 B).  
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In summary the two ZFNs generated are active on lacZ-DNA in vivo and specific and 

thus consist of a novel and unique tool to determine the response of stem cells to a 

defined number and localization of DSBs.  
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3.2.3 Young	and	aged	HSCs	sense	single	DSBs	to	protect	their	genome	
 

The repair outcome of single DNA DSBs was first investigated with a fibroblast cell 

line generated from the lacZ transgenic mice to establish the method. Therefore 

fibroblasts were transduced with the ZFNs and subsequently, GFP+ cells were sorted 

and expanded in vitro to obtain a minimum of 2 x 106 cells. Then DNA was isolated 

and the mutation frequency determined. The mutation frequency was significantly 

increased (about threefold) in cells transduced with the ZFN 1.34 (Figure 27) and a 

trend towards a higher mutation frequency was also detected in cells transduced with 

the ZFN 1.25.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Furthermore it could be shown that the ZFN was active on the target site since 

translocation/deletion mutations were detected (Figure 28) that involved the target 

site of the ZNF. 
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Figure 27: Mutation frequency of lacZ fibroblasts. Fibroblast cells were 
transduced with the ZFN virus, sorted and expanded. After expansion 
DNA was isolated and used for mutation frequency analysis; n=3-5, 
columns are means +1 SEM, *p < 0.05 (to NT) 
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Figure 28: Sequence alignment of a translocation/deletion mutation with the pUR288 plasmid at ZFN 

target site after transduction of L30 LacZ fibroblasts with the ZFN. Sequence alignments were 

performed using ApE plasmid editor v 2.0.45. 

 

This result further supported the validity of the assay. We then proceeded to 

investigate DNA mutation frequencies in hematopoietic cells. Therefore Lin- BM cells 

from the lacZ transgenic mouse were transduced with the ZFN. Subsequently GFP+ 

cells were sorted and expanded in vitro for three days prior to analysis to obtain 

enough cells and thus enough DNA for performing the mutation assay. Lin- BM cells 

transduced with the lacZ-specific ZFNs showed a slight non-significant increase in 

the mutation frequency (Figure 29). 
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This finding implies a resilience of these cells to acquire DNA mutations and it 

correlates with the fact that primitive hematopoietic cells do not activate a G1/S 

checkpoint and might thus avoid repair in the G0/G1 cell cycle phase and the DNA 

repair program associated with G0/G1 (usually NHEJ and thus with a high level of 

mutations). Mutation frequencies in more primitive hematopoietic cells are very 

difficult to determine with the assay due to the low cell number available and the high 

amount of DNA necessary for the assay.  

We then next determined the function of lacZ positive HSCs transduced with ZFNs, 

and a transplantation assay was set up where transduced Lin- cells (GFP+) from 

young and aged mice were transplanted into lethally irradiated recipient mice (Figure 

30).  
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Figure 29: Mutation frequency of Lineage negative (Lin-) bone marrow cells 

transduced with the ZFNs. Lin- cells were harvested from lacZ mice and 

transduced with the SF91/ZFN-IRES-eGFP virus. Due to bicistronic nature 

of the virus expression of the ZFN is coupled to the expression of GFP and 

transduced cells can be identified. GFP+ cells were sorted and expanded in 

vitro for three days with cytokines. After expansion genomic DNA was 

harvested and subjected to mutation frequency analysis. n=3; columns are 

means +1 SEM; (NT= not transduced). © (Moehrle et al., 2015), Creative 

Commons Attribution-NonCommercial-NoDerivatives 4.0 International 

Public License 
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Figure 30: Experimental setup of transplantation assay. Lin- cells from young and aged lacZ mice 

were transduced with the ZFN virus; GFP+ cells were sorted and transplanted into lethally irradiated 

recipient mice. After 18-21 weeks peripheral blood and BM was analyzed. © (Moehrle et al., 2015), 

Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International Public License 

 

18-21 weeks after transplantation, when hematopoiesis in the periphery is driven by 

transplanted HSCs, ZFN positive young as well as aged HSCs presented with as 

significant decrease in GFP+ cells among donor cells in PB and BM (Figure 31 A+B).  
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B 

 

The fitness/status of the transplanted HSPCs was not altered right after transduction, 

as there was no difference in the frequency of colony forming activity between control 

and ZFN transduced cells (Figure 32).  
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Figure 31 A+B: Contribution of transduced cells (GFP+/Ly5.2+ cells) to peripheral blood 

(PB) and bone marrow (BM) 18-21 weeks after transplantation. *p < 0.05, **p < 0.01, 

****p < 0.0001; columns represent means +1 SEM. n=3 with a cohort of three to five 

recipient mice per group. © (Moehrle et al., 2015), Creative Commons Attribution-

NonCommercial-NoDerivatives 4.0 International Public License 
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Furthermore both young and aged transduced HSCs were able to support 

multilineage reconstitution of peripheral blood (Figure 33 A+B). 
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Figure 32: CFC assay of young and aged Lin- cells transduced with the SF91/ZFN-IRES-eGFP 

virus. GFP+ colonies were counted after 7 d incubation; n=3; columns are means +1 SEM. © 

(Moehrle et al., 2015), Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 

International Public License 
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Since the active ZFNs will constantly target the lacZ locus in stably transduced cells, 

a likely outcome is that almost all “surviving” GFP+ clones show mutations in the lacZ 

gene. Surprisingly, the remaining small number of GFP+ transduced cells that could 

be recovered from the BM after transplantation did not present with DNA mutations 

except for a single clone with a point mutation at the ZFN target site in one mouse 

transplanted with aged Lin- cells (Figure 34).  
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Figure 33 A + B: Percentage of donor contribution (Ly5.2+ cells) to total white blood cells and 
percentage of B cells, T cells and myeloid cells among donor-derived Ly5.2+ cells in 
peripheral blood 12-16 weeks after transplantation. n = 6-9 mice/group; columns are means 
+1 SEM. SFB = empty vector, 1.25 = ZFN 1.25 and 1.34 = ZFN 1.34 
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Our data therefore demonstrate that HSCs are resilient against acquiring mutations 

upon DNA damage in vivo, implying a ridged quality control mechanism using an “all 

or nothing approach” to preserve genomic integrity of the stem cell pool. Interestingly, 

this approach and its underlying mechanisms are not altered upon aging of the 

hematopoietic system. 
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Figure 34: Number of mutations in the lacZ ZNF target site sequence in GFP+ BM cells (clone) 18-21 

weeks post transplant. © (Moehrle et al., 2015), Creative Commons Attribution-NonCommercial-

NoDerivatives 4.0 International Public License 
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4 Discussion  
 

The loss of maintenance of genomic integrity is central to most theories on 

cellular/somatic and stem cell aging. Previous analyses of HSCs in our lab with 

respect to the frequency of DNA damage (comet assay, γH2AX foci, DNA mutation 

frequency, loss of heterozygousity assay) revealed a minor but significant increase in 

these parameters upon aging, thereby supporting the theory of elevated DNA 

damage levels in HSCs upon aging. Aged BM cells showed a twofold increase in 

mutation frequency in steady state compared to young, which is in the range of 

changes in mutation frequency recently reported for aged human BM via deep-

sequencing approaches (Cancer Genome Atlas Research Network, 2013; Genovese 

et al., 2014; Welch et al., 2012). In a diploid genome that harbors around 6 x 109 

nucleotides the total mutational load per diploid BM cell is then, based on our data, 

around 300 mutations in young and 600 mutations in an aged animal. Whether such 

an increase upon aging might be biologically linked to aging-associated diseases still 

needs to be determined. A 22-fold increase in the mutational load (Geiger et al., 

2006) could initiate leukemia in the presence of a mutator gene type setting (Kushner 

et al., 2008; Noronha et al., 2006; Su et al., 2005), while a 2-3 fold increase in 

mutational load clearly missed initiating leukemia (Krejci et al., 2008). A less DNA 

damage centered view in the concept of a robust response of aged stem cells to 

DNA damage is further supported by the finding that muscle stem cells do not 

present with a significant accumulation of DNA damage upon aging (Cousin et al., 

2013). Furthermore in murine hair follicle stem cells, 53BP1 foci, a mechanistic 

marker for DNA DSBs, did not overlap with γH2AX foci, and instead γH2AX foci were 

identified as persistent chromatin alterations upon aging (Schuler and Rube, 2013). 

Recently it was shown that elevated levels of γH2AX foci in aged HSCs are 

associated with replication stress as well as ribosomal biogenesis stress and might 

therefore not be unequivocally associated with DNA damage (Flach et al., 2014). 

Additionally, Beerman et al. (Beerman et al., 2014) demonstrated that quiescent 

HSCs acquire DNA damage upon aging but when these cells start to cycle the 

damage becomes repaired.  

The data provided suggest a mechanistic explanation for this discovery in the sense 

that when aged cells experience DNA damage they are pushed into the cell cycle 
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and either repair properly without mutations or undergo apoptosis. Mutation 

frequencies in BM cells from transgenic mice in response to total body irradiation (3 

Gy) at four days (resembling activity of differentiated cells), 28 days (indicative of 

progenitor cell activity) and three months (hematopoiesis indicative of HSCs activity) 

after irradiation showed that BM cells in aged mice had a trend towards an increased 

mutational load in steady state hematopoiesis (around 2-fold) and surprisingly, the 

mutation frequency did not increase in vivo in response to irradiation. To the contrary, 

the mutation frequency significantly decreased 28 days and three months post 

irradiation in BM cells in both age groups (Moehrle et al., 2015). This implies that the 

DNA damage response of the hematopoietic system avoids accumulation of genomic 

mutations upon irradiation and it remains fully intact in aged animals. The data also 

demonstrate that young and aged HSPCs show a similar response to DNA damage 

and a similar DNA damage repair outcome in response to irradiation, with an overall 

low mutational load. The data show that both the young and the aged hematopoietic 

system are very robust towards acquiring mutations upon DNA damage induced by 

irradiation, trying to maintain a perfect pool of HSCs which contribute to 

hematopoiesis and consequently strongly suppress leukemia. 

This resilience is actually accomplished by multiple cellular and molecular 

mechanisms. The results demonstrate that already at low doses of irradiation (3 Gy), 

the activation of the G1-S cell cycle checkpoint is lost and is even more pronounced 

after high dose irradiation (7 Gy). This finding is very similar to what has been shown 

in embryonic stem cells, which also do not strongly activate a G1-S checkpoint upon 

DNA damage (Aladjem et al., 1998; Hong and Stambrook, 2004). This is consistent 

with the finding that deletion of the checkpoint activation and tumor suppressor 

protein Rb in the hematopoietic system did not alter DNA damage response 

parameters (Moehrle et al., 2015). This observation further supports a general lack of 

checkpoint activation in HSPCs. Since the cell cycle is not stopped at the G1-S 

checkpoint after DNA damage the question arises whether genetic translocations and 

deletions that are found in leukemia are a consequence of erroneous NHEJ repair in 

G0/G1 phase or in fact imply that mutations can arise via faulty repair mechanisms at 

later stages like S, G2 or M phase of the cell cycle.  

There is no accumulation of lineage positive (differentiated) cells in S-phase but an 

arrest of these cells is seen in G0/G1. These data are similar to what is observed in 

embryonic stem cells where the G1-S checkpoint is also absent. However, embryonic 
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fibroblasts are able to arrest in G1-S (Aladjem et al., 1998; Hong and Stambrook, 

2004). A prolonged cell cycle arrest in G1 phase is seen in fibroblasts where the cells 

have time to repair DNA damage before re-entering the cell cycle (Leonardo et al., 

1994; Deckbar et al., 2011) whereas the same challenge could also lead to apoptosis 

or senescence. In hematopoietic cells a strong induction of apoptosis in S phase can 

be observed and interestingly especially HSPCs already showed significant 

apoptosis in the G0/G1 phase of the cell cycle. Differentiated cells that do arrest in 

the G0/G1 cell cycle phase did not undergo apoptosis, in contrast, the more primitive 

cells did not arrest and displayed high levels of apoptosis. Additionally, also human 

CD34+ HSPCs display elevated levels of apoptosis as a response to DNA damaging 

agents when compared to their differentiated progeny (Buschfort-Papewalis et al., 

2002). This high level of apoptosis in S-phase is supported by the studies from 

Mohrin et al where HSPCs, when proliferating, present with a decreased expression 

of pro-survival genes compared to quiescent cells (Mohrin et al., 2010). For murine 

ES cells it could be shown that the lack of G1-S checkpoint activation is due to 

intracellular mislocalization of the checkpoint kinase Chk2, which is thus not available 

to phosphorylate downstream targets (Hong and Stambrook, 2004). Similarly, in 

murine LT-HSCs the Chk2 protein is sequestered at the centrosome and not 

expressed throughout the nucleus like in somatic cells thereby making it impossible 

to activate target proteins and subsequently the G1-S checkpoint (Moehrle et al., 

2015). It could also be demonstrated that an ectopic expression of the Chk2 protein 

led to a functional reduction of LT-HSCs, which is in agreement with the finding that 

HSPCs, when still restrained in G0/G1, respond mainly with apoptosis to DNA 

damage. In summary, the outcome of DNA damage in primitive hematopoietic cells 

might be either apoptosis or repair without mutations.  

One could argue that since irradiation preferentially kills cycling HSCs, the deeply 

quiescent cells might be protected. It is possible that deeply quiescent HSCs are the 

ones with few mutations, maybe due to their low number of cell divisions (Tomasetti 

and Vogelstein, 2015), while HSCs that already underwent a higher number of 

divisions and thus most likely have a low level of mutations rather apoptose in 

response to irradiation. Therefore it is possible that the deeply quiescent HSCs 

survive irradiation and they support hematopoiesis after other HSCs were eliminated 

by irradiation (Walter et al., 2015). The simple possibility that HSCs once mutated are 

in general less fit and therefore subsequently selected against in the whole DNA 
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damage response process that finally leads to apoptosis, might be a similar 

alternative explanation. This would require a concept of a mutational threshold 

sensing system in HSCs meaning that there might be a critical level of mutations 

within a cell and when this threshold is exceeded the cell undergoes apoptosis in 

response to additional DNA damage without trying to repair the additional damage. 

This all or nothing model might not only hold true for strong DNA damage that occurs 

at multiple sites in the genome as seen after irradiation but also for weaker damage. 

In the experiments where primitive hematopoietic cells were transduced with a ZFN, 

which creates one DNA DSB at a defined locus in the cell, the cells do not 

accumulate mutations. When these cells are transplanted they do not contribute to 

PB chimerism since they most likely undergo apoptosis as demonstrated in response 

to irradiation while the data does not exclude senescence as a possible outcome. 

One would anticipate that the surviving cells might be the ones where the ZFN target 

site is mutated so that the generation of a DNA DSB is not possible anymore. 

However, the few remaining/surviving cells do not present with high levels of 

mutations indicating that although there is a constant DNA DSB active HSCs still 

avoid mutations.  

Taken together, the results demonstrate almost equal DNA damage repair outcomes 

in young and aged HSCs and thus question the paradigm that aging of HSCs as well 

as the exponential increase in leukemia initiation with age is due to an aging-

associated difference in the DNA damage response. Therefore the role of DNA 

damage outcomes in terms of aging of HSPCs needs to be analyzed in more detail.  

Conclusively, the data show that the hematopoietic system is very resilient towards 

acquiring mutations as a response to DNA damage in vivo.  
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5 Summary 
 

 

Accumulation of DNA mutations or impaired DNA damage repair upon aging has 

been seen as a critical causal contributor to aging of differentiated cells and stem 

cells and thus ultimately tissues. Experimental evidence though on the role of DNA 

damage and repair upon aging, however, remains controversial with respect to this 

paradigm.  These data demonstrate an unexpected loss of the DNA damage induced 

G1-S checkpoint in both young and aged hematopoietic stem and progenitor cells 

(HSPCs). Induction of chronic double strand breaks via a zinc-finger nuclease further 

demonstrated that HSPCs strictly avoid accumulation of mutations by undergoing 

apoptosis rather than repair. Interestingly, aging does not alter the DNA damage 

response to DSBs in HSPCs and, most importantly, does not result in an elevated 

DNA mutational load in hematopoiesis in vivo upon repair of DNA damage. These 

data demonstrate a strong resilience of both the young and the aged hematopoietic 

system against acquiring DNA mutations in HSPCs in response to DNA damage, 

indicating an all (perfect repair) or nothing (apoptosis) approach to resolve DNA 

damage. These data reveal a protective mechanism in both the young and aged 

hematopoietic system against accumulation of mutations in response to DNA 

damage. 
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