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Aging is an inevitable aspect of life (Lopez-Otin et al., 2013). The Western world 

faces an unprecedented shift towards an increasingly old population with profound 

socioeconomic impact. The United Nations estimates that the proportion of people 

aged 60 and over will have doubled worldwide by 2050 (United Nations, 2014). 

However, the prospect of longer life comes at a price since aging is associated 

with a progressive loss of tissue function and age-related organ failure as well as a 

significant increase in cancer rates (Lopez-Otin et al., 2013). 

 

Paralleling the landmark paper by Hanahan and Weinberg that enumerated the six 

hallmarks of cancer (Hanahan and Weinberg, 2000), which were recently 

expanded to ten (Hanahan and Weinberg, 2011), nine hallmarks have recently 

been proposed to contribute to the aging process (Figure 1) (Lopez-Otin et al., 

2013).  

 
Figure 1 | The nine hallmarks of aging described by Lopez-Otin et al.. 
These include genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis, 
deregulated nutrient sensing, mitochondrial dysfunction, cellular senescence, stem cell exhaustion, 
and altered intercellular communication. Reprinted from Lopez-Otin et al., 2013 (p.1195) with 
permission from Elsevier © 2013.  
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Because stem cells are responsible for the life-long maintenance and regeneration 

of many organs, they are particularly vulnerable to the effects of aging. Thus, stem 

cell exhaustion represents the ultimate consequence of multiple types of aging-

associated damages and likely constitutes one of the main drivers and maybe one 

of the most critical hallmarks of tissue and organismal aging. Among the other 

hallmarks, accumulation of genetic alterations due to Desoxyribonucleic acid 

(DNA) damage accrual and dysregulation of the cell cycle machinery are two of 

the fundamental mechanisms of physiological aging with key roles in age-

associated pathological processes such as cancer or neurodegenerative 

disorders. 

 

The following work will first introduce the molecular mechanisms underlying both 

the DNA damage response as well as the regulation of the cell cycle machinery 

and then discuss how these processes are affected by physiological aging in stem 

cells as observed in the hematopoietic system for the blood-forming hematopoietic 

stem cells (HSCs).  
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1.1 The DNA damage response 
 

1.1.1 DNA damage and its role in aging 
DNA damage is a major driver of genomic instability. If not repaired properly, DNA 

damage leads to mutations that can result in loss of tissue function or oncogenic 

transformation (Hanahan and Weinberg, 2000). Cellular function relies on the life-

long integrity of the genome, which must be preserved during the entire lifetime of 

an organism. This is why cells are equipped with a complex apparatus of genome 

maintenance processes, which include mechanisms to repair broken DNA strands, 

to eliminate modification to the DNA, to protect telomeres (i.e. the end parts of 

chromosomes), to repair mitochondrial DNA and to maintain the epigenetic code. 

The genome maintenance system also includes a complex effector machinery that 

enables cell survival when DNA damage can be repaired or triggers senescence 

or death when DNA is irreversibly damaged (Ciccia and Elledge, 2010).  

 

However, despite this highly efficient genome maintenance apparatus, DNA 

damage accumulates with age leading to genetic instability with accumulation of 

mutations and ultimately organ failure or cancer development. Naturally occurring 

mutations that disrupt the ability of cells to detect, respond to and repair DNA 

damage frequently result in premature aging or progeroid phenotypes, which 

recapitulate key features of chronological aging including neurodegeneration and 

cancer (Garinis et al., 2008). The most direct evidence for the accumulation of 

DNA damage with age, however, comes from recent genome-wide sequencing 

studies. These studies have revealed that the frequency of random mutations that 

generally do not affect cellular function increases significantly with advanced age, 

and a similar trend has also been found for structural changes (Forsberg et al., 

2012; Welch et al., 2012). In addition, cancer-associated mutations have been 

identified in about 2% of individuals without reported malignant disease and this 

frequency reaches 5–6% in individuals aged 70 years and above (Xie et al., 2014). 

 

Together, these data not only suggest a direct link between DNA damage 

accumulation and aging but also provide a possible explanation for the increased 

cancer incidence with advanced age. 
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1.1.2 DNA - the molecular basis of the genome 
Every individual cell of an organism carries the complete hereditary information 

within its genome. The genome itself consists of a long sequence of DNA, the 

building blocks of which are the nucleotides. Each nucleotide is comprised of a 

sugar-phosphate backbone and a nitrogenous base that is either a purine or 

pyrimidine ring, which are adenine (A) and guanine (G) and cytosine (C) and 

thymine (T), respectively. The structure of DNA consists of two helical chains, 

each coiled around each other to form the DNA double helix (Watson and Crick, 

1953).  

 
Figure 2 | Organization of DNA inside the cell.  
DNA associates with histone proteins and condenses to form higher order chromatin. The core 
particle of a nucleosome is composed of genomic DNA wrapped around a histone octamer that 
consists of two copies of the major types of histones (H2A, H2B, H3 and H4). Reprinted from 
Tonna et al., 2010 (p. 337) with permission from Macmillan Publishers Ltd © 2010.  
 

As shown in Figure 2, genomic DNA is wrapped around histone proteins and 

tightly packaged into a multidimensional structure called chromatin. The 

fundamental subunit of chromatin is the nucleosome, which consists of 

approximately 165 base pairs (bp) of DNA wrapped in two superhelical turns 

around an octamer of core histones. Each histone consists of two copies of 
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histones H2A, H2B, H3 and H4. This results in a five to ten-fold compaction of 

DNA (Kornberg, 1974). Each nucleosome is connected to its neighbors by a short 

segment of linker DNA. This polynucleosome string is further folded into a 

compact fiber with a diameter of about 30 nm, producing a net compaction of 

roughly 50-fold. The 30 nm fiber is further stabilized by the binding of histone H1. 

Additional nucleosome packaging steps lead to the highest order chromatin 

structure, the metaphase chromosome (Bednar et al., 1998). 

 

Two different states of chromatin exist within each cell: euchromatin and 

heterochromatin. While heterochromatin is highly condensed, gene-poor, and 

transcriptionally silent, euchromatin is less condensed, gene-rich, and more easily 

transcribed (Huisinga et al., 2006). These different chromatin states serve several 

distinct functions including the regulation of gene expression and the protection of 

the integrity of chromosomes (Grewal and Jia, 2007). Data accumulated during the 

last two decades have shown that histones are important players in regulating 

chromatin functions via their modifications. Amino acid residues at specific 

positions within histone tails are subject to a number of post-translational 

modifications such as acetylation, methylation, phosphorylation, ubiquitination or 

ADP-ribosylation (Spencer and Davie, 1999). In addition to histone modifications 

chromatin remodeling can also be accomplished through the addition of methyl-

groups to the DNA itself, mostly at CpG sites, to convert cytosine to 5-

methylcytosine. Highly methylated areas tend to be less transcriptionally active, 

through a mechanism not fully understood (Deaton and Bird, 2011). Methylation of 

cytosines plays an important role during embryonic development and alterations in 

methyltransferase enzymes are commonly involved in cancer (Jin and Robertson, 

2013).  

 

1.1.3 Sources of DNA damage 
DNA is constantly damaged through a variety of extrinsic and intrinsic sources, 

and it has been estimated that up to 105 DNA lesions occur daily in the genome of 

a cell (Hoeijmakers, 2009). Extracellular sources of DNA damage include 

exposure to irradiation (IR) (e.g. from cosmic radiation or medical treatments such 

as X-rays or radiotherapy) or ultraviolet (UV) light from the sun that both induce 
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oxidation of DNA bases and generate single- and double-strand breaks (SSBs and 

DSBs). Chemical agents used in cancer therapy also induce a variety of DNA 

lesions. Crosslinking agents, such as Mitomycin C or Cisplatin introduce covalent 

links between bases of the same or a different DNA strand. Other chemicals such 

as the topoisomerase inhibitor Etoposide, induces the formation of DSBs by 

trapping topoisomerase-DNA covalent complexes (Ciccia and Elledge, 2010). 

However, a lot of DNA damage is produced within the cell itself (Garinis et al., 

2008). As a side product of their metabolism and mitochondrial activity, cells 

generate reactive oxygen species (ROS). These include superoxide anions, 

hydrogen peroxide and hydroxyl radicals, which cause oxidation of the nucleotide 

pool and DNA breaks. One of the most common lesion induced by oxidative 

damage is the highly mutagenic 8-oxoGuanine, which by pairing equally well with 

the correct cysteine and the incorrect adenine base causes high levels of guanine 

to cytosine and thymine to adenine transversions (Shibutani et al., 1991). In 

addition, spontaneous hydrolysis of DNA can lead to the formation of abasic sites 

and deamination. Furthermore, replication defects can cause replication fork 

collapse resulting in DNA breaks (Garinis et al., 2008). Such replication-associated 

DNA damage, also known as replication stress, will be discussed in detail in 

Chapter 1.3.  

 

1.1.4 DNA repair mechanisms 
To counteract DNA damage, eukaryotic cells are equipped with an array of DNA 

repair mechanisms, the choice of which depending on the specific type of DNA 

lesions and the cell cycle status of the damaged cells (Branzei and Foiani, 2008). 

 

In order to divide, all cells go through the mitotic cell cycle during which they 

replicate their DNA and separate their replicated chromosomes into two separate 

daughter cells. The cell cycle in eukaryotic cells is divided into four individual 

phases: the two “active” phases, S (synthesis)-phase, where DNA replication 

takes place, and M (mitosis)-phase, where DNA is packaged and distributed 

between the two daughter cells, are separated by two G (gap)-phases that serve 

as proofreading periods to ensure DNA synthesis is complete and packaged 

appropriately for division. G1 separates M-phase from S-phase, whereas G2 is 
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located in between S-phase and M-phase. From the G1-phase of the cell cycle 

somatic cells are also able to enter a reversible or irreversible G0 state, which 

results in quiescence or terminal differentiation and senescence, respectively. The 

cell cycle and its regulation will be discussed in more detail in Chapter 1.2. 

 

Mispaired DNA bases are replaced by mismatch repair (MMR) and small chemical 

alterations of the DNA bases are taken care of by base excision repair (BER) 

mechanism through the excision of the damaged base. More complex lesions 

such as pyrimidine dimers are repaired by nucleotide excision repair (NER) 

through the removal of an oligonucleotide (oligo) of about 30 nucleotides 

containing the damaged bases. Similarly, interstrand crosslinks are excised 

through the Fanconi anemia pathway. The more complex DSBs are cleared by 

either non-homologous end joining (NHEJ) or homologous recombination (HR). 

Importantly, lesions affecting only ssDNA including oxidative damage or UV light-

induced pyrimidine dimers can be resolved at all stage of the cell cycle by BER, 

NER or MMR, respectively. As will be discussed later in more detail, DSB repair by 

NHEJ functions throughout the cell cycle, whereas HR only takes place in the S-, 

and G2-phases of the cell cycle when an intact sister chromatid is present (Branzei 

and Foiani, 2008).  

 

All DNA lesions trigger the activation of signaling pathways to ensure proper 

regulation of DNA repair, cell cycle arrest or the induction of an apoptotic cascade 

(Seviour and Lin, 2010). Cells integrate DNA repair processes with transcription 

and/or apoptosis induction in a network known as the DNA damage response 

(DDR). Central components of the DDR are the Phosphatidylinositol-4,5-

bisphosphate 3 (PI3) kinase-related kinases Ataxia telangiectasia mutated (ATM), 

ATM and Rad3-related (ATR) and DNA-dependent protein kinase (DNAPK) as 

well as members of the Poly-ADP-ribose polymerase (PARP) family. ATM and 

DNAPK respond primarily to DSBs (Sancar et al., 2004), whereas ATR is mainly 

activated by SSBs and single-strand DNA (ssDNA) in response to UV-induced or 

replication-associated damages. Activation and recruitment of these kinases occur 

through their specific interaction partners Nijmegen breakage syndrome 1 (NBS1) 

(for ATM), ATR interacting protein (ATRIP) (for ATR) and KU80 (for DNAPK) 

(Falck et al., 2005). Upon recruitment to the site of damage, ATM and ATR target 
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many substrates, the most important being their effector kinases checkpoint 

kinase 2 (CHK2) and CHK1, respectively, although there is considerable crosstalk 

between the two pathways (Jazayeri et al., 2006). PARP1 and PARP2, the two 

members of the PARP family that have been implicated in the DDR, are induced 

by both SSBs and DSBs and catalyze the addition of long branches of poly-ADP 

ribose (PAR) on proteins to recruit DDR factors to the chromatin at breaks 

(Schreiber et al., 2006). Their action occurs within seconds after DNA damage and 

is one of the earliest events in the DDR. Figure 3 provides a schematic overview of 

how the different molecular players are integrated into the DNA damage response 

pathway as well as the possible cellular outcomes, some of which will be 

discussed in more detail in Chapter 1.1.6. 

 
Figure 3 | Schematic overview of the key molecular players involved in the DNA damage 
response.  
Molecules can be grouped according to their function into sensors, transducers, mediators and 
effectors. The possible cellular outcomes of DNA strand breaks include DNA repair, apoptosis, cell 
cycle arrest and senescence. ATM, Ataxia telangiectasia mutated; ATR, Ataxia telangiectasia and 
Rad3-related; ATRIP, ATR interacting protein; BER, Base excision repair; BRCA, Breast cancer; 
CHK, Checkpoint kinase; DNA, Desoxyribonucleic acid; DNAPK, DNA-dependent protein kinase; 
HR, Homologous recombination; MMR, mismatch repair; MRN, MRE11-RAD50-NBS1; NER, 
Nucleotide excision repair; NHEJ, Non-homologous end joining; PARP, Poly-ADP-ribose 
polymerase; RPA, Replication protein A; TOPBP, Topoisomerase II binding protein. 
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DSBs are recognized by the meiotic recombination 11 (MRE11)-RAD50-NBS1 

(MRN) complex, which promotes the activation of ATM and the preparation of 

DNA for HR (Williams et al., 2007). RAD50 contains ATPase domains that interact 

with MRE11 and associates with the DNA ends of the DSB (Williams et al., 2007). 

In addition to stabilizing DNA ends, MRE11 has endonuclease and exonuclease 

activities important for the initial steps of DNA end resection that is essential for 

HR (Williams et al., 2007). The third subunit of the MRN complex, NBS1, interacts 

with MRE11 and contains additional protein-protein interaction domains important 

for MRN function within the DDR. NBS1 associates with ATM via its carboxyl (C)-

terminal region, which promotes the recruitment of ATM to DSBs, where ATM is 

activated by the MRN complex by yet undefined mechanisms possibly involving 

the formation of ssDNA oligos during end resection (Jazayeri et al., 2008; Kanaar 

and Wyman, 2008; Lee and Paull, 2005). As mentioned before, HR only takes 

place in the S-, and G2-phases of the cell cycle when a sister chromatid is present, 

while NHEJ functions throughout the cell cycle. It is not entirely clear what 

determines the choice between NHEJ and HR in G2. One factor that might play a 

role in this choice is the complexity of the break: Simple breaks that do not require 

much processing (5’-to-3’ resection of DNA ends) are repaired by NHEJ, whereas 

complex breaks that require extensive processing are repaired by HR (Shibata et 

al., 2011). Another factor that may influence pathway choice is the chromatin 

environment of DSBs: DSBs in euchromatin are repaired with fast kinetics by 

NHEJ, whereas DSBs in heterochromatin are preferrentially repaired with slow 

kinetics by HR (Beucher et al., 2009). 

 

In contrast to NHEJ, HR restores the genetic sequence of broken DNA by using 

sister chromatids for repair (Ciccia and Elledge, 2010). After DSB formation, the 

DNA around the 5'-end of the break is cut away in a process called resection. After 

binding of several proteins including RAD51, RAD51-like proteins such as X-ray 

repair cross-complementing protein 2 (XRCC2), XRCC3 and RAD54, the 

nucleoprotein filament begins searching for and then moving into a similar or 

identical recipient DNA duplex, usually the sister chromatid, in a process called 

strand invasion. A displacement loop (D-loop) is formed during strand invasion 

between the invading 3'-overhang strand and the homologous chromosome. After 

strand invasion, the end of the invading 3'-strand is extended. This changes the D-
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loop into a cross-shaped structure known as Holliday junction. During mitosis 

Holliday junction intermediates are then resolved by crossover or noncrossover 

events effectively restoring the strand on the homologous chromosome that was 

displaced during strand invasion (Sung and Klein, 2006). The key components of 

HR include Breast cancer 1 (BRCA1), which is involved in resection, and 

replication protein A (RPA) that binds to and stabilizes ssDNA and facilitates 

strand invasion along with RAD51 and BRCA2 (Ciccia and Elledge, 2010).  

 

Alternatively, in NHEJ, DSBs are rapidly bound by the KU heterodimer 

(KU70/KU80), which loads and activates the catalytic subunit of DNAPK, also 

called DNAPKcs (encoded by Prkdc) to initiate NHEJ (Mahaney et al., 2009). The 

DNA ligase IV (LIG4) complex, consisting of the catalytic subunit LIG4 and its 

cofactor XRCC4 performs the ligation step of repair (Wilson et al., 1997). XRCC4-

like factor (XLF) also known as Cernunnos, is further required for NHEJ (Ahnesorg 

et al., 2006; Buck et al., 2006). While the precise role of XLF is unknown, it 

interacts with the LIG4/XRCC4 complex and likely participates in the ligation step. 

Figure 4 summarizes the main molecular players involved in HR and NHEJ. 
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Figure 4 | Schematic illustration of the cellular response mechanisms to DNA DSBs showing 
the key molecular players involved in both homologous recombination (HR) and non-
homologous end joining (NHEJ). 
ATM, Ataxia telangiectasia mutated; ATR, Ataxia telangiectasia and Rad3-related; BRCA, Breast 
cancer; DNAPKcs, DNA-dependent protein kinase; MRN, MRE11-RAD50-NBS1; RPA, Replication 
protein A; SSB, single-strand break; XRCC, X-ray repair cross-complementing protein. Reprinted 
from Hoeijmakers, 2001 (p. 371) with permission from Macmillan Publishers Ltd © 2001. 
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1.1.5 Fidelity of DNA repair 
The three excision repair pathways NER, BER and MMR usually perform repair 

with high fidelity since the damaged site can be repaired by using the intact sister 

strand as a template. DSBs are more problematic, as both strands are affected. To 

properly heal such breaks the cell has to know which ends belong together, a 

difficult task given the size of the mammalian genome. By being able to use the 

sister chromatid as a template for repair, HR precisely restores the genetic 

information. However, repair by NHEJ is potentially inaccurate and can result in 

the accumulation of mutations (Shrivastav et al., 2008). The preferential use of 

NHEJ by quiescent populations such as stem cells can introduce small deletions 

or insertions into the repaired region (Delacote and Lopez, 2008; Mao et al., 

2008). Consistent with this, irradiation of quiescent HSCs leads to genomic 

rearrangements, including reciprocal translocations, interstitial deletions and 

complex chromosomal rearrangements, resulting from the use of NHEJ (Mohrin et 

al, 2010). In line with the idea that NHEJ can promote de novo mutations arising 

from DNA damage and thereby induce cancer development, severe combined 

immunodeficiency (SCID) mice have been shown to develop fewer chemically 

induced skin tumors than wild-type mice, a finding that has been attributed to an 

increase in apoptosis following carcinogen administration and the elimination of 

mutated epidermal cells with high DNA damage burden (Kemp et al., 1999). 

Together, these results suggest that the presence of efficient but error-prone 

NHEJ DNA repair mechanisms is a double-edged sword for adult stem cells, since 

it promotes their short-term survival after DNA damage at the expense of the long-

term maintenance of genomic integrity. 

 

1.1.6 Cellular response to DNA damage 
In addition to activation of the molecular machineries required for proper DNA 

repair, activation of the DDR also triggers a cascade of cellular events leading to 

cell cycle arrest or induction of apoptosis (Seviour and Lin, 2010). p53 is one of 

the best-known and most intensively investigated proteins in this context. As such, 

its function is tightly regulated by multiple pathways, the major one being a 

negative feedback loop through Mouse double minute 2 (MDM2). MDM2 is an E3 

ubiquitin ligase that binds and targets p53 for proteasomal degradation conferring 
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a very short half-life (6-40 min) to the p53 protein (Chene, 2003; Kruse and Gu, 

2009). When the cell cycle needs to be stopped due to DNA damage 

accumulation, ATM phosphorylates p53 at serine 15 within its amino (N)-terminal 

transactivation domain. ATM also activates CHK2, which phosphorylates p53 at 

two additional residues, threonine 18 and serine 20. MDM2 itself is also 

phosphorylated by ATM. These phosphorylations directly and indirectly reduce 

p53 binding to MDM2 resulting in stabilization and activation of the p53 protein 

(Kastan and Bartek, 2004). Accumulation of p53 following low or repairable levels 

of DNA damage leads to transcriptional activation of p21, which encodes a 

prominent inhibitor of cell cycle progression (Liu and Lozano, 2005), Thus, p53 

induces a transient cell cycle delay (Kruse and Gu, 2009). During this delay cells 

have the opportunity to repair their damage. DNA repair is also stimulated by 

growth arrest and DNA-damage-inducible 45 (GADD45) that is again activated by 

p53 (Carrier et al., 1999). When DNA damage is irreparable, p53 induces 

transcription of pro-apoptotic genes Bax, Bak, Noxa and Puma that lead to the 

elimination of damaged cells through apoptosis (Ploner et al., 2008; Tang et al., 

2011).  

 

1.1.7 The role of γH2AX in the DNA damage response 

Activation of any DNA damage response pathway leads to a cascade of post-

translational modifications to chromatin and proteins that are recruited to the site 

of damage in order to facilitate DNA repair. Phosphorylation of histone protein 

H2AX at serine 139 to form γH2AX is one of the most important post-translational 

DNA modifications upon DNA damage induction and key in driving the DNA 

damage response cascade (Figure 5).  
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Figure 5 | Histone protein H2AX and its role in the DNA damage response.  
Upon DNA damage H2AX gets phosphorylated to become γH2AX, which serves to recruit 
additional factors to the site of damage. Upon resolution of the DNA damage, H2AX is restored by 
either dephosphorylation or chromatin remodeling.  
 

γH2AX allows the recruitment of many additional factors to sites of damage 

leading to the generation of irradiation-induced foci (IRIF). 53BP1, a mediator of 

recombination processes, as well as CHK2, are recruited to IRIFs in an H2AX-

dependent manner. H2AX encompasses about 10% of core histone protein H2A 

and DSB-induced phosphorylation of H2AX occurs within minutes after DNA 

damage. γH2AX phosphoproteins are found to be rapidly concentrated around 

DSBs in centers termed “γH2AX foci” that can extend for a range of up to two 

Mega bp away from the damage site (Pinto and Flaus, 2010). Other DNA repair-

related proteins subsequently accumulate at the γH2AX foci during the repair 

process. Although their recruitment to DSBs is not completely dependent on H2AX 

phosphorylation, γH2AX is important for the proper formation of damage response 

foci by enhancing the retention of repair factors after their initial recruitment 

(Celeste et al., 2003b). H2ax−/− mice have moderate defects including radiation 

sensitivity, male infertility, growth retardation and immunodeficiency, which are 

consistent with deficiencies in DNA repair (Celeste et al., 2003a; Celeste et al., 

2002). Karyotypes of H2AX-deleted genomes also reveal a high number of 

translocations and chromosome rearrangements demonstrating increased 

genomic instability (Celeste et al., 2002).  

 

Once DNA damage is repaired, the cell must terminate DDR signaling, and protein 

modifications including γH2AX need to be removed. γH2AX could be removed by 

dephosphorylation or by histone exchange, and there is evidence that both 

mechanisms occur (Cha et al., 2010). A study in yeast identified Pph3, the 
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orthologue of mammalian protein phosphatase 4 (PP4), as key element in this 

process (Keogh et al., 2006). Consistent with this study, a specific PP4 complex in 

mammalian cells, containing PP4c as the catalytic subunit, PP4R2 as the scaffold 

subunit and PP4R3 as the targeting subunit, is responsible for γH2AX 

dephosphorylation (Choudhury et al., 2007; Keogh et al., 2006; Nazarov et al., 

2003). But despite PP4 being the most intensively studied γH2AX phosphatase, it 

is not the only one: Chowdhury et al. have shown that PP2A associates and co-

localizes with γH2AX, and dephosphorylates γH2AX after DNA damage 

(Chowdhury et al., 2005). PP6, another PP2A-like phosphatase, has also been 

implicated in γH2AX dephosphorylation mediated by regulatory subunits PP6R1, 

PP6R2 or PP6R3 (Douglas et al., 2010). Furthermore, it has been suggested that 

WIP1 also participates in γH2AX dephosphorylation after DNA damage (Cha et al., 

2010). Altogether, these studies propose a complex regulatory network of γH2AX 

dephosphorylation by multiple phosphatases (Peng and Maller, 2010).  

 

In addition to dephosphorylation it has been suggested that nucleosomal 

conformational changes induce the replacement of γH2AX with unmodified 

histones (Heo et al., 2008). But whereas some studies suggest that H2AX at the 

DSB site is replaced by H2AZ, another H2A variant, other reports conclude that 

both H2AX and H2AZ are removed from the vicinity of the DSB site after repair 

(Papamichos-Chronakis et al., 2006; van Attikum et al., 2007). Nevertheless, 

removal of γH2AX signals is an important step in turning-off the DDR, allowing the 

cell to efficient recovery from DNA damage-induced cell cycle arrest and return to 

a homeostatic condition. 
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1.2 The eukaryotic cell cycle 
 

Cell proliferation is fundamental to all living organisms and allows tissue 

maintenance by constantly regenerating cells that have been lost to damage. Cell 

cycle checkpoints, which will be discussed in Chapter 1.2.4, represent integral 

components of DNA repair that coordinate cooperation between the molecular 

pathways that respond to damage and the cell cycle machinery. Most tissues 

contain resident stem cells, which proliferate to compensate for tissue loss 

throughout the life of the organism (Li and Clevers, 2010). To protect these cells 

from cellular exhaustion due to excess DNA damage and to ensure life-long cell 

production, they are maintained in a quiescent state (Cheung and Rando, 2013). 

Quiescence grants protection against many environmental insults and is 

associated with a low metabolic state (Valcourt et al., 2012). Quiescent stem cells 

are able to respond to cues that originate from their niche environment by 

activating and entering the cell cycle, which is crucial for proper homeostasis and 

regeneration.  

 

1.2.1 Cell cycle machinery 
The entry of a cell into the G1 phase of the cell cycle is governed by a complex 

network of cell-intrinsic and extrinsic factors that converge at the level of regulating 

cyclin/cyclin-dependent kinases (CDK) complexes. CDKs are the central 

mediators controlling cell cycle progression. Whereas a single CDK regulates cell 

division in yeast, distinct sets of CDKs are responsible for transition through each 

phase of the cell cycle in mammalian cells (Malumbres and Barbacid, 2005). 

Inactive by themselves, CDK activity is induced by the binding of cell cycle specific 

proteins called cyclins, which induce conformational changes whereby a C-

terminal domain of the CDK, called the T-loop, is directed out of the substrate 

binding cleft (T-loop formation) (Jeffrey et al., 1995). Cyclin concentration 

oscillates within the phases of the cell cycle and is tightly regulated through 

transcriptional activation as well as proteasomal degradation. As summarized in in 

Figure 6 different cyclins and CDKs act at different phases of the cell cycle. 
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Figure 6 | Eukaryotic cell cycle regulation through cyclin/CDK complexes. 
Different cyclin/CDK complexes act at different stages of the cell cycle. CDK activity is induced by 
the binding of specific cyclins, whose concentrations oscillate within the phases of the cell cycle. 
CDK, Cyclin-dependent kinase. 
 

Cyclins of the D-type (i.e. cyclins D1, D2 and D3), which associate with CDKs 4 

and 6, are responsible for cell cycle progression through early G1. The three cyclin 

D proteins are encoded by different genes (Ccnd1, Ccnd2 and Ccnd3, 

respectively), but show substantial similarity in their amino acid sequences (Inaba 

et al., 1992; Xiong et al., 1992). D-type cyclins are regarded as sensors of the 

extracellular environment that link mitogenic stimuli to the cell cycle core 

machinery (Matsushime et al., 1994). Mice deficient in individual D-type cyclins are 

relatively normal illustrating their considerable functional redundancy (Malumbres 

and Barbacid, 2005). However, mice lacking all three D-type cyclins display a 

pronounced reduction of hematopoietic stem and progenitor cell numbers 

associated with a loss of reconstitution capacity. These animals develop severe 

anemia and die in utero (Kozar et al., 2004). Similarly, Cdk4/6-deficient mice 

exhibit late embryonic lethality accompanied by a defect in fetal hematopoiesis 

with decreased numbers of erythroid progenitors in the fetal liver and of circulating 

red blood cells in the peripheral blood (Malumbres et al., 2004). The two E-type 

cyclins, cyclin E1 and cyclin E2, are co-expressed in virtually all proliferating cells 

and associate with CDK2 in late G1 (Sherr and Roberts, 2004). Cyclin E1-deficient 

mice manifest no obvious abnormalities and have a normal life span. However, 

despite being viable male mice lacking cyclin E2 display reduced fertility as a 

result of defective testicular development. In addition, endoreplication of 

trophoblast giant cells and megakaryocytes is severely impaired in the absence of 



Introduction 19 

cyclin E. Cyclin E-deficient cells proliferate actively under conditions of continuous 

cell cycling but are unable to reenter the cell cycle from the quiescent state. 

Molecular analyses have revealed that cells lacking cyclin E fail to incorporate 

mini-chromosome maintenance (MCM) proteins into DNA replication origins during 

G0-to-S progression (Geng et al., 2003; Parisi et al., 2003). CDK2 together with E-

type cyclins not only plays a key role in driving cells through the G1-S transition. In 

association with A-type cyclins, CDK2 allows cells to further progress through S-

phase. Surprisingly, Cdk2-deficient mice are viable and survive normally indicating 

that CDK2 is dispensable for the proliferation and survival of most cell types. 

However, the mutant mice are sterile and it has been shown that CDK2 is 

essential for completion of prophase I during meiotic cell division in male and 

female germ cells (Berthet et al., 2003). Mammalian cells express two A-type 

cyclins, cyclin A1 and cyclin A2 (Nieduszynski et al., 2002). While cyclin A1 is 

expressed almost exclusively in the testes, specifically in the male germ cells 

during meiosis, cyclin A2 is ubiquitously expressed in all proliferating cells where it 

mainly functions as an S-phase cyclin (Hochegger et al., 2008). A-type cyclins also 

associate with CDK1 during mitosis, however, more importantly, CDK1 association 

with cyclins of the B-type drives entry into mitosis. Three B-type cyclins, cyclins 

B1, B2, and B3 are expressed in mammalian cells (Nieduszynski et al., 2002). 

Mice lacking cyclin B2 develop normally and do not show any obvious 

abnormalities. In contrast, cyclin B1-deficient mice die in utero at an early stage of 

development (Brandeis et al., 1998). Cyclin B3-null mice have not been generated 

to date (Matsumoto and Nakayama, 2013). Interestingly, mouse embryos lacking 

all interphase CDKs (CDK2, CDK3, CDK4, and CDK6) undergo organogenesis 

and develop to midgestation. In these embryos, CDK1 binds to all cyclins, taking 

over their function in cell cycle progression (Santamaria et al., 2007).  

 

Another less studied member of the cyclin family is cyclin C. In association with 

CDK8 its main function for a long time seemed to have been the regulation of RNA 

polymerase II (Pol II) transcription and hence the coordination of cell growth with 

cell cycle progression (Tassan et al., 1995). However, cyclin C in association with 

another cyclin-dependent kinase, CDK3, functions as an important mediator in 

promoting exit form quiescence in an RB-dependent manner (Ren and Rollins, 

2004). 
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1.2.2 Cell cycle regulation 
Binding of cyclins to CDKs is not sufficient for complete CDK activation. 

Additionally, multiple phosphorylation events are required: CDK activating kinase 

(CAK) contributes to CDK activity by phosphorylation of the T-loop threonine 

(Makela et al., 1994). Furthermore, inhibitory phosphates on threonine 14 (T14) 

and tyrosin 15 (Y15), initially imposed by kinases WEE1 and MYT1, need to be 

removed by activating phosphatases cell division cycle 25A (CDC25A), CDC25B 

and CDC25C. The different isoforms are expressed at different cell cycle stages 

(Nilsson and Hoffmann, 2000) with Cdc25a peaking at the G1/S boundary, Cdc25b 

with highest expression in S-phase and Cdc25c in late G2 and mitosis.  

 

In addition to CDK regulation through phosphorylation, CDK are subject to direct 

regulation via small polypeptides called CDK inhibitors (CKI), which bind directly to 

and inactivate cyclin/CDK complexes (Sherr and Roberts, 1999). Based on their 

target specificity they fall into two main categories: The Ink4 family members 

exclusively target G1 CDKs 4 and 6, while the Cip/Kip family proteins bind to 

various cyclin/CDK complexes (Barbash and Diehl, 2008). Figure 7 summarizes 

the regulatory mechanism underlying cell cycle progression including the sites of 

action of the different CKIs. 
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Figure 7 | Eukaryotic cell cycle regulation through CDK inhibitors. 
CKIs have been assigned to two families on the basis of their target specificity. The Ink4 family 
consists of p16Ink4a, p15Ink4b, p18Ink4c and p19Ink4d, whereas the Kip/Cip family of CDK inhibitors 
includes p21Cip1, p27Kip1 and p57Kip2. CDK, Cyclin-dependent kinase; RB, Retinoblastoma. 
Reprinted from Kumar et al., 2013 (p. 181) with permission from Elsevier © 2013.  
 

The Ink4 family includes the CKIs p16Ink4a, p15Ink4b, p18Ink4c and p19Ink4d (Serrano 

et al., 1993) as well as a functionally distinct protein p19ARF, which results from 

alternative exon splicing in the Ink4a locus (Quelle et al., 1995). Despite similar 

structure and biochemical activity, the functions of Ink4 proteins are distinct. p16 is 

not expressed in most tissues, but is induced in response to expression of 

oncogenic proteins such as RAS (Serrano et al., 1997) and during cellular 

senescence and, ultimately, aging (Krishnamurthy et al., 2004). The expression of 

no other gene or protein seems to correlate so robustly with chronological aging 

across many different tissues (Lopez-Otin et al., 2013). In contrast, p15 expression 

is regulated by growth-inhibitory factors such as transforming growth factor β 

(TGF-β). Only p18 and p19 expression seem to be regulated within the cell cycle 

with expression peaking during S-phase (Thullberg et al., 2000).  

 

The Kip/Cip family of CKIs includes p21Cip1, p27Kip1 and p57Kip2. p27 is responsible 
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for induction and maintenance of a quiescent state (Polyak et al., 1994) and its 

overexpression can lead to cell cycle arrest in G1. On the other hand, p21 

expression is induced in response to DNA damage as a result of p53 activation. It 

is present at high levels in cycling cells keeping CDK under tight control (Barbash 

and Diehl, 2008). p57’s role has expanded beyond inhibition of cell growth to 

include promotion of cell differentiation and cell death, as well as inhibition of cell 

migration and invasion (Kavanagh and Joseph, 2011). Other proteins that play an 

important for the regulation of cyclin concentration are the ubiquitin ligases Skp1-

Cul1-F-box (SCF) and anaphase-promoting complex/cyclosome (APC/C), which 

target mitotic proteins for proteasomal degradation. Furthermore, SCF has an 

additional inhibitory role onto CKI, especially in G1 and S, while APC/C plays a 

fundamental role in governing mitosis. It is further regulated through its binding 

partners CDC20 and Cadherin 1 (CDH1) (Vodermaier, 2004). 

 

1.2.3 Cell cycle induction 
In a quiescent state, cell cycle entry is restricted by the retinoblastoma (RB) family 

of transcriptional repressors (pRB, p107 and p130) that sequester transcription 

factor E2F. In the last two decades, eight E2F family members have been 

identified and shown to act as activators and repressors with E2F1-3 being 

transcriptional activators driving cell cycle progression and E2F4-8 acting as 

transcriptional repressors (Wong et al., 2011).  

 

The entry of a cell into the G1-phase of the cell cycle is governed by a complex 

network of cell-intrinsic and extrinsic factors. The PI3K and Ras/extracellular 

signal-regulated kinase (ERK) pathways are the most important signaling pathway 

that integrate many upstream signals from activated growth factor receptors and 

other mitogenic stimuli to drive cell proliferation and growth. Downstream targets 

of activated PI3K include the serine/threonine kinase AKT, which leads to 

activation of the mammalian target of rapamycin (mTOR) pathway and 

suppression of the growth-inhibiting forkhead box O (FOXO) family of transcription 

factors. Similarly, activated ERK phosphorylates cytoplasmic signaling proteins 

including ribosomal S6 kinase and eventually leads to expression of transcription 

factors such as MYC that promote cell division and growth (Mendoza et al., 2011). 
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Under normal physiological conditions, once entry into G1 is triggered in response 

to mitogenic stimuli, cyclin D accumulates and in association with CDK4 and 6 

inactivates RB, converting it from an active, hypophosphorylated to an inactive, 

hyperphosphorylated state. This results in E2F dissociation and activation of 

transcription of genes required for the next stages of cell cycle progression as well 

as genes required for the onset of DNA replication (Weinberg, 1995). One of the 

most crucial target of E2F is cyclin E, which in complex with CDK2 is responsible 

for further progression through G1 into S-phase (Sherr, 1993). Cyclin E/CDK2 

further inactivates RB leading to irreversible inactivation and in addition promotes 

the degradation of its own inhibitor p27. Cyclin A/CDK2 then initiates the DNA 

replication process with its concentration peaking in late G2 (Lindqvist et al., 2009). 

Once cells enter S-phase, cyclin E/CDK2 needs to be silenced to avoid re-

replication. This is accomplished by the ubiquitin ligase SCF-F-box and WD repeat 

domain containing 7 (FBXW7), followed by its subsequent degradation by the 

proteasome (Malumbres and Barbacid, 2005).  

 

The transition from G2 to mitosis is regulated by CDK1 in association with cyclin B. 

Like other CDKs, CDK1 is relatively stable and its activation depends on 

accumulation of cyclin B. Cyclin B accumulates during S-phase and associates 

with CDK1. Association with cyclin B is not sufficient for CDK1 activity. One 

important regulatory function is executed by the kinases WEE1 and MYT1, which 

phosphorylate CDK1 on residues T14 and Y15, thus promoting its inhibition 

(Parker and Piwnica-Worms, 1992). This mechanism is essential in preventing 

premature mitotic entry during the G2/M transition. Upon mitotic entry, CDC25C 

counteracts WEE1 activity and dephosphorylates WEE1-dependent CDK1 

residues, initiating CDK1 activation (Timofeev et al., 2010). Substrates for cyclin 

B/CDK1 include nuclear laminin, microtubule effectors, microtubule effector 

proteins and tubulin itself. Furthermore, cyclin/CDK1 complexes contribute to 

regulate APC/C, the core component of the ubiquitin-dependent proteolytic 

machinery that controls the timely degradation of critical mitotic regulators (Castro 

et al., 2005). Upon cyclin destruction, CDK1 is inactivated, setting the stage for 

mitotic exit and cytokinesis. CDK1 inactivation also allows the reformation of pre-

initiation complexes at origins of replication, thereby licensing cellular chromatin 

for the next round of replication (Nigg, 2001). 
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1.2.4 Cell cycle checkpoints 
Progression from one cell cycle phase to the next is tightly regulated. Cell cycle 

checkpoints exist at each major transition of the cell cycle, including G1-S, intra-S 

and G2-M to ensure maintenance of cellular integrity and function. The central 

mediators controlling the activation of cell cycle checkpoints as well as cell cycle 

progression are CDKs and many mechanisms are in place to fine-tune their 

activity. In G1 this so called DNA damage checkpoint is controlled by p53, whose 

function is to relay information to cyclin/CDK that damage has occurred to prevent 

entry into S-phase. This either results in cell cycle arrest via transcriptional 

activation of p21, or, if the damage is severe, triggers apoptosis. Within S-phase, 

the replication checkpoint is activated when the progression of replication forks 

becomes stalled in response to replication stress. This checkpoint, which will be 

discussed in greater detail in Chapter 1.3.1, has two main functions. First, to 

prevent the initiation of replication form so far unfired origins through targeting the 

kinases that regulate the assembly and firing of replication-competent origins 

(Dimitrova and Gilbert, 2000; Jares et al., 2000; Nyberg et al., 2002). Second, to 

protect the integrity of the replication forks and allow recovery of cell cycle 

progression after DNA repair (Lopes et al., 2001; Tercero and Diffley, 2001). Once 

the genetic material is duplicated, proper chromosome segregation is controlled by 

the spindle assembly checkpoint, a signaling pathway that modulates CDK1 

activity and prevents defects in chromosome segregation by inhibiting the APC/C 

complex (Kops et al., 2005; Musacchio and Salmon, 2007). A defective spindle 

assembly checkpoint may provoke unequal inheritance of the genetic information 

that, if unrepaired, facilitates tumor progression by accumulating numerical 

chromosome aberrations (Malumbres and Barbacid, 2005).  

 

1.2.5 Replication origin licensing and cell cycle progression 
During G1 cells must prepare for replication in S-phase and replication origins must 

be established or “licensed”. Licensing refers to the formation of the pre-replication 

complex (pre-RC) at origins of replication. As a first event, the origin of replication 

complex (ORC) must be associated with chromatin to serve as a landing platform 

on which the pre-RC is assembled. Unlike most other components of the pre-RC, 

the ORC remains constitutively bound to DNA. While in budding yeast ORC acts 
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as a sequence-specific DNA binding complex, sequence-specificity has not been 

found in mammalian cells. The next step is the recruitment of CDC6 and 

Chromatin Licensing And DNA Replication Factor 1 (CTD1) to the ORC. These 

proteins in turn load the MCM heterohexameric complex consisting of MCM2-7 

and thus functionally license the origin. However, MCM are not yet stably bound at 

this point. Stable loading of the MCM2-7 complex requires adenosine triphosphate 

(ATP) hydrolysis by CDC6, which further results in release of CTD1 (Tye, 1999). 

The concerted action of CDK and DDK (called Dbf4 in yeast, consisting of CDC7 

and ASK) eventually leads to activation of the MCM complex at the replication 

origins (Figure 8). 

 
Figure 8 | Replication origin licensing.  
Molecular players involved in replication origin licensing. ASK, Activator of S-phase kinase; CDC, 
Cell division cycle; CDT, Chromatin licensing and DNA replication factor; CDK, Cyclin-dependent 
kinase; MCM, Mini-chromosome maintenance; ORC, Origin of replication complex. 
 

This then allows loading of CDC45 and the GINS (Go, Ichi, Nii and San) complex, 

which together convert the MCM complex from an assembly factor into a 

replicative helicase, which begins unwinding to produce short stretches of ssDNA. 

RPA is loaded to protect ssDNA and moves along with the replication fork. 

Following replication initiation, CDC6 and CTD1 are inactivated and MCM are lost 

from the chromatin as replication proceeds. CTD1 is furthermore inhibited by 

Geminin, which specifically binds to CTD1 during S, G2 and early mitosis 

(Wohlschlegel et al., 2000). These mechanisms prevent MCM re-loading onto the 

chromatin until the next round of cell cycle, when CDC6 and CTD1 are again 

activated at ORC, ensuring origin activation only once per cell cycle (Valenzuela, 

2012). The leading and lagging strand polymerases Pol ε and Pol δ, bound to the 

processing factor proliferating cell nuclear antigen (PCNA), then perform DNA 

replication. Figure 9 summarizes the main molecular players involved at the DNA 

replication fork. 
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Figure 9 | The DNA replication fork.  
Schematic illustration of the DNA replication fork centering the pre-replication complex with its 
major molecular components. CDC, Cell division cycle; GINS, Go, Ichi, Nii and San; MCM, Mini-
chromosome maintenance; RPA, Replication protein A.  
 

DNA replication is a complex process involving the concerted action of many 

players. DNA topoisomerase enzymes facilitate DNA helix unwinding and release 

topological tension. Whereas the leading strand polymerase can move 

continuously to produce the new daughter DNA molecule, the lagging strand 

replicates in short DNA segments, called Okazaki fragments, which are later 

connected by DNA ligase I. Furthermore, DNA polymerases ε and δ require a 

primer on which to begin DNA synthesis. Therefore, polymerase α with its 

associated RNA primase synthesizes a short ~10-nucleotide RNA stretch followed 

by 10 to 20 DNA bases. Importantly, this priming action occurs at replication 

initiation sites for leading strand synthesis and also at the 5'-end of each Okazaki 

fragment on the lagging strand. Because Pol α is not able to continue DNA 

replication due to a lack of proofreading activity polymerase switching has to occur 

in both leading and lagging strands (Leman and Noguchi, 2013). 

 

1.2.6 Cell cycle and aging 
Somatic cells do not replicate infinitely. After a certain number or rounds of cell 

cycle they reach the so-called Hayflick limit, where they arrest their cell cycle and 

enter a stage of cellular senescence (Hayflick and Moorhead, 1961). This limited 

proliferative capacity is due to the progressive loss of telomere sequence from the 

end of chromosomes (Blackburn et al., 2006).  
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The ability to replicate the ends of the chromosomes is a specialized task 

performed by a polymerase enzyme called telomerase (Greider and Blackburn, 

1985). However, most somatic cells do not express telomerase (Kipling, 1997). 

Ectopic expression of telomerase is sufficient to confer immortality to otherwise 

mortal cells (Bodnar et al., 1998). Telomere shortening is also observed during 

physiological aging both in humans and mice (Blasco, 2007). Telomerase 

deficiency is also accompanied by premature aging and the development of 

diseases such as pulmonary fibrosis, dyskeratosis congenita and aplastic anemia, 

which involve the loss of regenerative capacity of different tissues (Armanios and 

Blackburn, 2012). A causal link between telomere loss, cellular senescence and 

organismal aging has been established with the help of genetically modified 

animal models. Mice with shortened or lengthened telomeres exhibit decreased or 

increased lifespans, respectively (Armanios et al., 2009; Blasco et al., 1997; 

Rudolph et al., 1999). We know today that cellular senescence can be induced by 

many other stimuli besides telomere shortening, the most important being 

oncogenic stimuli and the accumulation of genomic DNA damage.  

 

Senescence is a mechanism primarily used to prevent the propagation of 

damaged cells by permanently arresting their cell cycle. The underlying molecular 

mechanisms driving cellular senescence are upregulation of the p16/RB and 

p53/p21 pathways (Campisi, 2005). Activation of either pathway imposes a break 

on the cell cycle eventually leading to their irreversible exit, or, in case of 

irreparable damage, apoptosis. Given their importance in governing cell cycle 

progression it is not surprising that deregulation of the MYC/RB and p53 pathways 

have detrimental effects on the cell. The fact that half of all human cancers display 

loss of function mutations or deletions in the p53 gene stresses the importance of 

p53 anti-proliferative function (Soussi and Lozano, 2005). The relevance of the 

RB/p16 pathway for normal aging becomes evident in the fact that expression 

levels of p16 correlate with chronological age in many tissues (Krishnamurthy et 

al., 2004; Ressler et al., 2006). In line with this, suppression of p16 slows down 

age-associated tissue degeneration and stem and progenitor cell attrition in 

several tissues including neuronal progenitors in the forebrain, hematopoietic stem 

cells or pancreatic β-islet cells (Janzen et al., 2006; Krishnamurthy et al., 2004; 
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Molofsky et al., 2006).  

 

How do senescent cells promote aging? Since tissues have fairly constant 

numbers of cells the accumulation of non-dividing senescent cells may 

compromise tissue regeneration and repair. Many of the genes that are 

upregulated in senescent cells are secretary proteins, particularly pro-inflammatory 

cytokines and matrix metalloproteases (Rodier and Campisi, 2011). It is thought 

that these proteins alter the tissue microenvironment and stimulate chronic tissue 

remodeling and/or chronic inflammation. It may also stimulate the proliferation of 

cells that harbor preneoplastic mutations (Campisi, 2005). 
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1.3 Replication stress 
 

1.3.1 Replication Stress and response to replication fork stalling 
When DNA synthesis is blocked due to replication fork stalling, the MCM helicase 

continues to unwind the DNA, generating long stretches of ssDNA that recruits 

RPA and eventually triggers activation of the replication stress response by 

recruiting the ATR-ATRIP kinase complex. This leads to inhibition of S-phase 

progression giving the cell more time to resolve the damage (Zou and Elledge, 

2003). ATR is the central replication stress response kinase and once activated 

through recruitment of co-localizing factors topoisomerase II binding protein 1 
(TOPBP1) and ATRIP, it phosphorylates numerous proteins involved in DNA 

repair, DNA replication, and other cellular processes (Matsuoka et al., 2007). As 

mentioned above the key effector kinase of ATR is CHK1. The phosphorylation 

and ensuing activation of CHK1 requires the activity of several other proteins. In 

mammalian cells, these proteins include CLASPIN, TOPBP1, the RAD9-HUS1-

RAD1 (9-1-1) complex and the RAD17-replication factor C 2-5 (RFC2-5) complex 

(Paulsen and Cimprich, 2007). As shown in Figure 10, once activated, the ATR-

CHK1 pathway blocks cell cycle progression, downregulates origin firing and 

regulates its subcellular localization, enabling it to efficiently phosphorylate 

downstream targets such as CDC25 (Furnari et al., 1997). Thus, ATR pathway 

activation leads to the inhibition of cell cycle progression providing additional time 

for the resolution of stress and allowing the cell to finish DNA synthesis in the 

vicinity of stalled forks. In addition, it helps stabilize and restart stalled replication 

forks and suppress local DNA recombination (Labib and De Piccoli, 2011; Nam 

and Cortez, 2011; Zeman and Cimprich, 2014).  
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Figure 10 | The ATR-mediated replication stress response.  
ATR, Ataxia telangiectasia and Rad3-related; ATRIP, ATR interacting protein; CDC, Cell division 
cycle; CHK, Checkpoint kinase; GINS, Go, Ichi, Nii and San; MCM, Mini-chromosome 
maintenance; ORC, Origin of replication complex; RPA, Replication protein A.  
 

Disruption of ATR results in early embryonic lethality in mice and cell cycle arrest 

or death in both murine embryonic fibroblasts (MEFs) and human cells (Brown and 

Baltimore, 2003). Importantly, this occurs even in the absence of exogenous DNA 

damage (Brown and Baltimore, 2003; Cortez et al., 2001). In Atr-/- mice, embryos 

accumulate chromosome breaks and die prior to embryonic day 7.5 (E7.5). 

Conditional deletion of Atr in MEFs leads to accumulation of DSBs during S-

phase, an effect that is further enhanced by DNA polymerase I inhibitor and 

replication stress inducer Aphidicolin (Brown and Baltimore, 2003). Likewise, 

disruption of CHK1 in mice leads to early embryonic lethality (Liu et al., 2000; 

Takai et al., 2000) and loss of CHK1 activity leads to the accumulation of DSBs in 

both the presence and absence of induced replicative stress (Durkin et al., 2006; 

Nghiem et al., 2001).  

 

If the replication stress response fails, activation of dormant origins takes place. In 

addition, the replication machinery can re-start downstream of a lesion that could 

not be removed, leaving behind a ssDNA gap (Elvers et al., 2011). These gaps 

can then be filled using a special pathway called DNA damage tolerance (DDT) 

pathway allowing the cell to complete replication without prolonged fork stalling 

(Mailand et al., 2013). However, despite these preventive mechanisms, if 
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replication stress persists or replication stress components are lost, forks may 

collapse resulting in the formation of a DSB with activation of a more general DSB 

response with activation of ATM and DNAPK kinases (Zeman and Cimprich, 

2014). Unresolved replication stress is reflected in gaps and breaks on mitotic 

chromosomes (Durkin and Glover, 2007). In addition, recent work has revealed 

that during anaphase a subset of underreplicated sites remain connected by so-

called ultrafine DNA bridges, coated by Bloom (BLM) helicase, BLM-associated 

proteins and Polo-like kinase 1 (Plk1)-interacting checkpoint helicase (PICH) 

(Chan and Hickson, 2009; Chan et al., 2007; Chan et al., 2009; Chu and Hickson, 

2009; Naim and Rosselli, 2009). After entry into mitosis, DNA lesions caused by 

replication stress are converted to chromatin lesions, which are then transmitted to 

daughter cells where they become apparent in G1 as very distinct, sometimes 

even symmetrical 53BP1 bodies (Lukas et al., 2011a). 
 

1.3.2 Sources of replication stress  
One of the most common sources of replication stress are unrepaired DNA lesions 

(Ciccia and Elledge, 2010). Such lesions inevitably impose a physiological barrier 

on the replication machinery and if they cannot be handled by the DDT pathway, 

lead to the induction of a replication stress response. ssDNA at forks can also be 

generated in response to replication inhibitors such as Aphidicolin or Hydroxyurea 

due to the uncoupling between DNA unwinding by helicases and the progression 

of DNA polymerases (Byun et al., 2005; Sogo et al., 2002) or by the uncoupling 

between leading and lagging strand polymerases due to the presence of damaged 

template DNA (Branzei and Foiani, 2010). Misincorporation of nucleotides can also 

induce replication stress. Although the replicative polymerases are highly specific 

in terms of base-pairing, they cannot distinguish well between desoxyribonucleosid 

triphosphates (dNTPs) and ribonucleotide triphosphates (rNTPs), which are 

misincorporated at a surprisingly high frequency of about two per 1000 bp. This 

makes them by far the most abundant form of potential DNA damage in the cell. 
(Dalgaard, 2012; Sparks et al., 2012). Misincorporated rNTPs are recognized and 

removed through a mechanism involving the specialized enzyme RNase H2 

(Sparks et al., 2012). As a consequence of increased rNTP incorporation or if 

RNase H2 is defective, rNTPs stall the replication fork, and it has been shown that 
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misincorported rNTPs can be turned into ssDNA nicks by topoisomerase I, which 

then again results in replication stress (Williams et al., 2013). 

 
Figure 11 | Sources of replication stress.  
A number of conditions or obstacles can slow or stall DNA replication, including limiting 
nucleotides, DNA lesions, ribonucleotide incorporation, repetitive DNA elements, transcription 
complexes and/or RNA–DNA hybrids, DNA secondary structure and fragile sites. BLM, Bloom 
helicase; WRN, Werner helicase. Reprinted from Zeman and Cimprich, 2014 (p. 4) with permission 
from Macmillan Publishers Ltd © 2014. 
 

In addition, replication stress is induced if the replication machinery encounters 

DNA sequences that are challenging to replicate. These include trinucleotide 

repeats, which are prone to form secondary structures, such as hairpins, and thus 

block replication fork progression. Stable secondary structures including 

intramolecular G-quadruplexes that form in guanine/cytosine (GC)-rich DNA 

sequences may impede replication. A strong indicator of replication difficulties at 

GC-rich telomeric sequences is the formation of replication-dependent DSBs at 

human telomeres (Sfeir et al., 2009). As long genes are transcribed over more 

than one complete cell cycle, they are inevitably transcribed during S-phase, 

leading to potential collisions between transcription and replication. The 

interference of replication and transcription machineries is a common source of 

replication stress in genes greater than 800kb, many of which are located in 

genomic regions known as common fragile sites (Helmrich et al., 2011). How the 

interference between transcription and replication leads to DNA damage 

accumulation and ultimately genomic instability is under intense study. It is thought 

that the formation of R-loops, three-stranded nucleic acid structures containing an 

RNA-DNA hybrid and a displaced ssDNA strand, interferes with replication fork 

progression and thus elicits a replication stress response (Helmrich et al., 2013). 

Figure 11 provides an overview of the potential sources of replication stress.  



Introduction 33 

1.4 rDNA and replication stress 
 

Ribosomal RNA (rRNA) genes represent another family of highly repetitive 

genomic sequences. Ribosomal DNA (rDNA) encodes the ribosomal subunits that 

are essential for the protein translation machinery. In mammals, each unit is 

composed of three genes coding for 18S, 5.8S and 28S rRNA, which are 

separated by two intergenic spacers (ITS) and an external transcribed spacer 

(ETS) (Kominami et al., 1982) Whereas the sequences of spacers are generally 

highly divergent, the ribosomal coding elements show in some regions a 

remarkable sequence conservation within species and even among distantly 

related organisms (Eickbush and Eickbush, 2007). Non-transcribed spacers (NTS) 

separate the rDNA repeat units. rDNA is further organized into clusters present on 

one to several chromosome pairs where they are located in subtelomeric regions. 

In situ hybridization experiments have revealed that clusters of rDNA repeats 

termed nucleolar organizer regions (NORs) are located on the short arms of the 

five human acrocentric chromosomes (Chr), Chr 13, 14, 15, 21, and 22, in a 

telomere-to-centromere orientation (Henderson et al., 1972). In the C57Bl/6 

mouse strain NORs are present on four different chromosome pairs (i.e. Chr 12, 

15, 18 and 19) (Dev et al., 1977). Figure 12 shows a schematic representation of 

the rDNA locus.  

 
Figure 12 | Schematic representation of ribosomal genes and their transcripts. 
Chr, Chromosome; rRNA, ribosomal RNA. Reprinted and Raska et al., 2004 (p. 580) with 
permission from Elsevier © 2004.  
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Several studies have highlighted the species-specific chromosomal distribution of 

rDNA clusters even between closely related species, suggesting that the location 

of rDNA clusters can rapidly change through transposition. The rDNA clusters 

show several features in common with breakpoint regions: they are tandemly 

organized, they are located in pericentromeric and subtelomeric regions, they can 

transpose and they are subject to high rates of intra- and inter-chromosomal 

recombination (Cazaux et al., 2011). Indeed, the coincidence of rDNA clusters with 

chromosomal breakpoints has been highlighted in vitro in plants (Huang et al., 

2008). In interphase nuclei, NOR cluster to form nucleoli, which are subnuclear 

compartments responsible for the generation of ribosomes. Nucleoli are clearly 

visible by both light and electron microscope and are organized into three 

subregions- the fibrillar center (FC), dense fibrillar component (DFC) and granular 

component (GC) (Figure 13).  

 
Figure 13 | Schematic representation of the nucleolus. 
The nucleolus consists of several compartments: the fibrillar center, dense fibrillar component and 
granular component.  
 

Ribosome production requires the initial transcription of rDNA into rRNA by a 

specialized RNA polymerase- RNA polymerase I (RNA Pol I). The initial transcript, 

47S pre-RNA, is subsequently spliced to form the mature 18S, 5.8S and 28S 

rRNAs. rRNA is then post-transcriptionally modified by sno-RNPs and additional 

processing factors, assembled with ribosomal proteins and then exported to the 

cytoplasm. rRNA transcription takes place at the border between the FC and DFC, 

with RNA Pol I subunits, and transcription factors, such as upstream binding factor 

(UBF), being enriched in the FC region. Modification and processing of pre-RNA 

transcripts mainly take place in the DFC, where the snoRNPs accumulate and 

most of the ribosomal proteins concentrate in the GC region, where the ribosomal 

subunits are assembled. Over 700 proteins have been identified to belong to the 

nucleolar proteome, over 90% of which have yeast homologues thus emphasizing 
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its evolutionary conservation (Andersen et al., 2005).  

The nucleolus is a very dynamic structure and disassembled when cells enter 

mitosis. During M-phase, RNA Pol I transcription is shut down and while most of 

the nucleolar proteins transiently dissociate from NORs, some of the RNA Pol I 

transcription machinery components including UBF remain associated with rDNA 

at active NORs (Leung et al., 2004). In late anaphase-early telophase rRNA 

transcription is reactivated simultaneously with the re-assembly of nucleolar 

structures (Sirri et al., 2000).  

 

rDNA replication is further complicated by the fact that rDNA is transcribed 

throughout the entire cell cycle including S-phase (Balazs and Schildkraut, 1971; 

Berger et al., 1997; Li et al., 2005). This is necessary to fulfill the high rRNA need 

within the cell. rDNA is the most highly transcribed part of the genome accounting 

for more than 50% of total cellular transcription (Yuan et al., 2005). As a result, the 

high density of both DNA and RNA polymerases make rDNA loci an extreme 

challenge for polymerase traffic. Several mechanisms are in place to counteract 

the potential risk of collisions between the transcription and replication 

machineries. First, the major replication initiation sites are restricted to the NTS 

regions. Second, replication forks arrest at the 3’-end of the transcription unit at a 

so called replication fork barrier (RFB) site (Hernandez et al., 1993). These RFBs 

ensures that the majority of replication forks traveling through the transcribed 

region move in the direction of transcription. Nevertheless, frequent transcriptional 

pausing and R-loop formation, two of the defining characteristics resulting from 

interference between replication and transcription machineries, have been 

reported at active rRNA genes (El Hage et al., 2010). Together, these 

characteristics make rDNA particularly prone to replication stress.  
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1.5 Hematopoiesis and hematopoietic stem cells 
 

1.5.1 Stem cells in regenerating tissues 
Stem cells are undifferentiated, long-lived cells that are unique in their abilities to 

produce differentiated daughter cells and to retain their stem cell identity by self-

renewal (Weissman, 2000). They can be divided into embryonic stem (ES) cells 

and somatic stem cells. ES cells are pluripotent cells found in the inner cell mass 

of the blastocyst that can give rise to cells of all three germ layers: endoderm, 

mesoderm and ectoderm. In contrast, somatic stem cells are tissue-restricted and 

found in regenerative organs with high cellular turnover such as the hematopoietic 

system, skin and intestinal epithelium, or low cellular turnover like muscle and 

brain. Somatic stem cells are responsible for the life-long production of all the 

mature cells that constitute their respective tissues (Wagers and Weissman, 

2004). They are essential for specification and morphogenesis during embryonic 

development, as well as for maintaining tissue homeostasis and regeneration 

following injury (Blanpain et al., 2011; Laird et al., 2008). 

 

1.5.2 Hematopoietic stem cells 
HSCs are responsible for maintaining blood homeostasis. They are a rare 

population of cells that sit on top of the hematopoietic hierarchy and regenerate all 

the needed blood cells (Figure 14). The first evidence that the HSC is indeed the 

common ancestor to all blood cells was provided by Till and McCulloch, who could 

show that the splenic colonies that they observed after transplantation of total BM 

cells into lethally irradiated mice were derived from a single cell (McCulloch and 

Till, 1960). At steady state, HSCs are predominantly quiescent and reside in the 

bone marrow (BM). However, their localization is dynamic as HSCs are also 

capable of migration and can be found circulating in the blood and lymphatic 

system as well as within tissues where they can respond locally to hematopoietic 

stress (immunosurveillance) (Massberg et al., 2007; Wright et al., 2001).  
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Figure 14 | Hematopoietic development in the mouse. 
HSC, Hematopoietic stem cell, MPP, Multipotent progenitor, CMP, Common myeloid progenitor; 
CLP, Common lymphoid progenitor; MEP, Megakaryocyte/erythrocyte progenitor; GMP, 
Granulocyte/monocyte progenitor; NK cell, Natural killer cell. Reprinted from King and Goodell, 
2011 (p.686) with permission from Macmillan Publishers Ltd © 2011. 
 

HSCs produce progenitor cells, which progressively lose the ability to self-renew, 

and further differentiate into terminally differentiated mature blood cells (Morrison 

et al., 1997; Passegué et al., 2005). The immediate downstream progeny of HSCs 

are multipotent progenitors (MPPs), which have full multilineage differentiation 

potential, but can no longer self-renew (Morrison et al., 1997). MPPs then give rise 

to oligopotent progenitor cells, the common lymphoid progenitors (CLPs) for the 

lymphoid lineages and the common myeloid progenitors (CMP) for the myeloid 

lineages. While CLPs give rise to B, T, and natural killer (NK) cells, CMPs give rise 

to two other more specialized progenitor population, the granulocyte/macrophage 

progenitors (GMP) and megakaryocyte/erythrocyte progenitors (MEP), which 

generate the mature effector cells responsible for innate immunity, oxygen 
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transport, and blood clotting (Akashi et al., 1999; Kundu et al., 2010). Other 

complementary progenitor populations have been identified in the myeloid lineage 

(Pronk et al., 2007), which shows that HSCs can use several differentiation 

pathways to maintain production of mature cells. 
 

1.5.3 Functional and phenotypic identification of HSC 
Functionally, HSCs are defined by their ability to provide long-term reconstitution 

of both the myeloid and lymphoid arms of the blood system to a myeloablated 

recipient, and to do so over several rounds of transplantation. They are the only 

cells of the blood system that can serially engraft for up to five times, as all the 

other blood progenitors display either short-term engraftment and exhaust after 

one transplantation or have no engraftment ability (Purton and Scadden, 2007).  

 

Only 0.005-0.01% of all bone marrow cells have long-term reconstitution ability 

(Rebel et al., 1996; Szilvassy et al., 1990). This has imposed great challenges on 

the immunophenotypic identification and isolation of these cells. The first reports 

on the purification of HSCs by flow cytometry were based on the expression of 

Sca-1, low expression of Thy1.1 and the absence of lineage-defining markers 

such as B220, CD4, CD8, Gr1, Mac1, Ter119, CD5 and NK1.1 (Spangrude et al., 

1988; Uchida et al., 1994). Further enrichment has been achieved by excluding 

cells that lacked expression of c-Kit (Ikuta and Weissman, 1992). However, this 

Lineage (Lin)−/Sca-1+/c-Kit+ (LSK) population of bone marrow cells is still very 

heterogeneous and contains only about 10% bona fide HSCs (Rundberg Nilsson 

et al., 2013). A higher level of HSC purity is achieved by selecting a subset of LSK 

cells that is CD34low/negative (Osawa et al., 1996) or that lacks the expression of the 

cytokine polypeptide Fms-related tyrosine kinase 3 (Flt3) (Adolfsson et al., 2001; 

Christensen and Weissman, 2001). Another approach that has been developed to 

enrich for long-term HSCs is based on their high efflux activity. Using the 

fluorescent DNA binding dye Hoechst 33342, Goodell et al. found that cells in a 

small Hoechstlow-stained population (termed the side population (SP)) can protect 

recipients from lethal irradiation at low cell doses (Goodell et al., 1996) More 

recently the signal lymphocyte activating molecule (SLAM) markers CD150 and 

CD48 have become the markers of choice to isolate mouse HSCs (Kiel et al., 
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2005). Within the LSK compartment, close to 50% of the cells that are CD150-

positive and CD48-negative are long-term reconstituting HSCs as shown by 

limiting dilution transplantation assays (Kiel et al., 2005). Additional markers that 

have been used to enrich for more quiescent and/or functionally distinct HSC 

subsets include CD34, Endothelial protein C receptor (EPCR), rhodamine, the 

other SLAM markers CD229 and CD244, CD41 and von Willebrand factor (vWF) 

(Wilson et al., 2008; Kent et al., 2009; Oguro et al., 2013; Yamamoto et al., 2013; 

Sanjuan-Pla et al., 2013). 

 

HSCs are currently one of the few blood cells amenable to single cell 

transplantation assays. Interestingly, HSCs display a surprisingly heterogeneous 

behavior at the clonal level (Dykstra et al., 2007), which has lead to propose that 

the HSC compartment could be composed of functionally distinct clones of 

lymphoid-biased HSCs, balanced HSCs and myeloid-biased HSCs, with different 

biological activities and hard-wired lineage potentials (Muller-Sieburg et al., 2004; 

Copley et al., 2012). However, whether HSCs are clonally heterogeneous or have 

heterogeneous behaviors based on the BM niche (see below) they are homing to 

in these single cell transplantation experiments remains to be established. 

 

1.5.4 From fetal to adult HSCs 
In mice, hematopoiesis begins at embryonic day (E) E7.5 with the emergence of 

primitive progenitor cells in the yolk sac that are capable of generating 

erythrocytes, which are essential for oxygen transport (Dzierzak and Speck, 2008; 

Orkin and Zon, 2008). This initial “primitive” wave of hematopoiesis is followed by 

a “definitive” wave, which is characterized by the production of all lineages of 

mature blood cells and the generation of the first HSCs by hemogenic endothelium 

in specific aorta beds (Medvinsky and Dzierzak, 1996). Definitive HSCs are also 

found in the aorta-gonad mesonephros (AGM) region and placenta by E8.5 and 

E10, respectively, before migrating from these sites to the fetal liver (FL) 

(Medvinsky et al., 2011). Colonization of the FL by HSCs coincides with their 

appearance in the embryonic circulation at about E10.5. Between E11 and E16, 

HSCs massively expand in the FL through a proliferation process that is mediated 

by angiopoietin-like factors and regulated by the Sox17 transcription factor (Kim et 
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al., 2007; Zhang et al., 2006a). By E17.5 and throughout the first three to four 

weeks of postnatal life, HSCs leave the FL and migrate to the developing BM 

cavity where they remain throughout adult life (Dzierzak and Speck, 2008). 

Colonization of the BM during the first three weeks of life is thought to occur via an 

active recruiting mechanism involving the stromal-derived factor 1 (SDF1α, also 

known as CXCL12) and its receptor C-X-C motif ligand receptor type 4 (CXCR4) 

(Ma et al., 1998) as well as other factors that function in conjunction with CXCR4, 

such as prostaglandin E2 (PGE2) and the neuronal guidance protein ROBO4 

(Hoggatt et al., 2009; Smith-Berdan et al., 2011). Additional mechanisms involved 

in this process that work independently of CXCR4 include the c-Kit receptor, the 

calcium-sensing receptor (CaR), and the transcription factor early growth response 

protein 1 (EGR1) (Adams et al., 2006; Christensen et al., 2004; Min et al., 2008). 

While adult HSCs are essentially maintained in the BM niche (see below), their 

migratory activity persist throughout adulthood with a continuous recirculation in 

the bloodstream, tissues, and the lymphatic system under homeostatic conditions, 

likely as a form of immunosurveillance (Bhattacharya et al., 2009; Massberg et al., 

2007) and to engraft distant BM sites (Wright et al., 2001). 

 

During the first few weeks of postnatal life HSC not only home to the BM, but also 

switch from a cycling to a mostly quiescent cell cycle status (Bowie et al., 2006). 

While about 95-100% of mouse fetal HSCs are actively cycling (Bowie et al., 2006; 

Nygren et al., 2006), adult HSCs are primarily quiescent with only about 5% of 

cells actively in the cell cycle (defined as S-, G2-, or M-phases). However, they are 

highly responsive to environmental signals and able to re-enter the cell cycle 

quickly in order to regenerate the blood system (Pietras et al., 2011). Together, 

these data emphasize the dynamic nature of hematopoietic development from 

embryogenesis through adulthood.  

 

1.5.5 The BM niche  
Throughout their entire adult life HSCs reside in a functionally specialized 

microenvironment in the BM called the HSC niche. The niche plays an important 

role in controlling HSC fate decisions including cell cycle, trafficking and 

differentiation activity, due to its dynamic regulation of the switch between 
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quiescence/proliferation and anchoring/mobilization. A number of the signals 

provided locally by the BM niche cells are known to control these processes 

(Frenette et al., 2013). Secreted factors like stem cell factor (SCF), TGF-β1, 

platelet factor 4 (PF4 or CXCL4), angiopoietin 1 and thrombopoietin (TPO) are all 

well-know enforcers of HSC quiescence. Alongside the chemokine CXCL12, 

adhesion molecules such as vascular cell adhesion protein 1 (VCAM-1) and 

various selectins, as well as extracellular matrix (ECM) proteins like fibronectin or 

hyaluronic acid are all essential regulators of HSC homing and anchoring in the 

niche. Finally, cell-bound molecules like Notch ligands or locally secreted 

cytokines like interleukin 7 (IL-7) or erythropoietin (EPO) are all important 

controllers of HSC proliferation and differentiation activity (Frenette et al., 2013). 

 

Mainly due to the difficulty in retaining histological integrity when sectioning bone, 

as well as the complexity of immunostaining methods that are necessary to 

identify HSCs, the exact localization within the BM has for many years been a 

matter of debate. For a long time, HSCs have been thought to reside close to 

osteoblasts and in an endosteal niche. More recently, HSCs have been visualized 

associated to sinusoidal blood vessels leading to the idea of a separate vascular 

niche. However, advances in imaging technologies have shed light on this matter 

and shown that both niches are in fact interconnected. A schematic illustration of 

the most important components of the BM niche is shown in Figure 15. These 

include several populations of perivascular mesenchymal stromal cells (MSCs) 

including CXCL12-abundant reticular (CAR) cells, as well as their osteoblastic 

lineage derivatives such as osteolineage progenitors and mature bone-forming 

osteoblasts. Other BM cells that are part of the niche include hematopoietic-

derived macrophages including bone-resorbing osteoclasts, vascular endothelial 

cells, sympathetic nerve fibers and non-myelinating Schwann cells (Morrison and 

Scadden, 2014). Recently, hematopoietic-derived megakaryocytes have also been 

shown to be part of the BM niche (Bruns et al., 2014; Zhao et al., 2014).  
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Figure 15 | The HSC niche. 
Schematic illustration of the cellular components comprising the BM niche. While HSCs are 
associated with BM vasculature, more committed hematopoietic cells, such as lymphoid 
progenitors reside in an endosteal niche that is spatially and cellularly distinct from HSCs. CAR 
cell, CXCL12-abundant reticular cell; CXCL12, Chemokine 12; HSC, Hematopoietic stem cell; 
SCF, Stem cell factor. Reprinted from Morrison and Scadden, 2014 (p. 330) with permission from 
Macmillan Publishers Ltd © 2014.  
 

Given the complexity of the cell types supporting HSCs in the BM cavity and their 

overlapping productions of important molecules controlling HSC activity, it has 

become clear that there is no single defined anatomical niche cell. Rather, the 

niche is now viewed as a complex ecological system found at many locations in 

different bones, which is composed of a large number of cell types with specialized 

functions that provide distinct chemical signals and physical interactions essential 

for HSC maintenance and regulation of blood production (Ehninger and Trumpp, 

2011). The niche also gets remodeled and changes its HSC supportive function 

under certain stress conditions, such as hematological malignancies (Arranz et al., 

2014; Hanoun et al., 2014; Schepers et al., 2013). It is therefore very likely that the 

extracellular effects of physiological aging on the BM microenvironment will also 

directly impact HSC function. 

 



Introduction 43 

1.5.6 Quiescence and cell cycle activity of HSCs 
Unlike fetal HSCs and adult hematopoietic progenitor cells, which are highly 

proliferative, the majority of adult HSCs are only slowly cycling during 

homeostasis. By four weeks of age, the BM HSC population has reached its 

quiescent state and remains as such throughout adult life (Bowie et al., 2006; 

Cheshier et al., 1999; Kiel et al., 2007). It is widely accepted that the quiescent 

state is a functionally important characteristic of HSCs as a means to protect 

against proliferation-associated damage and ultimately premature exhaustion 

(Orford and Scadden, 2008). Interestingly, not all adult HSCs are uniformly 

quiescent: in vivo experiments assessing the cell cycle activity by measuring 

retention of 5-Bromo-2´-Deoxyuridine (BrdU) or histone 2B (H2B)-GFP expression 

pulses suggest heterogeneity in the degree of HSC quiescence (Foudi et al., 2009; 

Wilson et al., 2008). Based on the rate of cell cycle entry, these studies propose a 

division of quiescent HSCs into “activated” and “dormant” states comprising 90-

95% and 5-10% of the adult HSC pool, respectively. Whereas activated HSCs 

divide once per 36 days, dormant HSCs enter the cell cycle only once in 145 days 

(Foudi et al., 2009; Wilson et al., 2008). These cells seem to be enriched for long-

term reconstitution potential and are believed to provide a reservoir set aside for 

hematopoietic emergency.  

 

Many terminally differentiated cells of the hematopoietic system such as 

granulocytes are short-lived and need to be constantly replaced in order to 

maintain the integrity of the blood system (Pietras et al., 2011). Additionally, 

hematopoietic stress conditions such as acute blood loss, infections, inflammation, 

or toxic/chemotherapeutic insults that lead to loss of hematopoietic cells, results in 

a rapid entry of quiescent HSCs into the cell cycle. Their production of highly 

proliferative progenitor cells ensures steady-state hematopoiesis as well as fast 

recovery and regeneration of the hematopoietic system after conditions of 

hematopoietic stress. Surprisingly, HSC contribution to native hematopoiesis in a 

non-transplanted setting has recently been proposed to be relatively small (Sun et 

al., 2014b). Using an elegant in vivo retrotransposon tracking approach, it was 

shown that under homeostatic conditions hematopoiesis is rather driven by both 

lineage-restricted and multipotent clones (Sun et al., 2014b). Nevertheless, HSCs 
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undoubtedly serve as an important reserve pool during hematopoietic stress 

conditions.  

 

In response to extrinsic cues that signal injury or infection, HSCs need to enter the 

cell cycle rapidly, yet transiently. Inside the cell, entry from G0 into the G1-phase of 

the cell cycle is governed primarily via competing activating and inhibitory 

mechanisms that regulate the activity of downstream cyclin/CDK complexes. As 

stated above, HSCs in the BM niche are exposed to a wide range of 

environmental factors expressed by both hematopoietic and BM stromal cells. 

These include factors that influence HSC cell cycle status, such as cytokines, 

chemokines and growth factors such as CXCL12, SCF and TPO (Pietras et al., 

2011). Such mitogenic stimuli function primarily through activation of the PI3K 

pathway, which is considered a central activator of HSC cell cycle activity. PI3K 

activates AKT, which can both lead to the activation of mTOR and the suppression 

of the FOXO family of transcription factors. That way, PI3K signaling results in 

inhibition of FOXO-dependent transcription of CKI p21 and p27 and ultimately cell 

cycle activation (Massague, 2004). Accordingly, FoxO3a- and FoxO1/3/4-deficient 

mice display increased HSC cell cycle activity (Miyamoto et al., 2007; Tothova et 

al., 2007). Due to its central role in regulating cell proliferation, PI3K signaling must 

be tightly controlled to preserve HSC long-term self-renewal capacity (Warr et al., 

2011). PTEN acts as major regulator of AKT signaling by directly suppressing its 

function. Conditional deletion of PTEN in the hematopoietic system results in an 

increase in the frequency of cycling HSCs, which is accompanied by defective 

self-renewal ability and their functional decline (Yilmaz et al., 2006b; Zhang et al., 

2006b). The pro-proliferative activity of mTOR is kept under control by tumor 

suppressor TSC1 and mice lacking Tsc1 have uncontrolled mTOR activity (Chen 

et al., 2008). Pharmacological inhibition of mTOR by treatment with Rapamycin is 

able to reverse many of the phenotypes associated with Pten deficiency (Yilmaz et 

al., 2006b). This suggests an important interplay between PTEN and mTOR in the 

regulation of HSC cell cycle entry.  

 

Further important players in HSC cell cycle regulation are CKIs. Deletion of p21 

leads to loss of HSC quiescence, which renders HSCs more sensitive to 

exhaustion by cytotoxic drugs (Cheng et al., 2000b). On the other hand, loss of 
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p27 has no influence on HSC numbers, cell cycle distribution or self-renewal 

potential, however, it results in an increased hematopoietic progenitor cell 

compartment (Cheng et al., 2000a). Furthermore, deletion of p57 leads to severe 

loss of HSC self-renewal capacity as well as a reduction of quiescent cells within 

the HSC compartment, which could be rescued by expression of p27 from the p57 

gene locus (Matsumoto et al., 2011). These phenotypes were even further 

pronounced when p27 or p21 were deleted simultaneously with p57 (Matsumoto et 

al., 2011; Zou et al., 2011). In contrast to the deletion of CIP/KIP family members, 

loss of the INK4 family member p18 results in a comparable increase in HSC 

numbers, but surprisingly also in an increase in the long-term repopulating ability 

upon transplantation (Yu et al., 2006; Yuan et al., 2004). This is especially striking 

as in most cases increased cycling of HSCs has detrimental effects on their 

repopulating capability.  

 

In addition to these cell-intrinsic factors, the cell cycle of HSCs is regulated by 

several highly conserved developmental pathways, including TGF-β1, Wnt, Notch 

and Hedgehog signaling (Pietras et al., 2011). Deletion of Tgf-β1 leads to defects 

in fetal erythropoiesis resulting in embryonic lethality (Dickson et al., 1995). 

Similarly, Wnt3a-deficient mice show depressed numbers of HSCs in the FL (Luis 

et al., 2009). Yet, conditional deletion of Notch, Wnt, and Hedgehog signaling 

components in adult mice have not resulted in defects or alterations in HSC cell 

cycle activity (Gao et al., 2009; Koch et al., 2008; Maillard et al., 2008). This 

suggests that they are either not absolutely critical in adult hematopoiesis, or that 

significant functional redundancy exists between these and other niche signals. 

 

1.5.7 HSC protective mechanisms 
Because they are long-lived, HSCs are at increased risk of acquiring genomic 

damage and are equipped with an array of protective mechanisms that are 

believed to contribute to the preservation of their activity (Kohli and Passegué, 

2014). HSCs regenerative capacity is not infinite. After serial transplantations, 

HSCs gradually decline and are eventually exhausted (Harrison et al., 1978; Ross 

et al., 1982). Therefore, restriction to the quiescent state is essential in the long-

term maintenance of stem cell function and serves as a main protective strategy 
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against damage associated with replication (Bakker and Passegué, 2013). HSCs 

are also equipped with specific detoxification mechanisms. In contrast to 

progenitors, HSCs express high levels of the ATP-binding cassette (ABC) 

transporters that facilitate the efflux of genotoxins (Challen and Little, 2006). 

Furthermore, HSCs maintain low ROS levels through both their low metabolic 

activity and reliance on glycolytic metabolism as well as the hypoxic nature of the 

BM niche (Suda et al., 2011). In addition to these cytoprotective properties, HSCs 

are also poised for survival after exposure to genotoxic stress, such as ionizing 

radiation. This enhanced survival is mainly due to the high expression of pro-

survival members of the Bcl-2 gene family in HSCs (Mohrin et al., 2010). DNA 

repair is also crucial for HSC maintenance. Because HSCs are predominantly 

quiescent, they are restricted to using NHEJ to repair irradiation-induced DSBs 

(Mohrin et al., 2010). As NHEJ is an error-prone DNA repair pathway, quiescent 

HSCs are susceptible to acquiring mutations and chromosomal instability following 

DNA repair. Interestingly, HSCs forced to proliferate acquire fewer mutations after 

irradiation-induced DSBs, because they can use the high-fidelity HR repair 

mechanism (Mohrin et al., 2010). In contrast, umbilical cord blood–derived HSCs 

respond differently to DNA damage. Compared to more differentiated progenitors 

they recruit a huge amount of apoptotic mediators leading to programmed cell 

death (Milyavsky et al., 2010). This might be necessary to establish an 

undamaged pool of HSCs capable of maintaining blood homeostasis for a lifetime. 

Thus, these differential responses of fetal and adult HSCs to DNA damage are 

consistent with the different functions of HSCs at different stages of ontogeny.  
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1.6 Aging hematopoiesis 
 

1.6.1 Characteristic features of the aging hematopoietic system  
As stem cells are responsible for life-long maintenance of tissue homeostasis, the 

age-dependent decline in regenerative capacity has been directly attributed to a 

decline in stem cell function. During aging, HSCs become functionally impaired. 

This loss of HSC functionality is reflected in many well-characterized age-

associated changes of the blood system, the most striking being the decreased 

HSC repopulating ability upon transplantation. This hallmark feature of old HSCs 

has been shown to be partly due to their decreased ability to home to and engraft 

in the BM (Liang et al., 2005). In addition, old mice were found to have an increase 

in mature myeloid cells and a decrease in mature lymphoid cells. This myeloid 

lineage skewing has been shown to be due, at least in part, to an increase in the 

number of myeloid progenitor cells and a decrease in number of lymphoid 

progenitors (Janzen et al., 2006; Rossi et al., 2005; Rossi et al., 2007b). In 

addition, HSCs isolated from 22-24 months old mice (referred to as old HSCs) also 

express higher levels of genes associated with myeloid development and 

differentiation and decreased levels of lymphoid-associated genes (Rossi et al., 

2005). Upon transplantation, old HSCs also reproduce the lineage skewing 

observed at steady-state, suggesting that the changes in blood output are 

primarily due to cell-autonomous alterations in HSCs (Morrison et al., 1996; Rossi 

et al., 2005; Sudo et al., 2000). The reason why blood production shifts during 

aging is not yet understood, although several mechanisms have been proposed to 

explain the decline in lymphoid cell production. One possibility is a change in the 

clonal composition of the HSC compartment with a gradual dominance of a 

myeloid-biased HSC subtype (Copley et al., 2012). This conversion of lymphoid-

competent to lymphoid-deficient or myeloid-biased HSC subtypes has been 

suggested to reflect a proliferative or self-renewal advantage of these cells 

(Beerman et al., 2010; Cho et al., 2008). Myeloid-biased HSCs express higher 

levels of CD150 than lymphoid-biased HSCs (Beerman et al., 2010; Challen et al., 

2010; Morita et al., 2010) and, accordingly, the HSC population of old mice is 

greatly enriched for CD150high cells (Beerman et al., 2010). The expression of 

CD41 on HSCs also increases with age and marks an additional subset of 
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myeloid-biased HSCs (Gekas and Graf, 2013). However, the fact that the total 

repopulating potential diminishes with age in both CD150high and CD150low HSCs 

suggests that deficiencies within each clonal subtype also contribute to age-

dependent stem cell decline (Beerman et al., 2010). Lymphoid cells have also 

been shown to be much more sensitive to the effects of replication stress than 

myeloid cells (Barlow et al., 2013), which could be an additional explanation for the 

myeloid bias. An alternative hypothesis could be the gradual erosion of 

lymphopoietic activity across a homogeneous population of HSCs. This may be 

due to cell-intrinsic deregulations affecting lineage specification networks, re-

enforced by changes in the supportive activity of the BM microenvironment and 

decreased secretion of lymphoid-promoting cytokines such as IL-7 by osteoblasts 

in old mice (Aguila et al., 2012; Stephan et al., 1998).  

 

Many of the age-associated changes in the blood system of old mice are 

paralleled in humans. Here, advanced age is associated with a decrease in 

lymphoid cell production leading to an impaired ability to fight infection as well as a 

lower efficacy of vaccination (Weiskopf et al., 2009), a feature commonly referred 

to as immunosenescence (Dorshkind et al., 2009). At the same time the blood 

system faces a shift towards an increased myeloid lineage output that goes in 

hand with an age-dependent increase in the incidence of myeloid malignancies, 

primarily myelodysplastic syndromes (MDS) and myeloproliferative neoplasias 

(MPN). Additionally, anemia, a decrease in red blood cell production, is more 

common in the elderly (Rossi et al., 2008). A decreased HSC regenerative 

capacity is reflected in a higher sensitivity of old patients towards the effects of 

cytotoxic chemotherapies, often displaying myelosuppression (Sharpless and 

DePinho, 2007). Moreover, BM transplantations done with cells isolated from older 

donors do not resolve disease as efficiently as cells isolated from young donors 

(Kollman et al., 2001; Rossi et al., 2008).  

 

1.6.2 HSC cell cycle changes during aging 
Intriguingly, aged mice have increased numbers of phenotypic HSCs. Several 

studies have suggested that this expansion might result from an age-dependent 

increase in the frequency in which HSCs enter the cell cycle (Morrison et al., 1996; 



Introduction 49 

Yilmaz et al., 2006a). Other investigations, however, either did not detect 

differences in the cell cycle of young and old HSCs (de Haan and Van Zant, 1999; 

Janzen et al., 2006; Sudo et al., 2000) or demonstrate that old HSCs undergo 

fewer cell divisions than young HSCs as assayed by BrdU and N-

hydroxysuccinimidyl biotin incorporation (Attema et al., 2009; Nygren and Bryder, 

2008). The latter suggests that the activity of certain cell cycle checkpoint 

mechanisms may be increased with age, thus delaying cell cycle entry. This is 

supported by the observation of increased p16 levels suggesting cellular 

senescence in old HSCs (Janzen et al., 2006). However, using a different 

definition of HSC and single cell qPCR assays, another group could not document 

an increase in p16 levels in old HSCs (Attema et al., 2009) suggesting that aging-

associated upregulation of p16 expression may be a rare event. In addition, p53-

dependent checkpoint activation has been suggested to underlie decreased cell 

cycle activity and functional decline in old HSCs. Along those lines, HSCs isolated 

from aged mice genetically modified to have increased p53 activity (p53m/+) 

showed decreased proliferation and reduced self-renewal capacity compared to 

old p53+/+ HSCs, whereas old p53+/- HSCs, having only one functional p53 allele, 

exhibit increased functional capability (Dumble et al., 2007). These data suggest 

that p53-dependent mechanisms may at least in part underlie checkpoint 

activation in old HSCs. 

 

1.6.3 Drivers of aging in the hematopoietic system 
In the last few years several cellular and molecular drivers of HSC aging have 

been identified. A summary of the major known cell-intrinsic drivers of HSC aging 

is shown in Figure 16. 
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Figure 16 | Summary of the major cell-intrinsic drivers of HSC aging. 
BATF, B cell-activating transcription factor; BCL-2, B cell lymphoma 2; CDC, Cell division cycle; 
DNA, Desoxyribonucleic acid; GDP, guanosine diphosphate; GTP, guanosine triphosphate; 
ICAM1, intercellular cell adhesion molecule 1; mtDNA, mitochondrial DNA; PECAM, 
platelet/endothelial cell adhesion molecule; ROS, reactive oxygen species. The exact roles for 
BATF and BCL-2 in HSC aging have not been reported yet (Geiger et al., 2013). Reprinted from 
Geiger et al., 2013 (p. 6) with permission from Macmillan Publishers Ltd © 2013.  
 

1.6.3.1 BM niche changes 
The ability of BM stromal cells to influence HSC function suggests that changes in 

the niche may also contribute to age-dependent HSC dysfunction. Alterations in 

niche composition, which include decreased bone formation and enhanced 

adipogenesis in addition to increased ROS production and a decreased hypoxic 

state have been associated with BM aging (Tuljapurkar et al., 2011; Wagner et al., 

2008). Also, it has been proposed that certain niche factors might influence aging 

and clonality of HSCs and thus promote the aging-associated progression to 

malignancies (Vas et al., 2012). An upregulation of inflammation-responsive genes 

and an increase in nuclear factor-κB (NF-κB) and stress adhesion signaling via 

intercellular adhesion molecule 1 (ICAM1) and platelet/endothelial cell adhesion 

molecule (PECAM) may reflect the presence of a pro-inflammatory environment in 

old BM (Chambers et al., 2007). In line with this hypothesis, the myeloid skewing 

seen in old HSCs also seems to be influenced by increased levels of pro-
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inflammatory cytokine Rantes/C-C motif ligand 5 (CCL5) produced by an altered 

niche (Ergen et al., 2012). Furthermore, decreased levels of the chemokine 

CXCL12 in the old BM environment has been suggested in association with 

increased BM HSC numbers (Tuljapurkar et al., 2011).  

1.6.3.2 Epigenetic changes 
Numerous studies have suggested a critical role for epigenetic regulation of HSC 

central properties including self-renewal and multilineage differentiation (Oh and 

Humphries, 2012). Because these stem cell properties are characteristically 

altered during HSC aging (Rossi et al., 2008), this raises the possibility that 

changes in the epigenomic landscape or in its regulators may play a major 

mechanistic role in the age-associated decline of HSCs. Indeed, epigenetic 

modifications, mainly in the DNA methylation status or the modifications of 

histones, have been shown to be altered with age resulting in a cumulative loss of 

gene regulation over time (Beerman et al., 2013; Bocker et al., 2011; Hogart et al., 

2012). Global gene expression profiling studies have revealed a downregulation of 

genes involved in chromatin remodeling and chromatin-dependent transcriptional 

silencing in old HSC (Chambers et al., 2007). These include genes related to the 

nucleosome remodeling complex switch/sucrose non-fermentable (SWI/SNF) 

including Smarca4 (SWI/SNF-related matrix-associated actin–dependent regulator 

of subfamily A member 4), Smarcb1 and histone deacetylases (HDAC) Hdac1, 

Hdac2 and Hdac6. Furthermore, genes that are involved in DNA accessibility such 

as sirtuins (Sirt) Sirt2, Sirt3 and Sirt7 have also shown to be downregulated in old 

HSCs (Chambers et al., 2007). 

 

Recent genome-wide analyses of histone marker changes identified broader 

H3K4me3 peaks across HSC identity and self-renewal genes and showed 

increased DNA methylation at transcription factor binding sites associated with 

differentiation-promoting genes as well as a reduction at genes associated with 

HSC maintenance (Beerman et al., 2013; Sun et al., 2014a). In addition, 

acetylation of histone H4K16 has been shown to be decreased genome-wide with 

aging (Florian et al., 2012). DNA methylation analysis using reduced 

representation bisulfite sequencing technique in old HSCs revealed DNA to be 

hypermethylated with age, specifically at loci identified as targets of the Polycomb 
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Repressive Complex 2 (PRC2) (Beerman et al., 2013). Together with diminished 

expression of the Prc2 core components Enhancer of zeste homolog 2 (Ezh2), 

Suppressor of zeste 12 (Suz12), and Embryonic ectoderm development (Eed) 

during aging, it has been suggested that PRC2-mediated repression at these loci 

may diminish with age, facilitating easier access of the DNA methylation 

machinery (Beerman et al., 2013). For example, downregulation of Ezh2 leads to 

de-repression of the Ink4a/Arf locus in human and mouse cells undergoing 

senescence (Agherbi et al., 2009; Bracken et al., 2007). Loss-of-function 

mutations in Prc2 core components have also been found in a variety of myeloid 

diseases, including acute myeloid leukemia (AML) and MDS, the prototypic blood 

disorder of the elderly (Shih et al., 2012). The fact that mutations in Tet 

methylcytosine dioxygenase 2 (TET2) are among the most common mutations 

found in MDS patients (Shih et al., 2012), indicates that aberrant DNA 

hypermethylation in HSCs is central to the etiology of disease in these patients 

and supported by the fact that a subset of MDS patients responds well to DNA 

hypomethylating agents (Fukumoto and Greenberg, 2005).  

1.6.3.3 Loss of cell polarity 
Loss in cell polarity has recently been shown to be a driving force behind HSC 

aging. Similar to what has been described for other stem cell systems (Cheng et 

al., 2008), loss in cell polarity and associated mislocalization of important 

components for intracellular protein distribution, cell division and epigenetic 

regulation may result in alterations of cell division and result in functional decline. 

Increased expression and activity of CDC42, a small Rho G protein, has been 

shown be the underlying cause for loss of cell polarity in old HSCs resulting in 

random distribution of tubulin, CDC42 itself and other planar cell polarity markers 

as well as altered nuclear distribution of acetylated H4K16 (Florian et al., 2012). 

Importantly, this aging-associated loss of cell polarity, together with other features 

of HSC aging, can be induced in young HSCs upon treatment with WNT5A, which 

is expressed at low levels in young HSCs, but increases with aging, leading to a 

shift form canonical to non-canonical Wnt signaling. Conversely, reducing Wnt5a 

expression either by genetic haploinsufficiency or short hairpin RNA (shRNA)-

mediated knockdown in old HSCs restored many of the functions altered with age 

(Florian et al., 2013).  
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1.6.3.4 Metabolic changes 
Aberrant mitochondrial function has been proposed to be another underlying 

causes of aging, because increased levels of mitochondrial DNA (mtDNA) 

mutations are detected in aged tissue such as skin and muscle (Larsson, 2010). 

With respect to HSC aging, this theory is supported by several observations: First, 

studies in mice harboring a proofreading-deficient version of the nucleus-encoded 

catalytic subunit of mtDNA polymerase DNA polymerase gamma (POLG), develop 

lymphopenia, anemia and myeloid lineage skewing, signs reminiscent of HSC 

aging (Norddahl et al., 2011; Trifunovic et al., 2004). Mitochondrial dysfunction and 

associated increase in intracellular ROS production through mitochondrial 

oxidative phosphorylation has also been shown to lead to increased p38 mitogen-

activated protein kinases (MAPK) and mTOR activation, both of which have been 

linked to HSC exhaustion after serial transplantation. Interestingly, these features 

could be reversed by prolonged treatment with an antioxidant or an inhibitor of p38 

MAPK (Ito et al., 2006; Jang and Sharkis, 2007). On the contrary, more recent 

data on old HSCs could not confirm elevated ROS levels (Norddahl et al., 2011). 

mTOR is a serine/threonine protein kinase that functions as a master regulator of 

cellular growth and metabolism in response to nutrient and hormonal cues (Stanfel 

et al., 2009) and has been established as a key molecular player with regard to 

aging-associated changes in metabolism. In line with this, inhibition of the mTOR 

pathway extends lifespan in model organisms and confers protection against a 

growing list of age-related pathologies (Harrison et al., 2009; Kaeberlein et al., 

2005; Kapahi et al., 2004; Vellai et al., 2003). A fundamental role for mTOR 

signaling has also been proposed for HSC aging: mTOR pathway activity is 

increased in HSCs from aged mice and increasing mTOR signaling is sufficient to 

cause premature aging of HSCs in young mice. In addition, pharmaceutical 

inhibition of mTOR improved the regenerative capacity of HSCs from aged mice, 

showing that the functional capacity of these HSCs can be restored (Chen et al., 

2009). 

 

Another cellular mechanism involved in metabolic regulation and linked to mTOR 

is autophagy. Autophagy is a process that protects cellular homeostasis by 

degrading and recycling damaged cellular components. Loss of autophagy in 

tissues such as brain, liver and heart has been associated with an increase in age-



Introduction 54 

related disorders, such as neurodegeneration, metabolic syndromes and cardiac 

dysfunction (Rubinsztein et al., 2011). It has therefore been hypothesized that 

reduced autophagy also contributes to aging-associated functional decline in stem 

cells. Interestingly and contrary to what has been seen in other tissues, old HSCs 

seem to depend heavily on the use of autophagy, since blocking autophagy leads 

to much greater functional reduction in colony-formation potential than in young 

HSCs (Warr et al., 2013). The differences in autophagy between young and old 

HSCs were, however, not due to changes in in the activity of mTOR or FOXO3. 

Rather, old HSCs showed defects in their ability to uptake glucose leading to a 

chronic state of metabolic stress (Warr et al., 2013).  

1.6.3.5 DNA damage accumulation in old HSCs 
Accumulation of DNA damage has been proposed to be a central mechanism 

underlying HSC functional decline. Patients with progeroid syndromes (i.e. 

diseases with symptoms that mimic those associated with old age and are caused 

by loss of function of components of the DNA damage recognition and repair 

pathways) often develop cancer or failure of the hematopoietic system (Ciccia and 

Elledge, 2010; Lombard et al., 2005). The importance of maintaining genomic 

integrity to preserve stem cell function has been demonstrated in numerous 

studies evaluating HSC function in mice deficient in different DNA repair pathways, 

including Fanconi anemia, complementation group D2 (Fancd2)/Brca2 (Navarro et 

al., 2006), MutS Homolog 2 (Msh2) (Reese et al., 2003), Lig4 (Nijnik et al., 2007), 

Rad50 (Bender et al., 2002), telomerase RNA component (mTR), Xeroderma 

pigmentosa (XP) Xpd and Ku80 (Rossi et al., 2007a). Taken together, all these 

studies come to the conclusion that while steady-state hematopoiesis can be 

maintained in the absence of key DNA repair proteins, the capacity of HSCs to 

respond to stress is severely impaired. The reduced capacity of old HSCs to 

survive and restore blood homeostasis could therefore be partially due to their 

increased levels of DNA damage. In support of this hypothesis, recent results from 

deep sequencing studies show that human hematopoietic stem and progenitor 

cells (HSPCs) from normal, healthy donors accumulate cell-specific, age-

dependent mutations that are independent of malignant transformation (Welch et 

al., 2012). However, what is causing this increase in DNA damage is still unknown. 

Because telomere shortening and associated senescence are key cellular 
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processes associated with aging in many tissues, it has been suggested that age-

associated telomere shortening could be responsible for increased DNA damage 

in old HSCs and contribute to HSC functional decline (Geiger et al., 2013). 

Telomere length is perhaps the most well-known molecular clock of cell division 

(Gazit et al., 2008). Telomeres are repetitive DNA sequences located at the ends 

of chromosomes that prevent the activation of the DNA damage through the 

binding of telomere factors. However, replication-associated telomere shortening 

causes loss of telomere bound factors, resulting in ssDNA/RPA complex of a 

sufficient length to trigger the generation of a robust DDR (d'Adda di Fagagna et 

al., 2004). Third-generation mice with dysfunctional telomerase, that have 

extremely shortened telomeres, show premature aging phenotypes in HSCs 

(Wang et al., 2012). However, mouse HSCs express detectable levels of 

telomerase (Allsopp et al., 2003) and it is unclear whether telomeres shorten 

sufficiently through the lifetime of an animal (Choudhury et al., 2007).  

 

Due to the lack of a clear molecular mechanism one of the strongest arguments in 

support of the DNA damage hypothesis of HSC aging has so far been the 

accumulation of γH2AX foci in old HSCs from both mice and humans (Rossi et al., 

2007a; Rube et al., 2011). This indicates increased occurrence of DNA strand 

breaks and suggests that aging may contribute to the loss of HSC function in part 

due to increased genomic instability. 
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1.7 Aim of this Study 
 

It has been suggested that DNA damage accumulates with increasing age and 

that this contributes to the functional decline of HSCs. This argument is mainly 

based on a correlation with γH2AX foci accumulation in aged HSCs from both 

humans (Rube et al., 2011) and mice (Rossi et al., 2007a) and supported by 

studies in mouse models deficient in repair proteins. More direct evidence for the 

accumulation of DNA damage with increasing age has recently been provided by 

sequencing studies on human HSPCs, where increasing age has been directly 

linked to increased mutation burden (Welch et al., 2012; Xie et al., 2014). Due to 

their quiescence HSCs heavily rely on NHEJ to repair DNA damage, which is 

intrinsically error-prone and has mutagenic consequences (Mohrin et al., 2010). 

Hence, mutations arising from the life-long use of aberrant repair could therefore 

contribute to HSC aging. The aim of this work was to elucidate the molecular 

mechanisms causing the increase in DNA damage in old HSCs and to investigate 

how this could contribute to the functional decline of old HSCs.  
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2.1 Materials 
 

2.1.1 Equipment  
Item Company 
137Cs source J.L Shepherd & Associates 

7900HT fast real-time PCR system Applied Biosystems 

Allegra® 6KR centrifuge Beckman Coulter 

AutoMACS automated cell separator Miltenyi Biotech 

Bacterial incubator shaker, MaxQ8000  Thermo Scientific 

BD FACSAria™ II flow cytometer BD Biosciences 

BD LSR II flow cytometer BD Biosciences 

Centrifuge 5417C Eppendorf 

Centrifuge 5417R Eppendorf 

ChemiDoc™ MP imaging system Bio-Rad 

Digital graphic printer UP-D895 Sony 

Dynal MPC®-L magnetic cell separator Life Technologies 

Electrophoresis tank Thermo Scientific 

Electrophoresis power supply EC 105 Thermo Scientific 

GelDoc™ XR+ imaging system Bio-Rad 

Isis™ fluorescence imaging system Metasystems 

Leica DM2000 LED light microscope Leica 

Leica DM6000 B microscope Leica 

Luminometer Synergy 2  BioTek 

Metafer™ slide scanning system Metasystems 

Mini Trans-Blot® cell  Bio-Rad 

Mini-Protean® electrophoresis tank Bio-Rad 

Mouse dissection tools Fine Science Tools 

NanoDrop® ND1000 spectrophotometer NanoDrop Technologies 

Napco series 8000DH, CO2 incubator Thermo Scientific 

Nylon Mesh, 70 µm Component Supply Co. 

PowerPac™ high-current power supply Bio-Rad 

Scale DeltaRange® PB3002-S Mettler Toledo 

Scale DeltaRange® XS204 Metler Toledo 
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Sorvall Legend X/R centrifuge Thermo Scientific 

SP5 Leica upright confocal microscope Leica 

Sterile hood Heraeus 

Thermomixer, 1.5 ml Eppendorf 

Vapo.protectTM PCR thermocycler Eppendorf 

Vi-Cell XR Beckman Coulter 

water bath, heatable Thermo Scientific 

 

2.1.2 Consumables 
Item Company 
0.22 µm Steriflip® filter unit Fisher Scientific 

0.5 mL insulin syringe VWR 

1.5 ml clear microtubes Axygen 

14 ml polypropylene round bottom tubes BD Falcon 

15 ml conical falcon tubes BD Falcon 

384-well solid white luminescence plates Corning 

3 ml syringe Fisher Scientific 

50 ml falcon conical tubes  BD Falcon 

5 ml polystyrene round bottom tubes, with 

and without lid 

BD Falcon 

Cell culture dish, w/2mm grid, 35x10 mm Fisher Scientific 

Cell strainer, 40 µm and 70 µm Nylon BD Falcon 

Disposable pipet basin, 50 ml Fisher Scientific 

Immun-Blot™ PVDF membrane Bio-Rad 

MicroAmp® Optical 384 well reaction plate Applied Biosystems 

Microcapillaries Fisher Scientific 

Microscope cover glass, 24x50, 24x60 and 

22x22 mm 

Fisher Scientific 

Needles, 18, 20 and 25 gauge VWR 

NuPAGE® Novex® 4-12% Bis-Tris Protein 

Gel 

Invitrogen/Life Technologies 

Optical adhesive cover Applied Biosystems 

Parafilm® Sigma-Aldrich 
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PCR 0.2 ml strip tubes VWR 

PCR cap strip VWR 

Polysine® microscope slides Thermo Scientific 

Safe-Lock TubesTM 1.5 ml Eppendorf 

Serological pipets, 5, 10 and 25 ml ,sterile BD Falcon 

Serological pipets, 5, 10 and 25 ml, non-

sterile 

BD Falcon 

SuperFrost® Plus microscope slides Fisher Scientific 

Tissue culture flask, 25 cm2, vented cap Fisher Scientific 

Tissue culture plate, 24-well Fisher Scientific 

Tissue culture plate, 96-well, flat and round 

bottom 

Fisher Scientific 

Tissue culture plate, 6-well  Fisher Scientific 

Whatman® paper VWR 

 

2.1.3 Chemicals and Reagents 
Reagent Company 
100 bp DNA Ladder New England Biolabs 

4',6-Diamidino-2-phenylindole (DAPI) Sigma-Aldrich 

Acetic acid, glacial VWR 

Agarose VWR 

Agarose, low-gelling-temperature Sigma-Aldrich 

Ammonium Chloride (NH4Cl) Sigma-Aldrich 

Anti-CD117 MicroBeads Miltenyi Biotech 

Anti-PE MicroBeads Miltenyi Biotech 

Boric Acid Sigma-Aldrich 

Bovine serum albumin (BSA) fraction V  Equitech-Bio 

Bradford protein assay reagent Bio-Rad 

Bromphenol Blue Fisher Scientific 

Chloramphenicol  Sigma-Aldrich 

Chloroform Fisher Scientific 

MAX Efficiency® DH5α™ competent 

bacteria 

Life Technologies 
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Dithiothreitol (DTT) Fisher Scientific 

DNase I Sigma-Aldrich 

dNTP, 100mM each New England Biolabs 

Dynabeads® Sheep anti-Rat IgG Invitrogen/Life Technologies 

EcoRI restriction enzyme New England Biolabs 

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich 

Ethanol  Koptec 

Ethidium Bromide solution Fisher Scientific 

Ficoll Histopaque®-1119 Sigma-Aldrich 

Formamide Sigma-Aldrich 

Glucose Sigma-Aldrich 

Glycerol Fisher Scientific 

Hexadimethrine bromide (Polybrene®) Sigma-Aldrich 

Hydrochloric Acid, 12N EMD Millipore 

Isopropanol Fisher Scientific 

LB agar plates Teknova 

Luria Bertani (LB) Media (Miller) Sigma-Aldrich 

Magnesium Chloride (MgCl2) Sigma-Aldrich 

Methanol VWR 

Neomycin sulfate Sigma-Aldrich 

Non-fat dried milk powder Lab Scientific 

NP-40 Sigma-Aldrich 

Nuclease-free water Ambion 

Paraformaldehyde, 16%, EM grade Electron Microscopy Sciences 

Phenylmethylsulfonyl Fluoride (PMSF) Fisher Scientific 

Polymyxin B sulfate Sigma-Aldrich 

Potassium Bicarbonate (KHCO3) Sigma-Aldrich 

Potassium Chloride (KCl) Fisher Scientific 

Potassium Dihydrogen Phosphate 

monobasic (KH2PO4) 

Sigma-Aldrich 

Precision Plus Protein™ Prestained 

Standard, All Blue 

Bio-Rad 

Prolong® Gold antifade reagent Molecular Probes 

Propidium Iodide (PI) Sigma-Aldrich 
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Protease Inhibitor Cocktail, 100x Millipore 

Proteinase K Sigma-Aldrich 

Rat IgG Sigma-Aldrich 

RNase A Sigma-Aldrich 

Sodium Azide (NaN3) Sigma-Aldrich 

Sodium Bicarbonate (NaHCO3) Sigma-Aldrich 

Sodium Chloride (NaCl) Sigma-Aldrich 

Sodium Dodecyl Sulfate (SDS) Sigma-Aldrich 

Sodium Hydroxide (NaOH) Sigma-Aldrich 

Sodium Monohydrogen Phosphate 

Heptahydrate (Na2HPO4�7H2O) 

Sigma-Aldrich 

Sodium Lauryl Sarcosinate Sigma-Aldrich 

Sodium Orthovanadate (Na3VO4) Sigma-Aldrich 

Taq Polymerase purified from bacterial stock 

Tricine Sigma-Aldrich 

Triton® X-100 Fisher Scientific 

Trizma® base Sigma-Aldrich 

TRIzol® LS reagent Ambion 

Tween®20 Sigma-Aldrich 

Western Lightning® Enhanced 

Chemiluminescence Reagent  

Perkin Elmer 

Vectashield® mounting medium plus DAPI  Vector Laboratories 

XbaI restriction enzyme New England Biolabs 

Xylene Cyanol Sigma-Aldrich 

 

2.1.4 Reagents for Tissue Culture 
Reagent Company 
5-Bromo-2´-Deoxyuridine (BrdU) Molecular Probes 

5-Chloro-2′-Deoxyuridine (CldU) Sigma-Aldrich 

5-Ethynyl-2'-Deoxyuridine (EdU) Molecular Probes 

5-Iodo-2′-Deoxyuridine (IdU) Sigma-Aldrich 

Aphidicolin Sigma-Aldrich 

β-Mercaptoethanol Sigma-Aldrich 
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Dimethyl Sulfoxide (DMSO) Sigma-Aldrich 

Dulbecco's Modified Eagle Medium (DMEM) Gibco 

Etoposide Sigma-Aldrich 

Fetal Bovine Serum (FCS) Stemcell Technologies 

Fetal Bovine Serum (FCS) Hyclone 

GlutaMAXTM, 100x Gibco 

Human EPO eBioscience 

Hydroxyurea Sigma-Aldrich 

Iscove's Modified Dulbecco's Medium (IMDM) Gibco 

KaryoMAX® ColcemidTM solution Gibco 

MethoCultTM M3231 Stemcell Technologies 

Murine Flt3-Ligand Peprotech 

Murine GM-CSF Peprotech 

Murine IL-11 Peprotech 

Murine IL-3 Peprotech 

Murine SCF Peprotech 

Murine TPO Peprotech 

NIH3T3 murine cell line Kindly provided by the 

laboratory of Dr. Blelloch, 

UCSF 

Non-essential amino acids, 100x UCSF Cell Culture Facility 

Penicillin-Streptomycin, 100x UCSF Cell Culture Facility 

Sodium Pyruvate, 11mg/ml, 100x UCSF Cell Culture Facility 

Staurosporine Sigma-Aldrich 

Trypan Blue solution (0.4%) Sigma-Aldrich 

Trypsin-EDTA (0.25%) Gibco 

 

2.1.5 Buffers and solutions 
Buffer Composition 
10X DNA Loading Dye 3.9 ml Glycerol, 500 µl 10% (w/v) SDS, 0.025 g 

Bromophenol blue, 0.025 g Xylene cyanol, ad 10 ml 

H2O 

10X PCR Reaction Buffer 500 mM KCl, 300 mM Tricine, 20 mM MgCl2 
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1X Tris-EDTA (TE) buffer 10 mM Tris-Cl, 1 mM EDTA, pH8.0 

20X Saline Sodium Citrate 

(SSC) 

3.0 M NaCl, 0.3 M sodium citrate, pH 7.0 

50X Tris Acetate EDTA 

(TAE)  

2 M Tris-HCl, 0.05 M EDTA, pH 8.3 

6X SDS sample loading 

buffer 

0.375 M Tris-HCl, pH 6.8, 12% (w/v) SDS, 60% 

glycerol (v/v), 0.6 M DTT, 0.06% Bromophenol blue 

ACK lysis buffer 150 mM NH4Cl, 10 mM KHCO3, 0.02% (w/v) NaN3 

Antibiotic-containing H2O 106 U/l Polymyxin B sulfate, 1.1 g/l Neomycin 

sulfate 

Blood lysis buffer 150 mM NH4Cl, 10 mM KHCO3, 10 mM EDTA, 

pH8.0 

Comet assay alkaline lysis 

solution 

1.2 M NaCl, 100 mM EDTA, 0.1% (w/v) sodium 

lauryl sarcosinate, 0.26 M NaOH (pH>13) 

Comet assay 

electrophoreses buffer 

0.03 M NaOH, 2 mM EDTA (pH∼12.3) 

FACS staining buffer HBSS, Ca2+Mg2+ free, 2% (v/v) FCS 

Fiber spreading buffer 200 mM Tris-HCl, pH 7.4, 50 mM EDTA, 0.5% (w/v) 

SDS  

Hank's Balanced Salt 

Solution (HBSS), Ca2+ and 

Mg2+-free 

137 mM NaCl, 5.6 mM glucose, 5.4 mM KCl, 0.3 

mM Na2HPO4, 0.4 mM KH2PO4, 4.2 mM NaHCO3 

Immunoblot blocking 

solution 

1X PBS-T, 10% (w/v) non-fat dried milk powder 

Immunoblot electrophoresis 

buffer 

0.025 M Tris, 0.192 M glycine, 0.1% (w/v) SDS 

Immunoblot transfer buffer 0.048 M Tris, 0.039 M glycine, 20% (v/v) methanol 

Phosphate-buffered Saline 

(PBS), Ca2+ and Mg2+-free 

137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 

mM KH2PO4 

PBS-T PBS, 0.1% (v/v) Tween®20 

RIPA buffer 50 mM Tris-HCl pH7.4, 150 mM NaCl, 1% NP-40, 

0.5% Na-deoxycholate, 0.1% (w/v) SDS, 1mM 

EDTA 

 



Materials and Methods 65 

Tail lysis buffer 50 mM Tris-HCl, pH 8.0, 100 mM EDTA, 100 mM 

NaCl, 1% (w/v) SDS 

 

2.1.6 Commercial Kits 
Item Company 
21X Mouse mFISH Probe kit Metasystems 

Agilent RNA 6000 Nano Bioanalyzer kit Agilent Technologies 

BD Cytofix/CytopermTM kit BD Bioscience 

Caspase-Glo® 3/7 Assay Promega 

Click-iT® EdU Alexa Fluor® 594 Imaging kit Molecular Probes 

Click-iT® Plus OPP Alexa Fluor® 594 Imaging kit Molecular Probes 

DNase I Amplification Grade Invitrogen 

FISH TagTM DNA kit Molecular Probes 

KAPA SYBR® FAST qPCR kit Kapabiosystems 

PNA FISH probe kit Panagene 

QIAfilter Plasmid Maxi kit Qiagen 

Senescence β-Galactosidase Staining kit Cell Signaling, 9860 

SuperScript® III First-strand synthesis kit Invitrogen 

TdT-mediated dUTP nick end labeling (TUNEL) kit Roche 

 

2.1.7 Antibodies 

2.1.7.1 Antibodies for FACS 
Antigen Tag Clone Company and 

order number 
Target 

Lineage staining 
CD3 unconjugated 17A2 Biolegend, 

100202 

T lymphocytes 

CD4 unconjugated GK1.5 eBioscience, 

16-0041-82 

T lymphocytes 

CD5 unconjugated 35-7.3 eBioscience, 

14-0051-82 

B lymphocytes 

CD8 unconjugated 53-6.7 eBioscience, T lymphocytes 
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16-0081-85 

Ter-119 unconjugated TER-119 eBioscience, 

16-5921-85 

Erythrocytes 

Gr-1 unconjugated RB6-8C5 eBioscience, 

14-5931-85 

Mature myeloid 

cells 

Mac-1 unconjugated M1/70 eBioscience, 

16-0112-85 

Mature myeloid 

cells 

B220 unconjugated RA3.6B2 eBioscience, 

16-0452-82 

B lymphocytes  

goat anti-rat- PE-Cy5  Invitrogen, 

A10691 

 

Classic staining for murine hematopoietic stem and progenitor cells 
c-Kit APC-eFluor® 

780 

2B8 eBioscience, 

47-1171-82 

Stem and 

Progenitor cells 

Sca-1 Pacific Blue D7 BioLegend, 

108120 

Stem and 

Progenitor cells 

Flk2 

 

Biotin A2F10 eBioscience, 

13-1351-82 

Stem and 

Progenitor cells 

Strepatavidin PE-Cy7  eBioscience, 

25-4317-82 

 

     

CD48 Alexa Fluor® 

647 

HM48-1 BioLegend, 

103416 

Stem and 

Progenitor cells 

CD150 PE TC15-

12F12.2 

BioLegend, 

115904 

Stem and 

Progenitor cells 

FcγR PerCP-

eFluor® 710 

93 eBioscience, 

46-0161-82 

Stem and 

Progenitor cells 

CD34 FITC RAM34 eBioscience, 

11-0341-85 

Stem and 

Progenitor cells 

Classic staining for isolating donor-derived HSCs post transplantation 
c-Kit APC-eFluor® 

780 

2B8 eBioscience, 

47-1171-82 

Stem and 

Progenitor cells 

Sca-1 Pacific Blue D7 BioLegend, 

108120 

Stem and 

Progenitor cells 
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Flk2 

 

Biotin A2F10 eBioscience, 

13-1351-82 

Stem and 

Progenitor cells 

Streptavidin qdot® 605  Invitrogen, 

Q10101MP 

 

CD48 Alexa Fluor® 

647 

HM48-1 BioLegend, 

103416 

Stem and 

Progenitor cells 

CD150 PE TC15-

12F12.2 

BioLegend, 

115904 

Stem and 

Progenitor cells 

CD45.2 

(Ly5.1) 

FITC 104 eBioscience, 

11-0454-85 

Donor 

CD45.1 

(Ly5.2) 

PE-Cy7 A20 eBioscience, 

25-0453-82 

Recipient 

Isolation of granulocytes 

Mac-1 PE-Cy7 M1/70 eBioscience, 

25-0112-82 

Granulocytes 

Gr-1 Pacific Blue RB6-8C5 eBioscience, 

57-5931-82 

Granulocytes 

Staining for isolating donor-derived GFP+ HSCs after lentiviral transduction 
c-Kit APC-

eFluor780 

2B8 eBioscience, 

47-1171-82 

Stem and 

Progenitor cells 

Sca-1 Pacific Blue D7 BioLegend, 

108120 

Stem and 

Progenitor cells 

CD48 Alexa Fluor® 

647 

HM48-1 BioLegend, 

103416 

Stem and 

Progenitor cells 

CD150 PE TC15-

12F12.2 

BioLegend, 

115904 

Stem and 

Progenitor cells 

CD45.2 

(Ly5.1) 

Biotin 104 eBioscience, 

13-0454-82 

Donor 

SA qdot® 605  Invitrogen, 

Q10101MP 

 

CD45.1 

(Ly5.2) 

PE-Cy7 A20 

 

eBioscience, 

25-0453-82 

Recipient 

Classical peripheral blood staining for donor chimerism analysis 

Mac-1 PE-Cy7 M1/70 eBioscience, Mature myeloid 
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25-0112-82 cells 

Gr-1 Pacific Blue RB6-8C5 eBioscience, 

57-5931-82 

Mature myeloid 

cells 

B220 APC-eFluor® 

780 

RA3-6B2 47-0452-82 B lymphocytes 

CD3 APC 17A2 eBioscience, 

50-0032-82 

T lymphocytes 

Ter-119 PE-Cy5 TER-119 eBioscience, 

15-5921-83 

Erythrocytes 

CD45.2 FITC 104 eBioscience, 

11-0454-85 

Donor 

CD45.1 PE A20 eBioscience, 

12-0453-83 

Recipient 

Peripheral blood staining for donor chimerism (GFP+ cells) 
Mac-1 PE-Cy7 M1/70 eBioscience, 

25-0112-82 

Mature myeloid 

cells 

Gr-1 Pacific Blue RB6-8C5 eBioscience, 

57-5931-82 

Mature myeloid 

cells 

CD45.2 APC-eFluor® 

780 

104 eBioscience, 

47-0454-80 

Donor 

CD45.1 PE A20 eBioscience, 

12-0453-83 

Recipient 

B220 Biotin FA3-6B2 eBioscience, 

14-0452-82 

B lymphocytes 

SA qdot® 605  Invitrogen, 

Q10101MP 

 

CD3 APC 17A2 eBioscience, 

50-0032-82 

T lymphocytes 

Ter-119 PE-Cy5 TER-119 eBioscience, 

15-5921-83 

Erythrocytes 

Sca-1 depletion 

Sca-1 PE E13-161.7 BD 

Biosciences, 

553336 

Stem and 

Progenitor cells 
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2.1.7.2 Antibodies for Immunofluorescence 
Antigen Clone Company and order 

number 
Primary Antibodies 
phospho-H2A.X (Ser139) JBW301 Millipore, 05-636 

53BP1 polyclonal Novus Biologicals, NB100-

904 

phospho-CHK1 (Ser345) 133D3 Cell Signaling, 2348 

phospho-ATM (Ser1981) 10H11.E12 Active Motif, 39529 

Poly-ADP-ribose (PAR) polyclonal BD Pharmingen, 550781 

Replication protein A (RPA) 

(70 kDa) 

polyclonal Thermo Scientific, PA5-

21976 

ATR interacting protein 

(ATRIP) 

polyclonal Thermo Scientific, PA1-519 

Upstream binding factor (UBF) polyclonal kind gift of Brian McStay, 

NUI Galway, Ireland 

Fibrillarin (FBL)  C13C3 Cell Signaling, 2639 

Nucleolin (NCL) polyclonal Abcam, ab22758 

Nucleophosmin (NPM1) FC-61991 Invitrogen, 32-5200 

H3K9me3 polyclonal Abcam, 8898 

H3K27me3 polyclonal Millipore, 07-449 

H3K4me3 polyclonal Invitrogen, 49-1005 

H3K79me2 polyclonal Abcam, ab3594 

MCM4 polyclonal kind gift of Juan Méndez, 

CNIO, Spain 

MCM6 polyclonal kind gift of Juan Méndez, 

CNIO, Spain 

PP4c polyclonal Bethyl Laboratories, A300-

835A 

Secondary Antibodies 

Alexa Fluor® 488-conjugated 

goat anti-mouse 

 Molecular Probes, A-11029 

Alexa Fluor® 594-conjugated 

goat anti-rabbit 

 Molecular Probes, A-11037 
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Alexa Fluor® 594-conjugated 

donkey anti-sheep 

 Molecular Probes, A-11016 

Alexa Fluor® 488-conjugated 

donkey anti-mouse 

 Molecular Probes, A-21202 

Antibodies used to detect CldU/IdU 

rat anti-BrdU (for CldU) BU1/75 (ICR1) Abcam, ab6326 

mouse anti-BrdU (for IdU) B44 Becton Dickinson, 347580 

mouse anti-single-strand DNA  16-19 Millipore, MAB3034 

Alexa Fluor® 488-conjugated 

goat anti-mouse 

 Molecular Probes, A-21121 

Alexa Fluor® 594-conjugated 

goat anti-rat 

 Molecular Probes, A-11007 

Alexa Fluor®-conjugated goat 

anti-mouse IgG2a 

 Molecular Probes, A-21241 

   

Directly-conjugated antibodies for intracellular FACS and 
Immunofluorescence 
Alexa Fluor® 488-conjugated 

mouse anti-H2A.X (pS139) 

N1-431 BD Pharmingen, 560445 

Alexa Fluor® 488-conjugated 

anti-IgG1k isotype control 

 BD Pharmingen, 557782 

Alexa Fluor® 488-conjugated 

anti-BrdU 

MoBU-1 Molecular Probes, B35130 

FITC-conjugated anti-Ki67  SolA15 eBioscience, 11-5698 

2.1.7.3 Antibodies for Immunoblot 
Antigen Clone Company and order 

number 
Primary Antibodies 
MCM4 polyclonal kind gift of Juan Méndez, 

CNIO, Spain 

MCM6 polyclonal kind gift of Juan Méndez, 

CNIO, Spain 

GAPDH 6C5 Abcam, ab8245 
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MEK2  Cell Signaling, 9125 

Secondary Antibodies 

Horseradish peroxidase (HRP)-

conjugated goat anti-mouse  

 Southern Biotech, 1031-05 

HRP-conjugated goat anti-

rabbit  

 Southern Biotech, 4050-05 

 

2.1.8 Plasmids 
Plasmid Company and order number/ 

source 
pGFP-C-shLenti/Mcm4 (x4) Origene, TL514127 

pGFP-C-shLenti/Mcm6 (x4) Origene, TL510769 

pGFP-C-shLenti/scrambled shRNA Origene, TR30021 

  

pMr974 mouse rDNA plasmid Dr. Ingid Grummt, Heidelberg, 

Germany 

 

2.1.9 Analysis software 
Name Company  
CaspLab Comet assay analysis software http://casplab.com 
FlowJo Flow Cytometry data analysis 

software, version 9.5 

FlowJo 

ImageJ Imaging software NIH 

Photoshop CS6 Imaging software  Adobe 

Volocity Imaging software, versions 6.2/6.3 Perkin Elmer 
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2.2 Methods 
 

2.2.1 Mice 

2.2.1.1 Young and old WT mice  
Mice were kept in the animal facility at UCSF in accordance with institutional 

policies and guidelines. All animal procedures were approved by The Institutional 

Animal Care and Use Committee (IACUC). Young (6-12 weeks) and old (22-30 

months) wild type C57Bl/6 mice (CD45.2) of both genders were either bred and 

aged in house or purchased from the National Institute of Aging aged rodent 

colonies (NIA, Bethesda, USA). For transplantation experiments, 8-12 week old 

CD45.1 C57Bl/6-Boy/J mice were used as recipient mice.  

2.2.1.2 Mcm3 hypomorphic mice  
Mice heterozygous for the Mcm3 IRES-GFPLuc allele (abbreviated KI) were 

obtained from Dr. Juan Méndez, CNIO, Madrid, Spain. To generate these mice an 

IRES-GFP-Luciferase cassette had been inserted into the 3'-untranslated region 

(UTR) and two locus of crossover in P1 (LoxP) sites had been placed surrounding 

the last four exons (i.e. exons 14 and 17). This results in a hypomorphic Mcm3 

allele. Heterozygous female and male mice were mated and examined daily for 

vaginal plugs. Pregnant females were sacrificed and fetal livers were isolated from 

the embryos on embryonic days E14.5-16.5. After genotyping, fetal livers were 

pooled accordingly and processed further. Genotyping was performed by PCR 

analysis of genomic DNA isolated from tail clips (adult mice) or pieces of fetal 

tissue (mouse embryos). Tissues were lysed in tail lysis buffer containing 100 

mg/ml proteinase K for at least 2 hours (hr) at 55°C in agitation and proteinase K 

was inactivated at 95°C for 15 minutes (min). Each PCR reaction was performed 

with 2 µl of genomic DNA, 0.2 µl of Taq polymerase, 2.5 µl of 10X PCR reaction 

buffer, 1.5 µl of 50 mM MgCl2, 1 µl of each primer from a 10 mM dilution in H2O, 1 

µl of 10 mM dNTPs and H2O in a final volume of 25 µl. The primers used for Mcm3 

hypomorphic mice genotyping are listed in Table 1. PCR was performed according 

to the following protocol: 94°C for 5 min / (95°C for 30 sec/59°C for 30 sec/72°C 

for 90 sec) x32 / 72°C for 5 min. PCR products were analyzed on a 2% agarose 

gel.  
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Table 1 | Primer sequences used for Mcm3 hypomorphic mice genotyping. 
 

Primer Sequence (5’ to 3’) 

Primer 1 gtgtctgagggcatcgtctt 

Primer 2 ttaggattgggcttgtgagg 

Primer 3 gaacttcagggtcagcttgc 

 

2.2.2 Flow cytometry 

2.2.2.1 Isolation of adult hematopoietic stem and progenitor cells by flow 
cytometry 

Adult HSCs (Lin-/c-Kit+/Sca-1+/Flk2-/CD48-/CD150+), MPPs (Lin-/c-Kit+/Sca-

1+/Flk2+) and GMPs (Lin-/c-Kit+/Sca-1-/CD34+/FcγR+) were isolated from c-Kit-

enriched BM by flow cytometry-based cell sorting (FACS). In brief, total BM was 

obtained by crushing hind legs (femur and tibia), fore legs (humerus) and hips 

(ilium) in FACS staining buffer. Red blood cells were lysed by treatment with ACK 

for 3 min on ice and BM mononuclear cells were isolated by Ficoll density gradient 

centrifugation. Enrichment of cells expressing c-Kit was performed by incubating 

the cells with c-Kit-specific magnetic beads for 30 min and separation of the c-Kit-

positive fraction by AutoMACS. After c-Kit enrichment, cells were labeled with un-

conjugated lineage antibodies against Gr-1, Mac1, B220, CD3, CD4, CD5, CD8 

and Ter-119 (all raised in rat) before being labeled with goat anti-rat-PE-Cy5. After 

blocking with rat IgG for 15 min, cells were stained with antibodies against c-Kit, 

Sca-1, Flk2, CD48 and CD150. Antibodies against FcγR and CD34 were included 

for concomitant isolation of GMPs. CD45.2 and CD45.1 were included for isolation 

of donor-derived HSCs following transplantation. Stained cells were re-suspended 

for final analysis in FACS staining buffer containing 1 µg/ml propidium iodide (PI) 

for dead cell exclusion. All washing steps were performed in FACS staining buffer 

and cells were recovered by centrifugation at 1200rpm for 5 min at room 

temperature (RT). Cell isolation was performed on a BD FACSAriaTM II Flow 

Cytometer using double sorting to ensure maximum purity. 

2.2.2.2 Isolation of fetal hematopoietic stem cells by flow cytometry 
Fetal HSCs (Lin-/c-Kit+/Sca-1+/Flk2-/CD48-/CD150+) were isolated form fetal livers 

of embryos aged E14.5-16.5. A single cell suspension was obtained by pipetting 
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up and down in FACS staining buffer. After ACK treatment for 3 min, lineage 

depletion was performed by incubating the cell suspension with a mixture of 

antibodies against Gr-1, B220 and Ter119. Subsequently, cells were washed, 

counted on the Vi-Cell instrument and incubated for 30-60 min with anti-rat IgG-

coated Dynabeads® magnetic beads rocking at 4°C. 50 µl beads per 107 cells 

were used. Labeled cells were depleted using a Dynal MPC®-L magnet and the 

remaining lineage-positive cells were stained with goat anti-rat-PeCy5. After 

blocking with rat IgG, cells were stained with antibodies against c-Kit, Sca-1, Flk2, 

CD48 and CD150. Cell isolation was performed on a BD FACSAriaTM II Flow 

Cytometer using double sorting to ensure maximum purity. 

2.2.2.3 Isolation of granulocytes 
To isolate mature granulocytes (Mac1+/Gr1+) total BM was stained with Mac-1 and 

Gr-1 antibodies and sorted on a BD FACSAriaTM II Flow Cytometer. 

2.2.2.4 Blood chimerism analysis after transplantation 
Beginning four weeks post-transplantation donor chimerism and lineage 

contribution in the peripheral blood was determined using antibodies against B220, 

Gr-1, Mac-1, CD3 and Ter-119 as well as CD45.2 and CD45.1 as congenic 

markers. Donor chimerism was assayed for a total of 16 weeks with monthly 

bleedings. Peripheral blood was obtained from retro-orbital bleedings using a 

microcapillary, and collected in 4 ml of blood lysis buffer before being treated with 

ACK for 3 min on ice. Cell analysis was performed on a BD LSRII. 

2.2.2.5 Intracellular FACS staining 

For intracellular γH2AX staining, 5000 to 10000 HSCs were washed in PBS, fixed 

in Cytofix/Cytoperm buffer for 2 hr at 4°C, washed in PermWash buffer, 

permeabilized with CytoPerm Plus for 10 min at RT, re-fixed in Cytofix/Cytoperm 

buffer for 10 min at 4°C, washed in PermWash and incubated with Alexa Fluor® 

488-conjugated mouse anti-H2AX (pS139) or anti-IgG1k isotype control antibodies 

in PermWash overnight at 4°C. Cells were finally washed in PermWash and re-

suspended in PBS/2 % FCS for analysis. For intracellular Ki67/DAPI staining, 

5x106 total BM cells were surface-stained with HSC markers as described above, 

fixed and permeabilized in Cytofix/Cytoperm buffer and stained with FITC-

conjugated anti-Ki67 for 1 hr at RT. DAPI was subsequently added to samples and 
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allowed to incubate for 20 min at RT prior to analysis. Cells were re-suspended in 

PBS/2 % FCS for analysis. Cell analysis was performed on a BD LSRII. 

 

2.2.3 Hematopoietic stem cell transplantation 
For transplantation experiments mice were lethally irradiated (11 Gy, delivered in 

split doses 3 hr apart) and injected retro-orbitally with 250 to 5000 purified CD45.2 

HSCs delivered together with 300000 Sca-1-depleted helper CD45.1 BM cells. 

Sca1-depletion was performed by incubating total BM isolated from the legs of a 

CD45.1 C57Bl/6-Boy/J mouse with a PE-conjugated antibody against Sca-1. After 

washing with FACS staining buffer, cells were incubated with PE-specific magnetic 

beads and depletion was performed using the AutoMACS. Transplanted mice 

were kept on antibiotic-containing water for four weeks and analyzed for donor-

chimerism by monthly bleeding.  

 

2.2.4 Tissue culture 
Primary hemtopoietic cells were cultured in Iscove's Modified Dulbecco's Medium 

(IMDM) supplemented with 5% FBS, 1x penicillin/streptomycin, 0.1 mM non-

essential amino acids, 1 mM sodium pyruvate, 2 mM L-glutamine and 50 µM β-

mercaptoethanol (base media) and containing the following cytokines: IL-3 (10 

ng/ml), GM-CSF (10 ng/ml), SCF (25 ng/ml), IL-11 (25 ng/ml), Flt-3L (25 ng/ml), 

TPO (25 ng/ml) and EPO (4 U/ml) (culture media). Aphidicolin (50 ng/ml), 

Hydroxyurea (100 µM), Etoposide (0.25 µM), Staurosporine (5 nM) or DMSO 

(vehicle) were added to the culture media as indicated. NIH3T3 mouse fibroblast 

cells were cultured in DMEM supplemented with 10% heat-inactivated FBS and 

1% Penicillin/Streptomycin. Upon reaching confluency cells were passaged at a 

ratio of 1:5. All cultures were performed at 37°C in a 5% CO2-controlled incubator.  

2.2.4.1 Single-cell tracking of HSCs 
For single cell tracking experiments, cells were sorted directly into 96-well plates 

(1 cell/100 µl/well, 96 wells scored per condition), visually inspected after 12 hr to 

confirm successful single cell deposition, and, again, at the indicated time points to 

establish the kinetics of the 1st (appearance of two cells) and 2nd (appearance of 

three or four cells) cell divisions.  
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2.2.4.2 EdU and EdU/BrdU labeling of HSCs 
For EdU incorporation, cells were cultured for 16 hr, pulsed for 1 hr with 10 µM 

EdU, harvested by 17 hr and deposited onto Polysine® coated slides. For 

EdU/BrdU incorporation, cells were cultured for 16 hr, pulsed for 1 hr with 10 µM 

EdU, washed 3x with PBS and incubated for 3 hr in culture media without 

thymidine analogues. Cells were pulsed again for 1 hr with 60 µM BrdU 20 hr post-

isolation, harvested and deposited onto Polysine® coated slides. Detection of EdU 

and EdU/BrdU, respectively, was performed as described in Chapter 2.2.7.3. 

 

2.2.5 Apoptosis assay 
For apoptosis detection, cells were sorted directly into 384-well solid white 

luminescence plates (400 cells/40 µl/well, triplicate wells per conditions) and 

analyzed after 36 hr culture by adding 40 µl of Caspase-Glo 3/7 reagent to each 

well, shaking at 300 rpm for 30 sec, incubating for 45 min at RT and reading on a 

luminometer to obtain relative luciferase units.  

 

2.2.6 Irradiation 
All cell and mouse irradiation procedures were performed using a 137Cs source. 

 

2.2.7 Immunofluorescence staining  

2.2.7.1 Standard Immunofluorescence 
Cells were either directly sorted or pipetted onto Polysine® coated slides (500-

2000 cells per slide), incubated for 10 min, fixed with 4% Paraformaldehyde (PFA) 

for 10 min at RT, permeabilized in 0.15% Triton® X-100 for 2 min at RT and 

blocked in 1% BSA/PBS overnight at 4°C. Slides were then incubated for 1 to 2 hr 

at 37°C in 1% BSA/PBS containing the following antibodies alone or in 

combination: anti-phospho-H2A.X (Ser139), anti-53BP1, anti-phospho-CHK1 

(Ser345), anti-phospho-ATM (Ser1981), anti-PAR, anti-RPA (70 kDa), anti-ATRIP, 

anti-MCM4 and anti-MCM6, anti-FBL, anti-UBF, anti-NCL, anti-NPM1, anti-PP4c, 

anti-H3K9me3, anti-H3K27me3, anti-H3K4me3 and anti-H3K79me2. Slides were 

washed 3x in PBS and incubated for 1 hr at 37°C in 1% BSA/PBS with appropriate 

secondary antibodies: Alexa Fluor® 488-conjugated goat anti-mouse, Alexa 
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Fluor® 594-conjugated goat anti-rabbit, Alexa Fluor® 594-conjugated donkey anti-

sheep and Alexa Fluor® 488-conjugated donkey anti-mouse. Slides were then 

washed 3x in PBS and mounted using VectaShield containing 1 µg/ml DAPI. 

2.2.7.2 TUNEL staining  
TUNEL (terminal deoxy nucleotidyl transferase-mediated deoxyuridine 

triphosphate nick end labeling) staining was performed according to the 

manufacturer’s recommendations (Roche). For DNase I treatment, cells were fixed 

with 4% PFA at RT, permeabilized in 0.2% Triton® X-100 for 2 min at RT and 

incubated with 50 U of DNase I in 3% BSA/5 mM MgCl2/2 mM CaCl2/0.2x PBS for 

10 min at 37°C.  

2.2.7.3 Detection of EdU and EdU/BrdU 
EdU incorporation was detected using Alexa Fluor® 594-labeled azide click 

chemistry according to the manufacturer’s instruction (Molecular Probes). For 

EdU/BrdU double labeling, cells were re-fixed with 3.7% PFA for 5 min after EdU 

labeling, denatured with 2 N HCl for 30 min at RT, washed with borate buffer (100 

mM, pH 8.5) for 10 min, and incubated with Alexa Fluor® 488-conjugated anti-

BrdU (clone MoBU-1) overnight at 4°C. For EdU/γH2AX double staining, cells were 

re-fixed with 4% PFA for 5 min after EdU labeling and stained for γH2AX following 

standard immunofluorescence procedures (Chapter 2.2.7.1). 

2.2.7.4 Immuno-FISH staining  

For γH2AX/rDNA immuno- fluorescence in situ hybridization (FISH) staining, cells 

were first fixed with ice-cold methanol for 2 min before blocking in 1% BSA/PBS 

for 1 hr followed by standard γH2AX immunofluorescence (Chapter 2.2.7.1). Cells 

were re-fixed with 2% PFA for 5 min and processed for FISH according to the 

manufacturer’s recommendations (Molecular Probes) with a 3 hr RNase treatment 

step at 37°C replacing the suggested HCl/pepsin treatment before dehydration of 

the slides. The rDNA FISH probe was made from a plasmid obtained from Dr. I. 

Grummt, Heidelberg, Germany, and fluorescently labeled using FISH TagTM DNA 

kit (Molecular Probes). The probe contains a 11.35-kb EcoRI-EcoRI fragment of 

the pMr974 mouse rDNA plasmid comprising parts of the non-transcribed spacer, 

the 50 external transcribed spacer and the majority of the 18S sequence.  
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2.2.7.5 Detection of protein translation 
In order to quantitate protein synthesis in individual cells, cells were labeled with 

20µM O-propargyl-puromycin (OPP) in culture media for 30 min. After fixation with 

3.7% PFA for 15 min at RT, OPP was detected by click chemistry according to the 

manufacturer’s instruction using an Alexa Fluor® 594-labeled azide (Molecular 

Probes). After re-fixation with 4% PFA for 5 min, cells were incubated with 1% 

BSA/PBS for 1 hr and stained for γH2AX following standard immunofluorescence 

procedures (Chapter 2.2.7.1). The mean fluorescence intensity of OPP was 

quantified using Volocity software after confocal imaging. 

 

2.2.8 Microscopy 
Images were acquired on a SP5 Leica Upright Confocal Microscope (10x, 20x or 

63x objective) and processed using Volocity software. An average of 150 cells 

(EdU and EdU/BrdU incorporation assays), 200 cells (γH2AX quantification) and 

30 cells (all other immunofluorescence analyses) were scored from at least two 

independent experiments. A [mean DAPI intensity x Nuclear Area] cut off of ≤1100 

was used to identify G1-phase cells in 36 hr culture. 

 

2.2.9 Single-molecule DNA replication analyses 
Replication track analyses were adapted from a published protocol (Terret et al., 

2009). In brief, cells were cultured for 36 hr, pulsed for 38 min with 50 µM 5-

Chloro-2′-Deoxyuridine (CldU), washed 2x with base media, pulsed for 38 min with 

250 µM 5-Iodo-2′-Deoxyuridine (IdU), washed 1x with base media, spotted onto 

SuperFrost® Plus microscope slides and lysed for 36 min with 10 µl of fiber 

spreading buffer. Slides were tilted at a 15° angle to allow DNA to spread, fixed in 

3:1 volume absolute methanol:glacial acetic acid for 2 min and air-dried. DNA was 

denatured with 2.5 M HCl for 30 min at RT, and slides were rinsed 3x in PBS and 

blocked in 0.1% Triton® X-100/1% BSA/PBS for 1 hr at RT. Cells were incubated 

for 1 hr at RT with rat anti-BrdU and mouse anti-BrdU antibodies to detect CldU 

and IdU, respectively, together with a mouse anti-single-strand DNA antibody to 

check for DNA fiber integrity. Slides were washed 3x in PBS and incubated for 30 

min at RT with Alexa Fluor® 488-conjugated goat anti-mouse, Alexa Fluor® 594-

conjugated goat anti-rat and Alexa Fluor® 647-conjugated goat anti-mouse IgG2a 
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secondary antibodies. Slides were then washed 3x in PBS and mounted in 

Prolong®Gold antifade reagent. Tracks were imaged on a DM6000 B Leica 

microscope and fork rate was calculated based on the length of the IdU tracks 

measured using ImageJ software and the following formula: fork rate (kb/min) = 

[(2.59 (kb/micrometer) x length (micrometer))/pulse time (min)]. At least 300 

replication tracks were analyzed per experiment, and 100 origins to calculate the 

fork symmetry ratio. 

 

2.2.10 Gene expression analysis 

2.2.10.1 qRT-PCR 
Total RNA was isolated from 1-2x104 cells sorted directly into TRIzol® LS reagent 

according to the manufacturer's protocol (Ambion). For qRT-PCR, RNA was 

treated with DNAse I (Invitrogen) and reverse-transcribed using SuperScript® III 

first-strand synthesis kit and random hexamer primers (Invitrogen). Quantitative 

polymerase chain reaction (qPCR) runs were performed on a 7900HT Fast Real-

Time PCR System (Applied Biosystems) under standard conditions using SYBR® 

reagent and the cDNA equivalent of 200 cells per reaction. Sequences for qPCR 

primers are as shown in Table 2. Values were normalized to β-actin expression.  

 
Table 2 | Primer sequences for qPCR. 
 
Gene Forward (5' to 3') Reverse (5' to 3') Accession 
Ccna2 cagcatgagggcgatcctt gcagggtctcattctgtagtttatattct NM_009828 
Ccnb2 gcatcatggaccggttcct tcccgaccacctgcagttt NM_172301 
Ccnd1 tgttacttgtagcggcctgttg ccggagactcagagcaaatcc NM_007631 
Ccne1 gcagcgagcaggagacaga gctgcttccacaccactgtctt NM_007633 
Cdc6 ctacctttctggcgctcct ggatttaaagccttttacttccttc NM_011799.2 
Cdc45 agttcctggacgctcttgtg ggaaaaggaggtcacttctgg NM_009862.2 
Cdkn1a ttccgcacaggagcaaagt cggcgcaactgctcact NM_007669 
Cdkn1c cagcggacgatggaagaact ctccggttcctgctacatgaa NM_009876 
Cdkn2a cccaacgccccgaact gtgaacgttgcccatcatca NM_001040654 
Gins1 atgaggacggactcagacaag tccagctgacttggcttcat NM_027014.1 
Gins2 cggaatggatggatgtgg ggcactggggtgaatgtc NM_178856.1 
Gins3 acagtccggagaatgcagat gcggaaccgtccaataaaa NM_030198.3 
Gins4 cctaactcctgcagagctcatt aggggcaaacttttcattca NM_024240.6 
Mcm2 agaagttcagcgtcatgcggagta cccaaagcggttgcgttgatatgt NM_008564.2 
Mcm3 aggaagactcatgccaaggatgga tgggctcactgagttccactttct NM_008563.2 
Mcm4  acaggaatgagtgccacttctcgt aaagctcgcagggcttcttcaaac NM_008565.3 
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Primer sequences for qPCR (cont.)  
Gene Forward (5' to 3') Reverse (5' to 3') Accession 
Mcm5 ctggatgctgctttgtctggcaat tgtgttcagacacctgagagccaa NM_008566.2 
Mcm6 ggaccaagttgctattca attcagagttgccttcac NM_008567.1 
Mcm7 ccctgcccaatttgaacctttgga tctccacatatgctgcggtgatgt NM_008568.2 
Ku70 ggagtcaagcaagctggaaga agaactcgctttttggtctcctt NM_010247.2 
Ku80 gacttgcggcaatacatgttttc aagctcatggaatcaatcagatca NM_009533 
Prkdc gcccatgagcttaggtttcaat ctaagagctttcagcaggttcaca NM_011159.2 
Rad51 aagttttggtccacagcctattt cggtgcataagcaacagcc NM_011234.4 
Rad54 ccaggtccaggagtgtttcc ggccggttgagtagctgagt NM_009015.3 
Rpa.a1 acatccgtcccatttctacagg ctccctcgaccagggtgtt NM_026653.1 
Xrcc2 ggaaaggcccacatgtgagt ggatcgtttgtgacataggcatt NM_020570.2 
Xrcc3 cctgaggagctgatcgagaaga cggccgcgtgttcaat NM_028875.2 
47S rRNA ctcttagatcgatgtggtgctc gcccgctggcagaacgagaag BK000964 
53bp1 tacagcccggtaaaggtatccat ctggacggccggtcttc NM_013735.3 
β-actin gacggccaggtcatcactattg aggaaggctggaaaagagcc NM_007393 

2.2.10.2 Microarray analysis 
Microarrays using mouse Gene ST 1.0 arrays (Affymetrix) was performed by Dr. 

Eric Pietras in collaboration with the UCSF microarray core facility. Bioanalyzer 

chips were used to control for RNA quality and RNA was quantified by dividing the 

area under the curve by the total cell number. Microarray data were analyzed by 

Dr. Christiaan Klijn. In brief, using mathematical modeling genes that were 

significantly differentially expressed between young and old HSCs, but not 

between young and old GMPs, were extracted. The GEO accession number of 

this study is GSE48893. 

 

2.2.11 Immunoblot  
GFP+ NIH3T3 cells (approximately 1x106 cells) were pelleted, washed once with 

PBS and lysed in RIPA buffer freshly supplemented with 1 mM 

Phenylmethylsulfonyl fluoride (PMSF), 1 mM Sodium orthovanadate and 1X 

protease inhibitor cocktail for 30 min at 4°C. Samples were cleared of debris by 

centrifugation at maximum speed for 15 min at 4°C. Protein concentration was 

determined using Bradford assay. Samples were then boiled in SDS sample buffer 

and loaded (15µg protein per lane) onto a NuPAGE® Novex® 4-12% Bis-Tris 

protein gel (Invitrogen). Electrophoresis conditions were 200 V and 200 mA for 50 

min using Immunblot electrophoresis buffer. Proteins were then transferred using 

the tank blot system (Bio-Rad) onto PVDF membranes, which had been activated 
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for several seconds in 100% methanol before being used for blotting. Transfer 

conditions were 30 V and 400 mA for 2 hr. After transfer membranes were blocked 

for 1 hr at 4°C in Immunblot blocking buffer and incubated overnight at 4°C in 

Immunblot blocking buffer containing primary antibodies against either MCM4 or 

MCM6 and GAPDH. Membranes were washed 3x in PBS-T and incubated for 1 hr 

at 4°C in Immunblot blocking buffer containing the appropriate secondary 

antibodies. Membranes were washed 3x in PBS-T before being incubated for 5 

min with enhanced chemiluminescent (ECL) reagent. Protein lanes were 

visualized using ChemiDoc™ MP imaging system (Bio-Rad).  

 

2.2.12 Lentiviral transduction of HSC 
Lentivirus-mediated transduction experiments were performed as described (Will 

et al., 2013). Briefly, pGFP-C-shLenti vectors containing shRNA targeting murine 

Mcm4 (TL514127) and Mcm6 (TL510769) genes or non-targeting scrambled 

shRNA (TR30021) were purchased from Origene. Plasmid DNA was amplified by 

transforming MAX Efficiency® DH5α™ competent bacteria. The bacteria were 

plated onto Chloramphenicol-containing (20 µg/ml) Luria Bertani (LB) agar plates, 

individual colonies were picked after overnight incubation and inoculated into 200 

ml Chloramphenicol-containing (34 µg/ml) LB media. Plamid DNA was purified 

using QIAfilter plasmid Maxi kit (Qiagen) and the presence of the shRNA was 

verified by restriction enzyme digest using EcoRI and XbaI restriction enzymes. 

Lentiviral supernatants were produced by the UCSF Lentiviral Core Facility with 

titers ranging from 2.2 to 4.3x108 infectious particles per ml. Cells were left to 

recover in base media for 1-2 hr post-sort and spin-infected for 90 min (2000xg, 

37°C) with 1:25-1:50 dilution of lentiviral supernatants. After 3 hr recovery at 37°C 

in a 5% CO2 water jacket incubator, the medium was replaced with cytokine-

containing culture media and cells were cultured for 48 hr before re-isolation of live 

PI-/GFP+ transduced cells for in vitro experiments, or for 12 hr for transplantation 

experiments. 

 

2.2.13 Comet assay  
Alkaline comet assays were performed as described (Olive and Banath, 2006) in 

collaboration with Dr. Sietske Bakker, UCSF. Briefly, 8x103 cells diluted in 0.4 ml 
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PBS were added to 1.2 ml of 1% low-gelling-temperature agarose and transferred 

onto slides also pre-coated with 1% agarose. Cells were lysed in Comet assay 

alkaline lysis solution overnight at 4°C. Slides were then washed 3x with Comet 

assay electrophoresis buffer and run for 25 min at 0.6 V/cm. Nuclei were stained 

with 2.5 µg/ml PI in distilled water for 20 min. Pictures of individual cells were 

taken with a Leica confocal inverted microscope (10x objective) and analyzed 

using the CaspLab software (http://casplab.com/).  

 

2.2.14 Cytogenetic analyses and metaphase FISH 
For metaphase preparation HSCs were cultured for five days, treated for 4 hr with 

0.01 µg/ml ColcemidTM, collected in eppendorf tubes, washed once with PBS, 

incubated for 8 min at 37°C in 0.075 M KCl and then fixed in 3:1 volume absolute 

methanol:glacial acetic acid before being dropped onto glass slides. Metaphases 

were analyzed by Giemsa staining and Spectral Karyotyping (SKY) as previously 

described (Le Beau et al., 2002) or using the 21Xmouse probe cocktail and ISIS 

software for mFISH according to the manufacturer’s instruction (MetaSystems). An 

average of 10 to 25 metaphases were scored per experiment. For metaphase 

FISH, slides were fixed in 4% PFA for 4 min after the metaphase preparation drop 

had completely dried and washed three times in PBS. Slides were dehydrated in 

an ice-cold 70%, 85% and 96% ethanol series of 1 min each and air-dried. Slides 

were rehydrated in hybridization buffer (30% formamide/ 0.1% Triton X-100/ 0.3X 

SSC) containing the peptide nucleic acid (PNA) telomere probe (Panagene). The 

slides were denatured for 3 min at 80ºC and incubated further for 30 min at RT. 

They were washed in 4X SSC/0.05% Tween®20 for 5 min before counterstaining 

and mounting. Images were captured using ISIS software according to the 

manufacturer’s instruction (MetaSystems). 

 

2.2.15 Statistical analysis 
Unless otherwise stated data were expressed as mean ± standard deviation (s.d.) 

and p-values were calculated using a two-tailed Student’s t-test. No specific 

randomization or blinding protocol was used. For tail moments in comet assays, 

data were expressed as boxplots with whiskers and p-values were calculated 

pairwise using the Mann Whitney Rank Sum Test. Mann Whitney Rank Sum Test 
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was also used to calculate statistical significance for replication track analyses. For 

microarray results, data were expressed as boxplots with whiskers and p-values 

were calculated using a two-sided t-test. p-values were considered significant 

when ≤ 0.05. n indicates the numbers of independent experiments performed and 

was chosen to ensure adequate statistical power. 

 



Results 84 

 

3 Results* 
  

                                            
* With the exception of the data generated form NIH3T3 cells in Chapter 3.4.1, the 
entire Chapter 3.4.2 and the O-propargyl-puromycin incorporation data in Chapter 
3.5.1, the results presented here were published in Flach et al., 2014. According to 
Nature Publishing Group (Macmillan Publishers Ltd) reprints and permissions 
guidelines ownership of copyright in the article remains with the authors, who 
retain the rights to reuse the published content (3.2.2015).  
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3.1 Origin of γH2AX foci in old HSCs 
 

Immunostaining of γH2AX in human and mouse HSCs has been interpreted as 

direct evidence of DNA double-strand breaks accumulating with age. However, it 

remains unclear what is causing these γH2AX foci in old HSCs.  

 

3.1.1 Lack of DNA damage response activation in old HSCs 
To address this question and to evaluate the functional role of DNA damage 

accumulation in old HSCs, HSCs defined as Lin-/Sca1+/c-Kit+/Flk2-/CD48-/CD150+ 

were isolated from the bone marrow of young (6-12 weeks) and old (22-30 

months) wild type C57Bl/6 mice. Figure 17 shows the FACS gating strategy used 

in this work and highlights the different stem and progenitor populations in young 

and old mice.  

 
Figure 17 | Hematopoietic stem and progenitor cell isolation strategy.  
Gating strategy used to isolate HSCs (Lin-/Sca-1+/c-Kit+/Flk2-/CD150+/CD48-), MPPs (Lin-/Sca-1+/c-
Kit+/Flk2+) and GMPs (Lin-/Sca-1-/c-Kit+/FcγR+/CD34+) from the bone marrow of young (y: 6-12 
weeks, black boxes) and old (o: 22-30 months, red boxes) C57Bl/6 wild type mice. FSC, forward 
scatter; GMP, Granulocyte/monocyte progenitors; HSC, Hematopoietic stem cells; MPP, 
Multipotent progenitors; PI, Propidium iodide.  
 

After confirming the accumulation of γH2AX foci in old HSCs that had previously 

been reported in mouse hematopoietic stem and progenitor cells (Rossi et al., 

2007a) the number of foci per cell were quantified. While young HSCs on average 

showed less than one γH2AX focus per cell, old HSCs had an average of 2.12 

γH2AX foci (Figure 18).  
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Figure 18 | Accumulation of γH2AX foci in old HSCs.  
a, Representative images of γH2AX foci in young (y) and old (o) hematopoietic stem cells (HSC). 
Scale bars, 10 µm. b, Average number of γH2AX foci in young and old HSCs. n=3. A total of 203 
and 189 cells were scored, respectively. Data are means ± s.d. *p ≤0.05, **p ≤0.01 (two-tailed 
Student’s t-test). DAPI, 4’,6-Diamidino-2-phenylindole. 
 

In the classical DNA damage response pathway, which is typically following the 

induction of DSBs, ATM kinase gets activated by auto-phosphorylation on serine 

residue 1981, and phosphorylates histone protein H2AX, which then recruits other 

components of the DNA damage pathway, such as 53PB1 to the site of damage. 

Surprisingly, activation of ATM in old HSCs using immunofluorescence with an 

antibody against phospho-ATM (S1981) could not be detected. Nor did we 

observe recruitment of 53BP1 to the γH2AX foci. On the other hand, cells exposed 

to 2 Gy of ionizing radiation showed both a strong increase in ATM 

phosphorylation as we all as 53BP1 foci, hence validating our experimental 

approach (Figure 19).  
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Figure 19 | Accumulation of γH2AX foci without detectable DNA damage response activation 
in old HSCs.  
a-b, Representative images (a) and quantification (b) of activated Ataxia telangiectasia mutated 
protein (ATM) phosphorylated at S1981 (p-ATM). c-d, Representative images (c) and quantification 
(d) of 53BP1 recruitment to γH2AX foci in young (y) and old (o) hematopoietic stem cells (HSC). 2 
Gy-irradiated (IR) young multipotent progenitors (MPP) were included as positive control. Scale 
bars, 10 µm. n=2-3. 24-31 cells (p-ATM) and 25-95 cells (53BP1) were scored, respectively. Data 
are means ± s.d. n.d., not detectable. DAPI, 4’,6-Diamidino-2-phenylindole. 
 

Since we did not detect an active ATM response in old HSCs, we checked for the 

presence of phosphorylated CHK1, which is a key downstream component of an 

activated DNA damage response driven by ATR kinase, mostly in response to 

SSBs and ssDNA. However, old HSCs did not show positive staining for p-CHK1 

as compared to irradiated control cells (Figure 20). Together, these data suggest 

that γH2AX foci in old HSCs are not associated with an active DNA damage 

response. 
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Figure 20 | Accumulation of γH2AX foci without detectable ATR pathway activation in old 
HSCs.  
a-b, Representative images (a) and quantification (b) of Ataxia telangiectasia and Rad3-related 
protein (ATR) pathway activation marker Checkpoint kinase 1 (CHK1) phosphorylated at S345 (p-
CHK1) in young (y) and old (o) hematopoietic stem cells (HSC). 2 Gy-irradiated young multipotent 
progenitors (MPP) were included as positive control. Scale bar, 10 µm. n=2. 17-50 were scored, 
respectively. Data are means ± s.d. n.d., not detectable. DAPI, 4’,6-Diamidino-2-phenylindole. 
 

We further checked for the presence of DNA fragmentation in old HSCs, 

hypothesizing that broken DNA could be present in the absence of an active DNA 

damage response. We used TUNEL (terminal deoxy nucleotidyl transferase-

mediated deoxyuridine triphosphate nick end labeling), a technique used to detect 

DNA strand breaks by enzymatically adding a fluorescent dye at the free 3’-OH 

DNA ends of fragmented or broken DNA. It is known that TUNEL detects SSBs 

and DSBs (Migheli et al., 1995) and thus all cells exposed to DNase I and about 

50% of cells exposed to 2 Gy irradiation were TUNEL-positive. However, we did 

not detect any positive old HSCs. To complement this assay, we performed 

alkaline Comet assays to measure SSBs and DSBs in young and old HSCs. In 

brief, HSCs were lysed and exposed to an electric current. In the presence of 

broken DNA this leads to DNA moving away from the nucleus forming a tail, or 

Comet-like structure that can then be quantified (Olive and Banath, 2006). In line 

with our previous results we did not detect significant differences between young 

and old HSCs (Figure 21). Importantly, we also tested the effect of 50 rad (0.5 Gy) 

IR on young HSCs, since this dose has been estimated to be equivalent to the 

level of DNA damage experienced by old HSCs (Rossi et al., 2007a). Under these 

conditions, we found increased tail moment by comet assay and 53BP1/γH2AX co-

localization, hence validating the sensitivity of our assays. 
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Figure 21 | No evidence for DNA fragmentation in old HSCs.  
a-b, Representative images (a) and quantification (b) of young (y) and old (o) hematopoietic stem 
cells (HSC) assayed using Terminal deoxy nucleotidyl transferase-mediated deoxyuridine 
triphosphate nick end labeling (TUNEL). 2 Gy-irradiated and DNase I-treated cells were included 
as positive controls. Scale bars, 10 µm. n=3. 24-50 cells were scored, respectively. Data are 
means ± s.d. n.d., not detectable. c-d, Representative images (c) of young and old HSCs analyzed 
by alkaline comet assay and quantification (d) of their mean tail moment. Results are expressed as 
fold change compared to young HSCs (set to 1). Scale bar, 90 µm. n=4. Data are means ± s.d. 
n.s., not significant. e, Mean tail moment for young and old HSCs compared to 50 rad-irradiated 
young HSCs analyzed by alkaline comet assay. Results are expressed as boxplot with the line 
marking the median, the box the boundaries of the 25th and 75th percentiles, and the whiskers the 
90th and 10th percentiles. n=3. 203 and 189 cells were scored, respectively. ***p ≤ 0.001 (pairwise 
Mann Whitney Rank Sum Test). f, Representative images of γH2AX/53BP1 foci in 50 rad-irradiated 
young HSCs. Scale bar, 10 µm. DAPI, 4’,6-Diamidino-2-phenylindole. 
 

Furthermore, we performed immunofluorescence staining using an antibody 

against Poly-ADP-ribose (PAR). PAR is synthesized after activation of the DNA 

repair enzyme Poly-ADP-ribose polymerase (PARP). PARP is activated within the 

first minutes of DNA damage induction and is independent of classical ATM-

mediated DDR. Upon activation, PARP binds to DNA strand breaks and catalyzes 

the addition of long branched chains of PAR to a number of nuclear proteins, 

including topoisomerases and histones. While 2 Gy–irradiated cells showed 

positive staining for PAR, we did not detect PARP activation in old HSCs (Figure 

22).  
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Figure 22 | No evidence for Poly-ADP-ribose polymerase activation in old HSCs.  
a-b, Poly-ADP-ribose (PAR) detection (a) and quantification (b) in young (y) and old (o) 
hematopoietic stem cells (HSC). 2 Gy-irradiated young HSCs were used as control. Scale bars, 10 
and 100 µm, respectively. n=2. 19-48 cells were scored, respectively. Data are means ± s.d. n.d., 
not detectable. DAPI, 4’,6-Diamidino-2-phenylindole. 
 

It is important to note that age-associated γH2AX signals were considerably less 

intense than irradiation-induced γH2AX foci, which likely reflect differences in the 

spread and density of H2AX phosphorylated in each case (Figure 23).  

 
Figure 23 | Fluorescent signal intensity for age-associated and irradiation-induced γH2AX 
foci.  
Representative images comparing γH2AX signal intensity in un-irradiated young (y) and old (o) 
hematopoietic stem cells (HSC) and 2 Gy-irradiated young HSCs. Two different intensity settings 
for the 488 nm laser are used. Scale bar, 10 µm. DAPI, 4’,6-Diamidino-2-phenylindole. 
 

Taken together, these results indicate that old HSCs contain γH2AX signals 

without detectable levels of DNA damage and or evidence of activated DNA 

damage response.  
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3.1.2 Efficient DNA repair kinetics in old HSC 
In order to determine whether old HSCs are still competent to sense and respond 

to DNA damage, we exposed young and old HSCs to 2 Gy ionizing radiation and 

followed their DNA repair kinetics over a period of 24 hr. In both populations, we 

observed the expected increase in the number of 53BP1-containing γH2AX foci by 

2hr post-IR, followed by their progressive disappearance over time. Although old 

HSCs had a significantly slower kinetics in resolving DNA damage, both 

populations had cleared all irradiation-induced γH2AX foci by 24 hr post-IR leading 

us to conclude that HSCs do not lose the ability to mount a proper DNA damage 

response during aging (Figure 24 a and b).  

 
Figure 24 | Efficient DNA repair in old HSCs.  
a, Representative images of DNA repair kinetics following exposure to 2 Gy irradiation in cultured 
young (y) and old (o) hematopoietic stem cells (HSC). Scale bar, 10 µm. b, Quantification of 
γH2AX/53BP1 foci shown in (a). n=3. 27-109 cells were scored per time point. c, qRT-PCR 
analyses of homologous recombination (HR) and non-homologous end joining (NHEJ) gene 
expression in young and old HSCs. n=4. Results are expressed as fold change compared to young 
HSCs (set to 1). Data are means ± s.d. ***p ≤0.001 (two-tailed Student’s t-test). DAPI, 4’,6-
Diamidino-2-phenylindole.  
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In support of this, young and old HSCs express equivalent levels of HR and NHEJ 

DNA repair genes as determined by qRT-PCR (Figure 24 c). Collectively, these 

results indicate that old HSCs are capable to activate a DNA damage response 

and clear irradiation-induced γH2AX foci as effectively as young HSCs, despite 

with slower kinetics. 

 

3.1.3 Indication for replication stress remnants in old HSCs 

Besides phosphorylation by ATM following the sensing of DSBs, γH2AX could also 

be the result of ATR activation following replication-induced DNA damage. 

Although we did no observed activation of ATR in freshly isolated old HSCs we still 

investigated whether old HSCs had changes in other downstream components of 

the replication stress pathway. Strikingly, using immunofluorescence, we observed 

increased levels of two of the most important markers for replication-associated 

DNA damage, ATR-binding protein ATRIP as well as ssDNA binding protein RPA 

in old HSCs (Figure 25). 

 
Figure 25 | Persistence of replication stress remnants in old HSCs.  
a-b, Representative images (a) and quantification (b) of ATR interacting protein (ATRIP) in young 
(y) and old (o) hematopoietic stem cells (HSC). c-d, Representative images (c) and quantification 
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(d) of Replication protein A (RPA) in young and old HSCs. Slides were co-stained with γH2AX 
antibody. 2 Gy-irradiated young multipotent progenitors (MPP) were included as positive control. 
Scale bar, 10 µm. n=3. On average, 10-20 cells were scored. Data are means ± s.d. ***p ≤ 0.001 
(two-tailed Student’s t-test). DAPI, 4’,6-Diamidino-2-phenylindole.  
 

These findings suggest that age-associated γH2AX signals could originate from 

replication-induced DNA damage and reflect residual replication stress. 
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3.2 Replication stress in cycling old HSCs 
 

3.2.1 Cell cycle parameters 
As outlined in the introduction, replication stress is inevitably linked to cell 

proliferation. Mainly sparked by the expansion of the HSC compartment with age, 

many previous studies have investigated HSC proliferation and its potential 

alteration during aging, though, with controversial results. We assayed cell cycle 

distribution using Ki67/DAPI staining and found great variability in the frequency of 

cells in G0 and G1 in old HSCs, but no increase in the number of actively 

replicating cells in S phase (Figure 26).  

 
Figure 26 | Cell cycle phase distribution in young and old HSCs. 
a, Representative flow cytometry plots for Ki67/DAPI intracellular staining in young (y) and old (o) 
hematopoietic stem cells (HSC). Two independent examples of oHSC staining are shown. b, Cell 
cycle distribution of young and old HSCs. n=8. Data are means ± s.d. *p ≤0.05 (two-tailed Student’s 
t-test). DAPI, 4’,6-Diamidino-2-phenylindole.  
 
 

Quantitative RT-PCR analyses of cell cycle genes revealed enhanced expression 

of Cdkn1a (p21) in old HSCs, which was accompanied by decreased expression 

of a range of cyclins, including cyclin D and E, suggesting activation of cell cycle 

restriction checkpoints at the G1/S and intra-S checkpoints (Figure 27 a).  
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Figure 27 | Cell cycle restriction checkpoint activation and cell division kinetics in old HSCs.  
a, qRT-PCR analyses of cell cycle gene expression in young (y) and old (o) hematopoietic stem 
cells (HSC). Results are expressed as fold change compared to young HSCs (set to 1). n=5. Data 
are means ± s.d. **p ≤0.01 (two-tailed Student’s t-test). b, Single cell tracking of 1st (solid lines) 
and 2nd (dashed lines) cell divisions in cultured young and old HSCs. n=3. 52-87 cells were 
tracked per experiment. Ccn, Cyclin; Cdkn; Cyclin-dependent kinase inhibitor. 
 

DNA replication takes place during S-phase as part of the cell cycle. To force 

quiescent HSCs into the cell cycle, we sorted individual young and old HSCs into 

individual wells of 96-well plates, checked for successful deposition 12 hr later, 

and tracked the cell division kinetics over a 62 hr time window. These single-cell 

tracking experiments uncovered a consistent, median 3.7 hr delay in the onset of 

the first cell division of old HSCs, which was conserved and further increased 

during the second division (Figure 27 b). Using EdU incorporation at 17 hr post- 

isolation, we confirmed that old HSCs had a delayed entry into S-phase, which 

could, at least in part, be responsible for the delayed cell cycle (Figure 28).  

 
Figure 28 | Kinetics of cell cycle entry.  
a-b, Representative images (a) and quantification (b) of EdU labeling in 17 hr cycling young (y) and 
old (o) hematopoietic stem cells (HSC). Cultured HSCs were pulse-labeled for 1 hr before fixation. 
Scale bar, 100 µm. n=3. A total of 527 and 485 cells were scored, respectively. Data are means ± 
s.d. **p ≤0.01 (two-tailed Student’s t-test). DAPI, 4’,6-Diamidino-2-phenylindole; EdU, 5-Ethynyl-2’-
Deoxyuridine. 
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The observed delayed division kinetics of old HSCs could also be the result of a 

prolonged S-phase. Therefore, we measured S-phase duration by adding a 

second thymidine analogue, BrdU, after performing EdU labeling. Based on the 

results of the single-cell tracking experiments, we chose 16 hr post-isolation as 

time point for the first pulse and 21 hr as time points for the second pulse. Both 

pulses were 1 hr long and cells were carefully washed after the first pulse. Using 

this technique we were able to count red (EdU+), green (BrdU+) and yellow 

(EdU+BrdU+) cells and determine the amount of cells that were still in S-phase or 

had exited S-phase within the 4 hr time frame. As shown in Figure 29, significantly 

more old HSCs were still undergoing S-phase leading us to conclude that they 

spend more time in S-phase than young HSCs, of which many had exited S-phase 

in between the two pulses.  

 
Figure 29 | Extended S-phase duration in old HSCs.  
a-b, Representative images of EdU/BrdU double labeling in 21 hr cycling young (y) and old (o) 
hematopoietic stem cells (HSC). (b) shows no DAPI staining for clear visualization of yellow cells. 
Scale bar, 100 µm. c, Quantification of EdU/BrdU double labeling in 21 hr cycling young and old 
HSCs. Cultured HSCs were pulse-labeled for 1 hr with EdU (16 hr), carefully washed and again 
pulse-labeled for 1 hr with BrdU (20 hr) before fixation. n=3. A total of 665 and 582 cells were 
scored, respectively. Data are means ± s.d. **p ≤0.01 (two-tailed Student’s t-test). BrdU, 5-Bromo-
2´-Deoxyuridine; DAPI, 4’,6-Diamidino-2-phenylindole; EdU, 5-Ethynyl-2’-Deoxyuridine. 
 

In conclusion, these results demonstrate that old HSCs have impaired progression 

through S-phase and suggest problems associated with replication and cell cycle 

progression in old HSCs. 
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3.2.2 Replicative DNA damage accumulation 
Even under normal physiological conditions, DNA replication is accompanied by 

γH2AX foci formation, mainly caused by the unwinding of the double helix, which 

induces nicks and breaks in the DNA in order to release topological stress. Cells 

respond with an activation of the DNA damage response pathway mainly driven by 

ATR to repair DNA breaks that are induced during replication initiation and 

progression. In line with the idea of a “normal” replication-associated ATR 

activation and DNA damage, we found γH2AX foci even in young HSCs 

undergoing replication. However, the amount of γH2AX in 24 hr and 36 hr cycling 

old HSCs was significantly increased in old HSCs. We also quantified this γH2AX 

increase in cycling old HSCs with a flow cytometry approach making use of a 

different γH2AX antibody. In line with what had been seen using 

immunofluorescence, old HSCs showed a greater increase in γH2AX staining 

relative to their quiescent states (Figure 30). 

 
Figure 30 | Increased γH2AX levels in cycling old HSCs.  
a, Representative time-course images of γH2AX staining in young (y) and old (o) hematopoietic 
stem cells (HSC). Scale bar, 10 µm. b, Representative intracellular γH2AX flow cytometry staining 
in cycling young and old HSCs (36 hr) compared to quiescence (0 hr). Results were quantified and 
expressed as fold change compared to young HSCs (set to 1). n = 3. Data are means ± s.d. *p 
≤0.05 (two-tailed Student’s t-test). DAPI, 4’,6-Diamidino-2-phenylindole. 
 

We confirmed that γH2AX accumulation occurred primarily in old HSCs that were 

undergoing active replication by performing EdU/γH2AX double staining on cells 

cultured for 36 hr in vitro (Figure 31).  
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Figure 31 | Increased replication-associated DNA damage foci in old HSCs.  
Representative images of γH2AX/EdU staining in 36 hr cycling young (y) and old (o) hematopoietic 
stem cells (HSC). Scale bar, 10 µm. DAPI, 4’,6-Diamidino-2-phenylindole; EdU, 5-Ethynyl-2’-
Deoxyuridine. 
 

We also forced HSCs in cycle in vivo, which we did by transplanting 1000-5000 

young and old HSCs into sublethally irradiated mice and re-isolating donor-derived 

HSCs two weeks later. These HSCs are actively replicating in order to reconstitute 

the bone marrow and we confirmed both the accumulation of γH2AX in these cells 

as well the fact that these cells were indeed undergoing replication by addition of 

EdU (Figure 32).  

 
Figure 32 | Increased replication stress in in vivo cycling old HSCs.  
a, Gating strategy used to re-isolate in vivo cycling young (y, black box) and old (o, red box) 
hematopoietic stem cells (HSC). HSCs were isolated from C57Bl/6-CD45.2 donor mice and 
transplanted into sublethally irradiated young C57Bl/6-CD45.1 recipients. n =5 mice per cell type. 
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HSCs were isolated two weeks after transplantation. b, Increased replication-associated DNA 
damage foci in in vivo cycling old HSCs. Representative images of γH2AX and γH2AX/EdU staining 
in cycling young and old HSCs re-isolated two weeks after transplantation. Scale bar, 10 µm. DAPI, 
4’,6-Diamidino-2-phenylindole; EdU, 5-Ethynyl-2’-Deoxyuridine; FSC, forward scatter; PI, 
Propidium iodide.  
 

At this time point, we also observed the persistence of high levels of RPA staining 

in old HSCs, indicating an increase in ssDNA and stalled replication forks (Figure 

33). This results in activation of the ATR-driven DNA damage response as 

reflected in 53BP1 recruitment and an increase in p-CHK1 immunofluorescence 

staining.  

 
Figure 33 | Evidence for ATR pathway activation in cycling old HSCs.  
a-b, Representative images (a) and quantification (b) of Replication protein A (RPA) staining in 36 
hr cycling young (y) and old (o) hematopoietic stem cells (HSC). Quantification results are mean 
fluorescence intensity (MFI) measurements of RPA immunofluorescence images analyzed using 
Volocity. Scale bar, 10 µm. n=2. 10-20 cells were scored, respectively. Data are means ± s.d. ***p 
≤0.001 (two-tailed Student’s t-test). c-d, Representative time-course images of γH2AX/53BP1 (c) 
and γH2AX/Checkpoint kinase 1 (CHK1) phosphorylated at S345 (p-CHK1) in (d) foci in cycling 
young and old HSCs. Scale bar, 10 µm. DAPI, 4’,6-Diamidino-2-phenylindole. 
 

As a consequence, when old HSCs were cultured for four to six days, we detected 

the occurrence of chromosomal gaps and breaks, which results from un-replicated 

DNA that is visualized as a gap in M-phase.  
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Figure 34 Consequences of replication stress.  
a, Representative images of metaphase spreads from five days expanded old HSCs showing 
chromatid gaps (red arrows). b, Representative image of a multicolor FISH-stained old HSC 
cultured for five days. 
 

On the other hand, no gross chromosomal changes such as deletions and/or 

translocations were detectable in metaphases prepared form cycling old HSCs 

using multicolor FISH (Figure 34). The results of spectral karyotyping (SKY), 

multicolor FISH (mFISH) and Giemsa stainings are summarized in Table 3. 

 
Table 3 | Results of SKY, mFISH and Giemsa analyses. 
 
Spectral karyotyping (SKY) analyses 

yHSC #1 # cells analyzed 15 

 # aberrations 0 

 % aberrant cells  0 

 Type of aberrations None 

 Karyotype 40, XY[15] 

yHSC #2 # cells analyzed 6 

 # aberrations 0 

 % aberrant cells  0 

 Type of aberrations None 

 Karyotype 40, XX[6] 

yHSC #3 # cells analyzed 14 

 # aberrations 0 

 % aberrant cells  0 

 Type of aberrations None 

 Karyotype 40, XY[14] 

yHSC #4 # cells analyzed 6 

 # aberrations 0 
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Results of SKY, mFISH and Giemsa analyses, SKY analyses, yHSC #4 (cont.) 

 % aberrant cells  0 

 Type of aberrations None 

 Karyotype 40, XX[6] 

oHSC #1 # cells analyzed 20 

 # aberrations 11 

 % aberrant cells  35% 

 Type of aberrations Chromosome gaps/breaks 

 Karyotype 40, XY[20] 

oHSC #2 # cells analyzed 20 

 # aberrations 0 

 % aberrant cells  0 

 Type of aberrations None 

 Karyotype 40, XY[20] 

oHSC #3 # cells analyzed 20 

 # aberrations 0 

 % aberrant cells  0 

 Type of aberrations None 

 Karyotype 40, XY[20] 

oHSC #4 # cells analyzed 19 

 # aberrations 0 

 % aberrant cells  0 

 Type of aberrations None 

 Karyotype 40,X,del(Y)(C1E)[9]/40,XY[10] 

mFISH analyses 

oHSC #5 # cells analyzed 10 

 # aberrations 0 

 % aberrant cells  0 

 Type of aberrations None 

 Karyotype 40, XY[10] 

oHSC #6 # cells analyzed 7 

 # aberrations 0 

 % aberrant cells  0 

 Type of aberrations None 

 Karyotype 40, XY[7] 

oHSC #7 # cells analyzed 13 
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Results of SKY, mFISH and Giemsa analyses, mFISH analyses: oHSC #7 (cont.) 

 # aberrations 0 

 % aberrant cells  0 

 Type of aberrations None 

 Karyotype 40, XY[13] 

oHSC #8 # cells analyzed 16 

 # aberrations 0 

 % aberrant cells  0 

 Type of aberrations None 

 Karyotype 40, XY[16] 

oHSC #9 # cells analyzed 9 

 # aberrations 0 

 % aberrant cells  0 

 Type of aberrations None 

 Karyotype 40, XY[9] 

oHSC #10 # cells analyzed 15 

 # aberrations 0 

 % aberrant cells  0 

 Type of aberrations None 

 Karyotype 40, XY[15] 

oHSC #11 # cells analyzed 20 

 # aberrations 0 

 % aberrant cells  0 

 Type of aberrations None 

 Karyotype 40, XY[20] 

oHSC #12 # cells analyzed 10 

 # aberrations 0 

 % aberrant cells  0 

 Type of aberrations None 

 Karyotype 40,XY[10] 

Giemsa staining 

oHSC #8 # cells analyzed 25 

 # aberrations 1 

 % aberrant cells  4% 

 Type of aberrations Chromatid Break 

oHSC #13 # cells analyzed 25 
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Results of SKY, mFISH and Giemsa analyses, Giemsa staining: oHSC #13 (cont.) 

 # aberrations 10 

 % aberrant cells  28% 

 Type of aberrations Chromosome gaps/breaks 

oHSC #14 # cells analyzed 25 

 # aberrations 13 

 % aberrant cells  24% 

 Type of aberrations Chromosome gaps/breaks 

oHSC #15 # cells analyzed 25 

 # aberrations 6 

 % aberrant cells  16% 

 Type of aberrations Chromosome gaps/breaks, premature 

centromere separation 

 

In summary, these results demonstrate elevated levels of replication stress in old 

HSCs associated with cell cycle checkpoint activation, S-phase extension and the 

acquisition of chromosomal gaps and breaks. In rare cases, we also observed 

exacerbated features of replication stress in old HSCs, including senescence with 

increased SA-β-Gal staining and Cdkn2a (p16) expression. Only two out of ten 

preparations of old HSCs showed SA-β-Gal staining, while only two out of nine 

preparations of young HSCs and four out of twelve preparations of old HSCs had 

detectable Cdkn2a levels (Figure 35 a-b). Of note, old HSCs with the highest 

Cdkn2a levels also scored positive for SA-β-Gal staining. As telomeres are known 

to shorten with increasing age and are also considered fragile sites of the genome, 

we investigated their length and integrity in young and old HSCs. Although we did 

not detect changes in telomere length, upon closer inspection, we noticed that two 

out of six preparations of old HSCs had multiple telomere signals, which also 

suggests fragility at these repetitive sequences (Figure 35 c). 
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Figure 35 | Rare cases of exacerbated replication stress in oHSCs. 
a, Representative images of senescence-associated β-galactosidase (SA-β-Gal) staining. b, qRT-
PCR analyses of Cyclin-dependent kinase inhibitor 2a (Cdkn2a) expression levels in young (y) and 
old (o) hematopoietic stem cells (HSC). Results are expressed as Log2-fold changes compared to 
yHSCs (set to 0). c, Representative images of telomere FISH detected by peptide nucleic acid 
(PNA) probe on metaphase spreads of young and old HSCs. Magnified inserts show detection of 
multiple telomeric signals (asterisks) in oHSCs, and histograms indicate the percent of all 
telomeres with multiple telomeric signals per young and old HSCs (7 and 6 cells scored, 
respectively). Scale bars, 10 µm on the large metaphase spreads and 1 µm on the individual 
chromosomes.  Data are means ± s.d. DAPI, 4’,6-Diamidino-2-phenylindole. 
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3.3 Defective replication due to reduced Mcm expression in old 
HSCs 

 

3.3.1 MCM downregulation in old HSCs 
In order to elucidate the molecular mechanism responsible for the replication 

stress features in old HCSs, we made use of gene expression datasets generated 

from Affymetrix Gene ST 1.0 microarrays that were available in the Passegué’s 

lab. The goal of this analysis was to identify genes that were differentially 

expressed in old HSCs but were unchanged in old GMPs. The datasets comprised 

of five and three independent biological replicates for young and old HSCs, and 

four and three for young and old GMPs, respectively. With bioinformatics support 

we compared both HSC and GMP populations and subtracted for genes that were 

differentially expressed between young and old GMPs using a zero-intercept linear 

model (Smyth, 2004). This allowed the identification of 913 significantly 

differentially expressed genes that were specific to old HSCs. Among those, we 

observed a selective down-regulation of all the mini-chromosome maintenance 

(Mcm) genes (Mcm2-7), which encode the six subunits of the MCM DNA helicase.  
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Figure 36 | Microarray analysis showing differential Mini-chromosome maintenance (Mcm) 
gene expression in young and old HSCs.  
a, Microrarray results. A total of 5 (young) and 3 (old) independent biological replicates were used. 
Results are expressed as boxplot with the line marking the median, the box the boundaries of the 
25th and 75th percentiles and the whiskers the ± 1.5 inter-quartile range. *p ≤ 0.05; ***p ≤ 0.001 
(two-sided Student’s t-test). b-c, qRT-PCR analyses of Mcm gene expression in quiescent (b) and 
cycling (c) young (y) and old (o) hematopoietic stem cells (HSC). n=4-5. Results are expressed as 
fold change compared to yHSCs (set to 1). Data are means ± s.d. *p ≤ 0.05; **p ≤ 0.01 (two-tailed 
Student’s t-test). d-e, Representative images and quantification of mean fluorescence intensity 
(MFI) of MCM4 (e) and MCM6 (f) protein levels in young and old HSCs using Volocity. Scale bar, 
10 µm. n=3. 10-20 cells were analyzed per experiment. Data are means ± s.d. **p ≤0.01, ***p 
≤0.001 (two-tailed Student’s t-test). DAPI, 4’,6-Diamidino-2-phenylindole. 
 

We confirmed significantly decreased expression of at least Mcm4 and Mcm6 in 

both quiescent and cycling old HSCs. Moreover, we directly demonstrated a ~50% 

decrease in MCM4 and MCM6 protein levels in old HSCs using 

immunofluorescence staining and quantification of the mean fluorescence intensity 

using Volocity software (Figure 36). 
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Figure 37 | Mini-chromosome maintenance (Mcm) downregulation is specific to old HSCs.  
a, qRT-PCR analyses of the expression of other components of the pre-replication complex in 
young (y) and old (o) hematopoietic stem cells (HSC). n = 4-5. Results are expressed as fold 
change compared to young HSCs (set to 1). Data are means ± s.d. b, qRT-PCR analyses of Mcm 
gene expression in young (y) and old (o) granulocyte/monocyte progenitors (GMP). n=3-5. Results 
are expressed as fold change compared to young GMPs (set to 1). Data are means ± s.d. Cdc, 
Cell division cycle; Gins, Go, Ichi, Nii and San. 
 

The MCM proteins form a heterohexameric complex that is part of the pre-

replication complex assembled at origins of replication during late M/early G1- 

phases. At the G1-to-S-phase transition, MCM proteins associate with CDC45 and 

the GINS complex to form an active helicase that unwinds the DNA at replication 

forks. In contrast to MCM proteins, the expression of other pre-replication complex 

or DNA helicase components was not altered in old HSCs. We also confirmed 

unchanged Mcm gene expression levels in young and old GMPs (Figure 37). 

Collectively, these results uncovered a specific deficit in MCM proteins in old 

HSCs.  

 

3.3.2 Functional consequences of decreased Mcm expression in old HSCs 

3.3.2.1 Hypersensitivity of old HSCs to induced replication stress 
One characteristic feature of cells with decreased MCM levels is hypersensitivity to 

replication stressors (Ibarra et al., 2008). To test the sensitivity of young and old 

HSCs to replication stress induction, we exposed them to low dose of Aphidicolin 

(50ng/ml). Aphidicolin is a tetracyclic diterpene antibiotic that specifically inhibits 

DNA polymerase α and δ thus inducing replication stress. While 36 hr Aphidicolin 

treatment had only modest effects on young HSCs as compared to vehicle-treated 

controls, old HSCs displayed a massive accumulation of γH2AX foci resulting in 

enhanced apoptosis levels as determined by increased levels of cleaved caspase 

3 (Figure 38 a-b). 
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Figure 38 | Effect of low-dose Aphidicolin on cultured young and old HSCs.  
a, Representative images of γH2AX foci in young (y) and old (o) hematopoietic stem cells (HSC) 
treated for 36 hr with Aphidicolin (Aph, 50 ng/ml) or vehicle (veh, DMSO).  Scale bar, 10 µm. b, 
Cleaved caspase 3 (CC3) levels measured in young and old HSCs after Aph treatment. Results 
are normalized for veh-treated cells and expressed as fold change compared to young HSCs (set 
to 1). Data are means ± s.d. *p ≤0.05. c, Differential killing of replication stressor drugs on young 
and old HSCs after 72 hr treatment: HU, Hydroxyurea (100 µM); Eto, Etoposide (0.25 µM); Stau, 
Staurosporine (5 nM). Results are normalized for veh-treated cells and expressed as fold change 
compared to young HSCs (set to 1). d, Colony counts in methylcellulose after 36 hr treatment. 
Results are normalized for veh-treated cells and expressed as fold change compared to young 
HSCs (set to 1). n=3. Data are means ± s.d. **p ≤0.01, ***p ≤0.001 (two-tailed Student’s t-test). 
n.s., not significant. DAPI, 4’,6-Diamidino-2-phenylindole.   
 

Old HSCs were significantly more sensitive to the killing effects of replication 

stressor drugs Aphidicolin and Hydroxyurea, but died at equal rates upon 

exposure to non-specific killing agents (Etoposide, Staurosporine) or upon 

exposure to 2 Gy ionizing radiation (Figure 38 c). This confirms our hypothesis that 

the differential killing of old HSCs was specific for replication stressors as opposed 

to non-specific cytotoxic agents. On the functional level, plating pre-treated cells in 

methylcellulose revealed a severely impaired colony-forming potential (Figure 38 

d). These data demonstrate that old HSCs are hypersensitive to induced 

replication stress, which is a characteristic feature of cells with decreased MCM 

levels. 
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3.3.2.2 Susceptibility of young HSCs to induced replication stress after 
transplantation 

In order to assess the effects of induced replication stress on the functionality of 

old HSCs in vivo, we transplanted young and old HSCs after 36 hr Aphidicolin-

treatment into lethally irradiated young recipients. In contrast to the in vitro results, 

Aphidicolin-treated young HSCs showed strikingly impaired reconstitution ability, 

with early onset of bone marrow failure and death, while both treated and 

untreated old HSCs displayed equally poor transplantability with reduced lymphoid 

output. Moreover, the number of engrafted 36 hr Aphidicolin-treated young HSCs 

was significantly reduced to levels similar to engrafted old HSCs, either treated or 

untreated (Figure 39).  

 
Figure 39 | Effect of induced replication stress on the reconstitution ability of young and old 
HSCs.  
a, Young (y) and old (o) hematopoietic stem cells (HSC) were isolated from C57Bl/6-CD45.2 donor 
mice, treated with Aphidicolin (Aph, 50ng/ml) or vehicle (veh, DMSO) for 36 hr in vitro before being 
transplanted (250 HSCs/mouse) into lethally irradiated young C57Bl/6-CD45.1 recipients (n = 5 
mice per cell type) together with 300000 Sca-1-depleted CD45.1 helper BM cells. The percentage 
of donor-derived chimerism and myeloid (light blue) vs. lymphoid (dark blue) reconstitution in the 
peripheral blood was assessed by flow cytometry at the indicated months post-transplantation. 
★BM failure, †animal mortality. b, Donor chimerism in the HSC compartment at four months post-
transplantation. n=3-5. Data are means ± s.d. ***p ≤0.001 (two-tailed Student’s t-test).  
 

These findings demonstrate that induced replication stress severely damages the 

functionality of young HSCs in a way that resembles age-associated effects, and 

that transplantation is the ultimate replication challenge for old HSCs. Collectively, 

these results demonstrate that replication stress can degrade HSC function, even 

in young HSCs with a full complement of MCM proteins, and that old HSCs with 
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reduced MCM levels are more susceptible to the killing effect of replication 

challenges both in vitro and in vivo. 

3.3.2.3 Altered replication fork dynamics in old HSCs 
Although MCM proteins are normally present in excess, downregulation of just one 

component is sufficient to sensitize cells to replication stress by reducing their 

capacity to activate dormant origins in response to stalled replication forks (Ibarra 

et al., 2008). To directly assess the replication dynamics in old HSCs on the 

single-molecule level, we performed DNA fiber assays. 36 hr in vitro cycling young 

and old HSCs were labeled with two short sequential pulses of CldU and IdU to 

mark active replication origins. The thymidine analogues are sequentially 

incorporated into replicating DNA in the direction of the fork movement. By 

measuring the length of IdU-labeled green tracks elongating from a CldU-labeled 

red track allowed us to determine the length DNA replicate per origin. Interestingly, 

we found an increase in the fork rate in old HSCs, a feature that has been 

published for MCM-deficient cells (Ibarra et al., 2008; Zhong et al., 2013). These 

data indicate that in contrast to young HSCs with their full complement of MCM, 

old HSCs cannot activate backup dormant origin and compensate by replicating 

longer stretches of DNA (Figure 40 a-b).  
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Figure 40 | Analysis of CldU/IdU-labeled DNA replication tracks in 36 hr cycling young and 
old HSCs.  
a-b, Representative images of 5-Chloro-2′-Deoxyuridine (CldU)/5-Iodo-2′-Deoxyuridine (IdU) 
labeled DNA replication tracks (a) and quantification (b) of DNA fork velocity in 36 hr cycling young 
(y) and old (o) hematopoietic stem cells (HSC). Results are depicted as individual data points with 
means (horizontal bars). ***p ≤0.001 (pairwise Mann Whitney Rank Sum Test). c-d, Representative 
images of CldU/IdU labeled DNA replication forks (c) and box plot quantification of fork symmetry in 
CldU/IdU labeled DNA replication tracks in 36 hr cycling young and old HSCs (d). Scale bars, 25 
µm. n = 3. 100 to 300 forks were analyzed per experiment. Data are means ± s.d. ***p ≤0.001 
(pairwise Mann Whitney Rank Sum Test). 
 

This method also allowed us to look at the fork symmetry per replication origin. A 

single red track at the center of two green tracks indicates a single bi-directional 

origin, with the origin of replication initiating during the first pulse with CldU (red) 

and extending in both directions from the point of initiation as determined by the 

subsequent bi-directional incorporation of IdU (detected in green). A hallmark of 

replication stress is stalling of some of the replication forks, and by looking at fork 

symmetry versus asymmetry we detected an enhanced frequency of asymmetric 

forks in old HSCs (Figure 40 c-d). This is consistent with a higher frequency of 

slower, unstable forks in old HSCs as predicted for cells undergoing replication 

stress and consequently fork stalling (Conti et al., 2007).  

3.3.2.4 Persistent G1-specific 53BP1 bodies in old HSCs 
Another marker commonly used to detect replication stress are 53BP1 bodies that 

are present in G1-phase following the previous cycle in which the cells experienced 

replication stress (Burrell et al., 2013; Lukas et al., 2011a). We identified HSC 
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progeny in G1 after 36 hr in vitro culture by quantifying the DAPI intensity x cell 

size and then checked for the presence of 53BP1 foci in these cells. We indeed 

found persistent 53BP1 bodies in ~60% of old HSCs that had re-entered G1 at this 

time point compared with only ~20% of young HSCs (Figure 41). 

 

 
Figure 41 | Persistent G1-specific 53BP1 foci in old HSC.  
a, Representative images of persistent G1-phase 53BP1 bodies in 36 hr cycling young (y) and old 
(o) hematopoietic stem cells (HSC). b, Quantification of persistent G1-phase 53BP1 bodies in 36 hr 
cycling young and old HSCs. Cells were scored as being in G1 by quantifying the DAPI intensity x 
cell size. Scale bar, 10 µm. n=1. 106 and 136 cells were scored, respectively. Data are means. 
DAPI, 4’,6-Diamidino-2-phenylindole.  
 

Taken together, these results led us to hypothesize that reduced MCM levels 

could be causing the replication stress features observed in old HSCs. 
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3.4 Consequences of replication stress and decreased Mcm 
levels for HSC function 

 

To investigate the causal link between Mcm downregulation and HSC functional 

decline, we used both an in vitro and an in vivo approach targeting Mcm4 and 

Mcm6 using lentiviral shRNA and Mcm3 by making use of a Mcm3 hypomorph 

mouse model. 

 

3.4.1 Lentiviral shRNA-mediated knockdown of Mcm4 and Mcm6  
To directly test our hypothesis that reduced Mcm levels could be causing the 

replication-stress features seen in old HSCs, we made use of lentiviral vectors 

containing shRNAs targeting murine Mcm4 and Mcm6 with the idea to evaluate 

their impact on young HSC function. A set of eGFP-expressing vectors containing 

four different hairpin sequences against Mcm4 and Mcm6 as well as a non-

targeting scrambled control vector were purchased from Origene and their 

efficiency was confirmed using both qRT-PCR and Immunoblot in murine NIH3T3 

cell line cells (Figure 42).  

 
Figure 42 | Efficiency of short hairpin RNA (shRNA) constructs targeted against Mini-
chromosome maintenance (Mcm) genes Mcm4 and Mcm6 in murine NIH3T3 cell lines. 
a, qRT-PCR analyses of Mcm4 and Mcm6 mRNA expression levels. Results are expressed as fold 
change compared to scrambled (Scr) control-infected NIH3T3 cells (set to 1). n=1. b, Immunoblot 
verifying the knockdown efficiency of the shRNA vectors in the protein level. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as loading control. GFP, Green fluorescent protein; 
UT, untransduced. 
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We then evaluated the effect of two independent hairpins for each gene on 

replication in young HSCs. We chose shRNAs 4.2 and 4.4 for Mcm4 (now labeled 

Mcm4 sh_1 and sh_2) and shRNA 6.2 and 6.3 for Mcm6 (now labeled Mcm6 sh_1 

and sh_2). We infected young HSCs with lentiviral particles produced from these 

vectors and re-isolated GFP-positive young HSC 48 hr post-infection. First, we 

confirmed a >50% down-regulation at both the messenger RNA and protein levels 

that was specific to the respective Mcm gene (Figure 43). 

 
Figure 43 | Validation of lentiviral shRNA-mediated knockdown of Mini-chromosome 
maintenance (Mcm)4 and Mcm6 in HSCs. 
a and d, qRT-PCR analyses of Mcm4 (a) and Mcm6 (d) mRNA expression levels. Results are 
expressed as fold change compared to scrambled (Scr) control-infected hematopoietic stem cells 
(HSC) (set to 1). b-c and e-f, Effect of lentiviral knockdown on MCM4 and MCM6 protein levels. 
Representative images (b and e) and quantification (c and f) of MCM4 (b-c) and MCM6 (e-f) protein 
levels in transduced young HSCs. Results are mean fluorescence intensity (MFI) measurements of 
immunofluorescence images analyzed using Volocity. Scale bar, 10 µm. n=3. 11-35 cells were 
analyzed per experiment. Two independent shRNA constructs are used per gene. Data are means 
± s.d. ***p ≤ 0.001 (two-tailed Student’s t-test). DAPI, 4’,6-Diamidino-2-phenylindole. sh, short 
hairpin. 
 

Furthermore, we observed increased γH2AX staining indicative of replication 

stress occurring in Mcm4-, and Mcm6-deficient young HSCs. We also found that 

compared to HSCs transduced with non-targeting shRNA, Mcm knockdown HSCs 
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had a slower proliferation rate in in vitro culture as well as a decreased ability to 

form colonies in methylcellulose (Figure 44).  

 

 
Figure 44 | Effect of lentiviral knockdown of Mini-chromosome maintenance (Mcm)4 and 
Mcm6 on young HSCs.  
a, Representative images of γH2AX foci. Scale bar, 10 µm. b, Effect of lentiviral knockdown of 
Mcm4 and Mcm6 on cell proliferation in young HSCs. Cells were cultured in vitro for 42 hr before 
being counted. Results are expressed as fold change compared to scrambled (Scr) control-infected 
HSCs (set to 1). c, Colony-counts in methylcellulose at day 7. Transduced Green fluorescent 
protein (GFP)+ HSCs were re-isolated 48 hr post-infection. Two independent short hairpin (sh)RNA 
constructs are used per gene. Data are means ± s.d. **p ≤ 0.01, ***p ≤ 0.001 (two-tailed Student’s 
t-test). DAPI, 4’,6-Diamidino-2-phenylindole.   
 

To further study the functional consequences of Mcm knockdown on HSC 

function, we transplanted a mix of transduced and non-transduced HSCs into 

lethally irradiated mice 12 hr post-infection and followed the reconstitution ability of 

the transduced cells over a period of four months (Figure 45).  
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Figure 45 | Reconstitution ability of lentivirally-transduced young HSCs.  
1000 young (y) hematopoietic stem cells (HSC) were transplanted 12 hr post-transduction. Results 
are presented as percent of green fluorescent protein (GFP) chimerism normalized to the initial 
transduction efficiency/construct. Data are means ± s.d. *p ≤ 0.05 (two-tailed Student’s t-test). 
Mcm, Mini-chromosome maintenance; Scr, Scrambled. 
 

While the reconstitution ability of HSCs transduced with non-targeting (Scr) shRNA 

were unaffected, we observed a much lower engraftment ability over time from 

Mcm knockdown HSCs. These data directly demonstrate that reducing Mcm levels 

in young HSCs causes replication stress and leads to impaired HSC function. 
 

3.4.2 Evidence of replication stress in Mcm3 hypomorphic HSCs  
Complementary to the shRNA knockdown approach in vitro, we had the 

opportunity to examine the phenotype of HSCs with reduced MCM3 proteins levels 

(~70% of wild-type levels, Figure 46) that were made available to us by our 

collaborator Dr. Juan Méndez, CNIO, Madrid, Spain. In brief, an IRES-GFP-

Luciferase cassette was inserted into the 3'UTR and two LoxP were placed 

flanking the last four exons (i.e. exons 14 and 17), which results in a hypomorphic 

Mcm3 allele. 

 
Figure 46 | Mini-chromosome maintenance (MCM)3 protein levels in wild type (+/+), 
heterozygous (Ki/+) and homozygous (Ki/Ki) Mcm3 knock in (Ki) mouse embryonic 
fibroblasts (MEFs).  
Immunoblot analyzing MCM3 protein levels in wild type (+/+), heterozygous (Ki/+) and homozygous 
(Ki/Ki) Mcm3 knock in (Ki) MEFs. Mitogen-activated protein kinase 2 (MEK2) was used as loading 
control and different amount of proteins were loaded for each sample. Quantification of the 
immunoblot lanes indicated a reduction of ~70% of MCM3 protein levels in Ki/Ki cells. This Figure 
was kindly provided by our collaborator Dr. Juan Méndez, CNIO, Madrid, Spain. 
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Although homozygous Mcm3Ki/Ki mice die during embryonic development, fetal 

HSCs develop normally and can be isolated from fetal livers. We generated adult 

Mcm3Ki/Ki HSC by transplanting 50 fetal HSCs (E14.5-E16.5) into lethally irradiated 

recipient mice and isolated donor-derived adult Mcm3Ki/Ki HSCs four months post-

transplantation (Figure 47). 

 
Figure 47 | Isolation strategy for adult Mini-chromosome maintenance (Mcm)3Ki/Ki HSCs. 
Fetal hematopoietic stem cells (HSCs) (Lin-/Sca-1+/c-Kit+/Flk2-/CD150+/CD48-) were isolated from 
the fetal livers of E14.5 Mcm3+/+ (black box) or Mcm3Ki/Ki (purple box) CD45.2 C57Bl/6 donor mice, 
and transplanted into lethally irradiated CD45.1 C57Bl/6 primary recipients (50 fetal HSCs per 
mouse; 5 mice per group) together with 300000 Sca-1-depleted CD45.1 helper BM cells. At four 
months post-transplantation, the primary recipients were sacrificed and donor-derived Mcm3+/+ and 
Mcm3Ki/Ki HSCs were re-isolated for further analysis. FSC, forward scatter; PI, Propidium iodide. 
 

Mcm3Ki/Ki HSCs showed features of replication stress previously observed in old 

HSCs, such as increased RPA and γH2AX staining during replication, delayed cell 

cycle kinetics and hypersensitivity to Aphidicolin treatment (Figure 48). 
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Figure 48 | Replication stress in Mini-chromosome maintenance (Mcm)3-deficient HSCs.  
a, Representative images of Replication protein A (RPA)/γH2AX co-staining in 36 hr cycling 
Mcm3+/+ and Mcm3Ki/Ki hematopoietic stem cells (HSC). Scale bar, 10 µm. b, Single cell tracking of 
1st cell division in cultured Mcm3+/+ and Mcm3Ki/Ki HSCs. 48-91 cells were tracked per experiment. 
n = 3. c, Effect of low-dose Aphidicolin (Aph, 50 ng/ml) on cultured Mcm3+/+ and Mcm3Ki/Ki HSCs. 
Cells were plated in methylcellulose 36 hr after treatment and colony numbers were scored 7 days 
later. Results are normalized for vehicle-treated cells (veh, DMSO) and expressed as fold change 
compared to Mcm3+/+ HSCs (set to 1). n=3. Data are means ± s.d. *p ≤ 0.05 (two-tailed Student’s t-
test). n.s., not significant. DAPI, 4’,6-Diamidino-2-phenylindole. 
 

While donor chimerism of mice transplanted with Mcm3Ki/Ki fetal HSCs was only 

slightly lower in the peripheral blood and unchanged in the HSC compartment, 

Mcm3Ki/Ki HSCs became functionally exhausted after secondary transplantation 

with no detectable donor chimerism in the HSC compartment four months post-

transplantation (Figure 49).  
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Figure 49 | Reconstitution ability of Mini-chromosome maintenance (Mcm)3+/+ and Mcm3Ki/Ki 
HSCs in primary and secondary transplantation (TX).  
a, Experimental scheme. Fetal hematopoietic stem cells (HSCs) (Lin-/Sca-1+/c-Kit+/Flk2-

/CD150+/CD48-) were isolated from the fetal livers of E14.5 Mcm3+/+ or Mcm3Ki/Ki CD45.2 C57Bl/6 
donor mice, and transplanted into lethally irradiated CD45.1 C57Bl/6 primary recipients (50 fetal 
HSCs per mouse; 5 mice per group) together with 300000 Sca-1-depleted CD45.1 helper BM cells. 
At four months post-transplantation, the primary recipients were sacrificed to assess the 
percentage of donor-derived chimerism in the HSC compartment, and to re-isolate donor-derived 
adult Mcm3+/+ or Mcm3Ki/Ki HSCs. Re-isolated HSCs were again transplanted into lethally irradiated 
CD45.1 secondary recipients (1000 HSCs per mouse; 5 mice per group) together with 300000 Sca-
1-depleted CD45.1 helper BM cells. b-e, The percentage of donor-derived chimerism in the 
peripheral blood was assessed at the indicated months post-transplantation and the percentage of 
donor-derived chimerism in the HSC compartment was assessed four months post-transplantation. 
Data are means ± s.d. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001(two-tailed Student’s t-test). n.d., not 
detectable. 
 

In summary, these data obtained from decreasing Mcm levels both by lentiviral 

shRNA-mediated knockdown as well as a hypomorph allele directly confirm that 

reducing Mcm levels strongly impairs young HSC functionality. Collectively, these 

results provide strong evidence for the deficit in MCM DNA helicase components 

as the likely cause of the replication stress features of old HSCs. 
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3.5 Nucleolar γH2AX foci in quiescent old HSCs 
 

While replication stress provides an explanation for the high levels of γH2AX in 

cycling old HSCs, it does not account for their accumulation in quiescent old 

HSCs. To address this issue, we were wondering whether γH2AX could mark 

particular structures on chromosomes or nuclear territories. While we did not 

detect any co-localization with centromeric or telomeric regions, we observed an 

almost complete co-localization of age-associated γH2AX signals with several 

nucleolar markers.  

 
Figure 50 | Nucleoar γH2AX foci in old HSCs.  
a, Representative images of γH2AX and nucleolar marker co-localization in young (y) and old (o) 
hematopoietic stem cells (HSC): Fibrillarin (FBL); Upstream binding factor (UBF); and Nucleolin 
(NCL). Scale bar, 10 µm. b, Quantification of γH2AX/FBL foci in young and old cells. 188 and 208 
(HSC), 151 and 163 (multipotent progenitor cells, MPP), 200 and 200 (granulocyte/monocyte 
progenitors (GMP) were analyzed, respectively. Scale bar, 10 µm. Data are means ± s.d. *p ≤ 0.05, 
***p ≤ 0.001 (two-tailed Student’s t-test). n.d., not detectable. DAPI, 4’,6-Diamidino-2-phenylindole.  
 

The nuclelolus is the most prominent subnuclear compartment and itself consists 

of several sub-regions, the fibrillar center, dense fibrillar component and granular 

component. We made use of antibodies targeted towards all of these 

compartments, namely upstream binding factor (UBF), which is located in the 

fibrillar center, fibrillarin (FBL) as a marker for the dense fibrillar component and 

nucleolin (NCL), a protein residing in the granular component. All of these 

nucleolar markers co-localized with γH2AX in old HSCs (Figure 50 a). On the 

contrary, nucleolar γH2AX signals were almost never found in young cells but were 

also observed in old MPPs, albeit with reduced frequency (Figure 50 b). In 
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contrast, they were never detected in old GMPs or mature granulocytes, despite 

the persistence of well-formed nucleoli in GMPs (Figure 51). 

 
Figure 51 | Presence of nucleoli in hematopoietic cells (HSC). 
a-c, Representative images of γH2AX and nucleolar marker Fibrillarin (FBL) or Upstream binding 
factor (UBF) co-localization in old mutipotent progenitors (MPP) (a), granulocyte/monocyte 
progenitors (GMP) (b) and granulocytes (Gr) (c). d, Percentages of young (y) and old (o) cells with 
nucleolar staining. 445 and 464 (HSC), 485 and 390 (MPP), 179 and 223 (GMP) cells were 
analyzed, respectively. Scale bar, 10 µm. e, Representative electron microscopy images of young 
and old HSCs and GMPs. Data are means ± s.d. White asterisks indicate nucleoli. DAPI, 
Diamidino-2-phenylindole.   
 

Four to five nucleoli can usually be observed per mouse cell, which result from the 

transient and cell cycle-dependent assembly of nucleolar organizer regions (NOR) 

present on four different chromosome pairs in the C57Bl/6 strain. The nucleolus is 

a dynamic structure that shows a cyclic dissociation/reformation pattern 

throughout the course of a cell cycle. As expected due to the replication stress, 

this kinetics was delayed in old HSCs (Figure 52). 
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Figure 52 | Kinetics of nucleolar dissociation/reformation in cultured young and old HSCs.  
a, Representative time-course images of nucleolar marker Fibrillarin (FBL) in young (y) and old (o) 
hematopoietic stem cells (HSC). b, Quantification of the results shown in (a). Scale bar, 10 µm. 
n=3. 29-55 cells were analyzed per time point. DAPI, Diamidino-2-phenylindole. 
 

Interestingly, γH2AX signals quickly vanished from the nucleolus in cycling old 

HSCs, even before nucleolar dissociation, and never re-appeared in culture even 

after nucleolar reformation (Figure 53). 

 

 
Figure 53 | Kinetics of nucleolar γH2AX in cultured young and old HSCs. 
Representative images of γH2AX/Fibrillarin (FBL) staining in cultured young (y) and old (o) 
hematopoietic stem cells (HSC). Scale bar, 10 µm. DAPI, 4’,6-Diamidino-2-phenylindole.   
 

Nucleolar γH2AX signals were also never observed in “in vivo” cycling old HSCs 

re-isolated two weeks after transplantation, but they were again detected in donor-

derived old HSCs re-isolated seven months after transplantation. By then, old 

HSCs had re-entered quiescence. Interestingly, we observed the emergence of 

nucleolar γH2AX foci in young HSCs re-isolated nine months post-transplantation, 

possibly due to the fact that HSCs in these mice are about eleven months old and 

likely start to show nucleolar γH2AX as a sign of aging (Figure 54).  



Results 123 

 
Figure 54 | Disappearance and reformation of nucleolar γH2AX foci in old HSCs after 
transplantation. 
a, Schematic and representative images of γH2AX/Fibrillarin (FBL) staining in donor-derived young 
(y) and old (o) hematopoietic stem cells (HSC) re-isolated at the indicated times after 
transplantation. Scale bar, 10 um. b, Representative images of γH2AX/Upstream binding factor 
(UBF) staining in donor-derived young and old HSCs re-isolated nine months post-transplantation. 
DAPI, 4’,6-Diamidino-2-phenylindole.   
 

3.5.1 Decreased rRNA biogenesis and ribosomal function in old HSCs 
The nucleolus is primarily the site of ribosome biogenesis where multiple repeats 

of rDNA genes present on each NOR are transcribed into 47S pre-rRNA and then 

spliced to produce the 18S, 5.8S and 28S rRNA subunits. By combining γH2AX IF 

with fluorescence in situ hybridization (FISH) probing rDNA (immuno-FISH), we 

confirmed that the γH2AX signals indeed accumulate at rDNA genomic sites 

(Figure 55).  

 
Figure 55 | γH2AX accumulation at ribosomal DNA (rDNA) genes in old HSCs. 
Representative images of immuno- fluorescence in situ hybridization (FISH) for γH2AX and rDNA in 
quiescent young (y) and old (o) hematopoietic stem cells (HSC). Scale bar, 10 µm. DAPI, 
Diamidino-2-phenylindole. 
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In order to evaluate the functional consequences of nucleolar γH2AX on rRNA 

production, we assessed expression of the 47S rRNA precursor transcript levels in 

young and old HSCs. We found significantly reduced expression of the 47S rRNA 

precursor transcripts by qRT–PCR in quiescent old HSCs, which was confirmed in 

these cells using Bioanalyzer track analyses, where we made use of the fact that 

the cell’s total amount of RNA mainly consists of rRNA, which becomes apparent 

in the three rRNA peaks representing 5.8S, 18S and 28S rRNA (Figure 56). 

 
Figure 56 | Reduced 47S pre-ribosomal RNA (pre-rRNA) transcription in old HSCs.  
a, qRT-PCR analyses of 47S pre-rRNA precursor transcript expression in quiescent and cycling 
young (y) and old (o) hematopoietic stem cells (HSC). n=12 and 8, respectively. Results are 
expressed as Log2-fold change compared to young HSCs (set to 0). Horizontal bars indicate 
average expression levels. b, RNA Bioanalyzer track showing the predominant 5.8S, 18S and 28S 
rRNA peaks, and quantification of RNA content in quiescent young and old HSCs. Results are 
expressed as area under the curve divided by the total number of cells in each sample. n=4. Data 
are means ± s.d. *p ≤ 0.05 (two-tailed Student’s t-test). n.s., not significant. 
 

Interestingly, 47S rRNA precursor transcript expression was restored to levels 

found in young HSCs when old HSCs were cycling and had thus lost nucleolar 

γH2AX. Taken together, these results indicate that nucleolar γH2AX signals are an 

exclusive feature of quiescent old HSCs, where they correlate with decreased 

rRNA synthesis and could mark the transcriptional silencing of rDNA genes. In 

contrast, none of the classic histone methylation marks associated with active 
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(H3K4me3, H3K79me2), or repressed (H3K27me3, H3K9me3) transcription 

displayed specific nucleolar enrichment in old HSCs (Figure 57).  

 
Figure 57 | Independence of reduced ribosomal RNA (rRNA) expression levels of other know 
epigenetic marker. 
Representative images of nucleolar marker Nucleophosmin (NPM1) and the indicated histone 
methylation marks in young (y) and old (o) hematopoietic stem cells (HSC). Scale bar, 10 µm. 
DAPI, 4’,6-Diamidino-2-phenylindole. 
 

rDNA genes are the most abundant and most highly transcribed genes in 

eukaryotes. In addition, rDNA genomic loci contain many replication origins and 

are known to challenge the replication machinery when replicating in late S-phase. 

It is therefore likely that replicating old HSCs accumulate γH2AX on rDNA genes, 

and we propose that their aggregation during nucleolar reformation causes the 

appearance of nucleolar-associated γH2AX signals in quiescent old HSCs. 

Importantly, single nucleotide polymorphisms (SNPs) analyses of the amplified 

genomic DNA that were performed in Dr. Forsberg’s lab at the University of 

California Santa Cruz showed no significant differences in rDNA sequences 

between young and old HSCs, which suggests that replication stress has little 

mutagenic consequences for rDNA gene integrity. However, to assess whether 

reduced rRNA transcription levels had any impact on the functional capacity of the 

ribosome, we investigated the ability of young and old HSCs to engage the 

ribosomal protein translation machinery. To do so we made use of a fluorogenic 

assay using puromycin-analogue OPP that had been developed to image protein 

synthesis. OPP, like puromycin, is taken up by cells, enter ribosome acceptor sites 

and incorporate into nascent polypeptides (Liu et al., 2012). An azide-alkyne 

reaction can be used to label OPP fluorescently in order to quantitate protein 

synthesis in individual cells. Labeling quiescent HSCs with OPP for 30 min right 
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after isolation revealed a significantly reduced protein biosynthesis output in old 

HSCs indicating a significantly reduced ability of old HSCs to produce protein 

(Figure 58). 

 
Figure 58 | Functional consequence of reduced rRNA transcription on ribosomal function in 
old HSCs. 
a, Representative images of O-propargyl-puromycin (OPP)-labeled young (y) and old (o) 
hematopoietic stem cells (HSC). Cells were labeled for 30 min after isolation before being fixed. 
Aging-associated γH2AX foci are also shown. Scale bar, 10 µm. b, Quantification of OPP by mean 
fluorescence intensity (MFI) in quiescent young and old HSCs. Results are normalized to yHSCs 
(set to 1). n=3. Data are means ± s.d. *p ≤ 0.05 (two-tailed Student’s t-test). DAPI, 4’,6-Diamidino-
2-phenylindole.   
 

3.5.2 Mislocalization of the PP4c phosphatase in quiescent old HSCs 

In order to determine why old HSCs show persistent nucleolar γH2AX foci without 

any sign of an active DDR, we investigated the possibility that γH2AX may not be 

properly dephosphorylated in quiescent old HSCs. When looking at the cellular 

distribution of PP4c, which is one of the best-characterized γH2AX phosphatases 

(Nakada et al., 2008) we found it mislocalized in quiescent old HSCs. While 

nuclear PP4c was observed in both quiescent and cycling young HSCs, PP4c was 

found almost exclusively in the cytoplasm of quiescent old HSCs and only became 

nuclear when old HSCs re-entered the cell cycle (Figure 59).  
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Figure 59 | Mislocalization of Protein phosphatase 4c (PP4c) in quiescent old HSCs. 
Representative images of PP4c staining in quiescent and 36 hr cultured young (a) and old (b) 
hematopoietic stem cells (HSC). Scale bar, 10 µm. DAPI, 4’,6-Diamidino-2-phenylindole.   
 

Nuclear re-localization of PP4c also occurred within the same time window (3–9 h) 

as disappearance of nucleolar γH2AX from in cycling old HSCs (Figure 60).  
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Figure 60 | Loss of nucleolar γH2AX and re-distribution of Protein phosphatase 4c (PP4c) 
upon exit of quiescence in old HSCs. 
Short-term kinetics of nucleolar γH2AX and localization of PP4c. Representative images of young 
(y) and old (o) hematopoietic stem cells (HSC) at the indicated time points. a, Slides were stained 
with antibodies against γH2AX and Fibrillarin (FBL). b, Slides were stained with an antibody against 
PP4c. Scale bar, 10 µm. 
 

These data suggest that the long-term persistence of nucleolar γH2AX in 

quiescent old HSCs results from ineffective H2AX dephosphorylation due to 

mislocalized PP4c rather than ongoing DNA damage. A failure to dephosphorylate 

H2AX could thus explain why quiescent old HSCs show persistent γH2AX signals 

without DDR activation.  
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3.6 Summary of results 
 

This work has identified replication stress as a novel mechanism driving the 

functional decline of HSCs with increasing age. DNA replication, the process that 

takes place during S-phase, is by its nature very susceptible to accumulate DNA 

damage. The unwinding of the DNA double helix creates topological stress, which 

requires DNA strand breaks induced by topoisomerase enzymes for release. 

Therefore, a small degree of fork instability as a result of replication stress is 

common in the course of normal replication. However, a healthy young cell is able 

to maintain replication fork stability through a variety of mechanisms without major 

long-term consequences. In line with this, we observed only a small increase in 

DNA damage upon cell cycle entry in young HSCs. Old HSCs, on the other hand, 

display significantly increased levels of replication-associated DNA damage when 

they are in S-phase. To corroborate our hypothesis that the underlying mechanism 

for increased DNA damage in old HSCs is indeed replication stress, we analyzed 

stretched DNA fibers after CldU/IdU labeling and found striking evidence for an 

altered replication fork dynamics. Additionally, we found persistent G1-specific 

53BP1 bodies in about 60% of old HSCs, which are generated after entry into 

mitosis as a result of unresolved replication stress-associated DNA damage. As a 

consequence of replication stress, five days expanded in vitro cultures of old 

HSCs showed increased numbers of chromosomal gaps and breaks, which stem 

from un-replicated DNA that is visualized as a gap in M-phase. We also found 

significantly enhanced expression of the CKI p21 which was accompanied by 

decreased expression of a range of cyclins suggesting cell cycle checkpoint 

engagement in response to fork stalling and resulted in delayed division kinetics in 

old HSCs. However, despite this delay, old HSCs are still able to divide, in 

particular under standard culture conditions in vitro. When their function becomes 

impaired is upon exposure to replication stressors such as low-dose Aphidicolin in 

vitro. Old HSCs are hypersensitive to Aphidicolin treatment, which significantly 

slows down their proliferation and induces apoptosis. This is in contrast to young 

HSCs, which are only slightly affected by replication stress induction. Importantly, 

other non-replication stress-specific drugs impacted young and old HSCs to a 

similar extent, further stressing the importance of replication stress as a 
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mechanism for functional decline in old HSCs. Interestingly, transplanting old 

HSCs treated in vitro for 36 hr with Aphidicolin, did not worsen the already low 

engraftment potential of untreated old HSCs. However, induction of replication 

stress in young HSCs prior to transplantation resulted in a highly reduced 

reconstitution ability, almost to the levels observed in old HSCs. These data further 

demonstrate that replication stress severely damages the functionality of young 

HSCs in a way that resembles aging-associated effects and emphasizes the 

causal link between replication stress and aging-associated HSC functional 

decline. 

 

Moreover, microarray analysis comparing gene expression profiles of young and 

old HSCs revealed a significant downregulation of all members of the MCM 

helicase components, which are key players in replication initiation and fork 

progression. By using a lentiviral knockdown approach and by making use of a 

mouse model hypomorphic for Mcm3, we confirmed that decreased MCM levels 

are directly causing the replication stress features that we see in old HSCs and 

ultimately contribute to the functional decline of old HSCs. In addition, we revealed 

that cycling old HSCs are likely to accumulate γH2AX foci in rDNA genes as a 

consequence of replication stress occurring at these difficult-to-replicate loci during 

their replication. Since we confirmed the presence of a functional DNA repair 

machinery in old HSCs, stalled or collapsed replication forks can be repaired upon 

activation of the DNA damage response. However, the clearance of γH2AX foci is 

probably unfinished by the time old HSCs re-enter quiescence, thereby 

aggregating remaining γH2AX signals in reformed nucleoli in post-mitotic cells. We 

propose that instead of ongoing DNA damage, ineffective dephosphorylation of 

γH2AX due to mislocalized PP4c phosphatase contributes to the long-term 

persistence of nucleolar γH2AX foci in quiescent old HSCs. We argue that instead 

of marking DNA damage, persistent nucleolar γH2AX acts by transcriptional 

silencing of rDNA genes, leading to decreased ribosome biogenesis and a 

reduced protein biosynthesis rate in quiescent old HSCs.  
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4 Discussion 
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Accumulation of genetic alterations due to DNA damage accrual and alterations of 

the cell cycle machinery are two fundamental aspects of physiological aging. They 

result in genomic instability, cell cycle arrest and ultimately exhaustion of tissue 

regenerative capacity. In addition, when perturbed, these processes can become 

key mechanisms in aging-associated pathologic processes such as cancer or 

neurodegenerative disorders. Because stem cells are responsible for the life-long 

maintenance and regeneration of tissues, they are particularly vulnerable to the 

effects of aging. In organs with a slow cell turnover rate, such as muscle tissue, 

stem cells only become important in the life-long repair of injury (Lepper et al., 

2011). In contrast, organs that exhibit a high rate of cell turnover, such as the skin, 

intestinal epithelium or, as studied by us, the hematopoietic system, rely heavily on 

proper stem cell function to maintain tissue homeostasis (Rando, 2006). In order 

to limit genomic and cellular damages, young and healthy HSCs are mostly 

maintained in the quiescent phase of the cell cycle with low metabolic activity and 

are equipped with an array of protective mechanisms such as high expression of 

ABC transporters to eliminate toxins (Challen and Little, 2006) and an active 

autophagic response to survive periods of metabolic stress (Warr et al., 2013). 

 

Nevertheless, stem cell functionality declines during aging resulting in a blunted 

response to injury, dysregulation of proliferative activities and loss of regenerative 

potential (Oh et al., 2014). Such functional attrition of stem cells has been found in 

essentially all adult stem cell compartments, including the mouse forebrain 

(Molofsky et al., 2006), the bone (Gruber et al., 2006), or the muscle fibers 

(Conboy and Rando, 2012). In hematopoietic stem cells this functional decline 

becomes apparent in a diminished production of adaptive immune cells and in an 

increased incidence of anemia and myeloid malignancies (Shaw et al., 2010). 

Elucidating the molecular mechanisms that underlie stem cell functional decline 

with age is an important first step in developing novel therapies that could slow 

down or perhaps even reverse age-related degenerative changes.  
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4.1 DNA damage accumulation and stem cell aging 
 

Our results show that old HSCs display γH2AX signals without detectable levels of 

DNA breaks and activation of the DDR. In addition, old HSCs remain competent to 

respond to induction of DNA damage and have unaltered expression of DNA 

damage response genes. Thus, our data suggest that accumulation of γH2AX in 

old HSCs could be independent of the sensing of DNA breaks. Indeed, we found 

high levels of ATR and RPA signaling in old HSCs, which indicate high levels of 

replication stress rather than an accrual of DSBs. The following chapter will 

discuss the biological significance of these findings in the context of what is “state 

of the art” knowledge in the context of DNA damage and HSC aging.  

 

4.1.1 Indications for a connection between DNA damage accumulation and 
aging 

It is thought that because stem cells persist throughout the lifetime of an organism 

they experience long-term exposure to genotoxic insults, resulting in accumulation 

of DNA damage and ultimately functional decline. This DNA damage hypothesis of 

stem cell aging is supported by many findings. Mutations in genes involved in the 

efficient repair of DNA damage result in premature aging phenotypes, which 

recapitulate key features of chronological aging (Kipling et al., 2004). For example, 

in addition to age-related phenotypes such as hair graying, osteoporosis and 

fibrosis of the heart and kidney, mice deficient in the DNA damage response 

sensor Atr show an age-related loss of stem and progenitor cells in the bone 

marrow and hair follicles, which strongly correlates with a reduced tissue renewal 

and homeostatic capacity (Ruzankina et al., 2007). Similarly, analysis of several 

mouse models deficient in components of the DDR show accelerated age-related 

loss of hematopoietic stem cells functional capacity including loss of their 

reconstitution and proliferative potential, diminished self-renewal, and increased 

apoptosis (Nijnik et al., 2007; Rossi et al., 2007a). Accumulation and persistence 

of DNA damage marker γH2AX in many aging tissue-specific stem cells including 

stem cells of the blood, muscle and brain also indirectly reflect this increase in 

DNA damage on a cellular level (Barral et al., 2014; Rossi et al., 2007a; Rube et 

al., 2011; Sinha et al., 2014). Further supporting this theory, an accrual of 
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mutations resulting from increased DNA damage has been revealed in deep 

sequencing studies performed on HSPCs from healthy aged humans (Welch et al., 

2012). These studies suggest a direct link between DNA damage accumulation 

and aging. Interestingly, cancer-critical gene loci are also affected, to a low 

percentage even in healthy individuals, however, the frequency of mutations more 

than doubles in individuals over 70 years old (Xie et al., 2014), hence providing a 

possible explanation for the dramatic increase in cancer incidence with age. 

Altogether, these data suggest a fundamental role of accumulated DNA damage in 

age-related deterioration of the somatic stem cell pool.  

 

4.1.2 Sources of DNA damage in old HSCs 
The mechanisms responsible for increased DNA damage with age, however, 

remain largely unknown. It could be the result of a slow but constant accumulation 

of damage over time or a decreased rate of DNA repair later in life. In HSCs, the 

cause for an accumulation of DNA damage over time has been suggested to lie 

within the cell itself. Due to their quiescent state, adult HSCs rely on NHEJ to 

repair DNA damage, particular DSBs as recently shown by the Passegué’s 

laboratory, which can directly lead to the acquisition of mutations (Mohrin et al., 

2010). The life-long dependence on this error-prone mechanism could therefore 

result in accumulation of damaging mutations and ultimately HSC functional 

decline. In addition, diminished expression of certain DNA repair genes in old 

HSCs has been regarded as one of the mechanisms underlying age-associated 

DNA damage accrual (Chambers et al., 2007). This is supported by studies 

showing compromised capacity to repair DNA damage induced by irradiation in old 

human HSCs (Rube et al., 2011) and persistence of γH2AX foci in old HSCs from 

both mouse and human origin (Rossi et al., 2007a; Rube et al., 2011; Sinha et al., 

2014).  

 

Our work has identified an important source of cell-intrinsic DNA damage in aging 

HSCs, which is distinct from DNA breaks and results from replication stress 

happening during DNA replication in cycling old HSCs. Another recently published 

study came to a very different conclusion regarding the origin of the DNA damage 

accumulation with age. Beerman et al. found a global decrease in expression of 
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DNA repair genes by microarray analyses in quiescent old HSCs compared to 

cycling HSCs of either adult or fetal origin, and a slight but significant increase in 

DNA damage as measured by alkaline Comet assays in old quiescent HSCs 

(Beerman et al., 2014). Based on their findings, the authors propose that only 

quiescent old HSCs display ongoing DNA damage, which is then repaired when 

old HSCs re-enter the cell cycle. However the small increase in DNA 

fragmentation measured by Comet assay was not confirmed by an increase in 

other markers of DNA damage or by demonstrating an activated DDR, and 

showed a clearly bi-phasic pattern with a large amount of both young and old 

HSCs having no damage and some outliners with a lot of damage that were 

slightly more abundant in old HSCs. Alkaline Comet assay is notoriously 

insensitive when measuring endogenous DNA damage compare to induced DNA 

damage in response to genotoxic stress (Rosenberger et al., 2011), which 

therefore raises concerns about the sensitivity of this detection method. Alkaline 

Comet assay also detects ssDNA in addition to SSBs and DSBs, and it could very 

well be that the observed increase in tail moment in fact reflects the same increase 

in replication stress-associated stretches of ssDNA, which we confirmed by the 

high degree of ATRIP and RPA accumulation in quiescent old HSCs. 

 

Since the differences in expression of DNA repair genes they uncovered by 

microarray analyses were not validated by direct qRT-PCR or at the protein levels, 

and not functionally tested as we did in irradiated cells, it remains unclear whether 

they are actually important for the DNA repair capability of old HSCs. Finally, their 

interpretation of DNA repair occurring in cycling old HSCs was essentially based 

on the disappearance of γH2AX foci, which we show was the direct consequence 

of PP4c nuclear re-localization and dephosphorylation of nucleolar γH2AX as 

discussed in Chapter 4.4. 

 

Taken together, both our work and the study by Berman et al. confirmed an 

accumulation of DNA damage in HSCs upon aging; however, different conclusions 

were drawn concerning the underlying source and capability of repair. Berman et 

al. explain the DNA damage accumulation in quiescent old HSCs by their 

inefficient DNA repair ability, which the authors argue to be due to their 
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predominantly quiescent state. Proliferating downstream progenitors, regardless of 

age, respond to and repair DNA damage much more efficiently due to activation of 

repair pathways upon exit of quiescence and cell cycle entry. Prolonged states of 

HSC quiescence are therefore argued to cause an accumulation of DNA damage 

over the lifetime of an animal and hypothesized to be the underlying cause for the 

aging-associated functional decline of old HSCs. In contrast, our work rather 

focused on what kind of damage, distinct from DNA breaks, could be causing the 

accumulation of γH2AX in old HSCs. We identified highly increased ATR signaling 

indicative of increased replication stress in quiescent old HSCs. Based on our 

results we argue that the DNA damage accumulation corresponds to an 

accumulation of ssDNA caused by remnants of past rounds of replication rather 

than DSBs. In summary, despite different conclusions both our studies emphasize 

the importance of altered DNA damage and associated stress response pathways 

in the etiology of HSC aging.   
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4.2 Replication stress as a driver for HSC functional decline 
 

Our work has identified replication stress as a novel driver behind both the 

accumulation of DNA damage and the functional decline of HSCs. The following 

chapter will discuss how replication stress can impact on cellular function, 

particularly in long-lived stem cells and how it can ultimately lead to genetic 

instability and cancer development.   

 

4.2.1 Inappropriate replication origin licensing as the molecular cause 
underlying replication stress in old HSCs 

The effects of replication stress are likely to be most potent in adult stem cells, as 

they carry the largest regenerative burden for life-long maintenance of tissue 

homeostasis. This is particularly true for tissues with a high turnover rate such as 

the blood system, which constantly needs to be regenerated. In fact, most mouse 

HSCs enter the cycle once a month at steady state (Cheshier et al., 1999; 

Passegué et al., 2005; Wilson et al., 2008), but can proliferate at much higher rate 

in conditions of blood regeneration induce by injury or transplantation. In fact, 

transplantation of small numbers of HSCs into lethally irradiated hosts is the 

ultimate challenge for HSC, where the need to reconstitute the blood system puts 

HSCs under enormous replication stress. As a result, after serial rounds of 

transplantation, HSCs gradually decline in their function and are eventually 

exhausted (Harrison et al., 1978; Ross et al., 1982).  

 

Several conditions exist that can slow down or stall replication and as a 

consequence lead to replication stress. These include limiting nucleotides, DNA 

lesions, repetitive DNA elements, RNA-DNA hybrids, DNA secondary structures or 

oncogene-induced stress. All of these conditions require the use of dormant 

origins to allow proper completion of S-phase. We have identified in this work that 

old HSCs have lost the ability to appropriately activate these dormant origins due 

to a deficit in MCM helicase components. In every young and healthy cell, the 

amount of MCM components largely exceeds the amount required for replication; 

on average, a three to ten-fold excess of MCM proteins are loaded onto origins of 

replication and distributed along the chromatin (Blow et al., 2011). Most of them 
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are displaced during S-phase without having played an active role in DNA 

replication. This excess of MCM proteins is needed to activate dormant or backup 

origins of replication in stress conditions. Dormant origins are effectively 

suppressed during unperturbed DNA replication, but can initiate DNA replication 

when normal replication forks are stalled, for example by blockade with replication 

stressors such as Hydroxyurea and Aphidicolin. In support of this model, partial 

knockdown of MCM components induces hypersensitivity to otherwise nontoxic 

levels of Hydroxyurea (Woodward et al., 2006). Thus, the excess MCM proteins, 

although not necessarily active during unperturbed S-phase, serve as a reservoir 

to activate backup origins that are required to recover from replication stress and 

complete DNA replication. Mice hypomorphic for Mcm2 (Mcm2IRES-CreERT2) and 

Mcm4 (Mcm4Chaos3) have a reduction in the total amount of MCM loaded onto the 

DNA rather than impaired biochemical activity of the MCM complex, and both 

show a reduction in dormant origin activation after challenge with replication stress 

(Kunnev et al., 2010; Shima et al., 2007). However, even in the absence of 

exogenously applied replication stress cells from mutant mice display signs of 

replication defects: Mcm2IRES-CreERT2 mutant cells exhibit both an increase in p21 

levels as well as an increase in γH2AX staining, indicating accumulation of DNA 

damage (Kunnev et al., 2010; Pruitt et al., 2007). On the same line, Mcm4Chaos3 

mutant cells have an increased number of stalled replication forks and also show 

increased levels of DNA damage (Kawabata et al., 2011). These in vivo models 

complement studies on human cell lines, where MCM levels are downregulated by 

using RNA interference. Again, cells with decreased concentrations of Mcm2-7 

complexes display normal fork progression, but have lost the potential to activate 

dormant origins and become hypersensitive to replication stress (Ibarra et al., 

2008). This is in accordance with what we have found in old HSCs, which despite 

having reduced MCM levels are still able to divide, yet with slower kinetics. In 

contrast, when exposed to replication stress such as treatment with replication 

stressor drugs like Aphidicolin or Hydroxyurea in vitro, or transplantation in vivo, 

old HSCs are significantly impacted as compared to young HSCs, leading to 

apoptosis and loss of function. Our results indicate that the inability to handle 

replication stress is one of the main causes for the impaired regenerative function 

of aging HSCs.  
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The specific blood cells mostly affected by the effects of replication stress are 

erythrocytes and lymphocytes. Erythrocyte maturation is coupled to 3-5 rounds of 

DNA replication and cell division (Pop et al., 2010) and increased replication stress 

caused by hypomorphic MCM3 (Juan Méndez, personal communication) results in 

anemia- a characteristic feature of the aging blood system in humans. Similarly, 

lymphocytes, in particular B cells, are highly sensitive to the effects of replication 

stress (Barlow et al., 2013). They undergo apoptosis, which leads to lymphopenia, 

myeloid-biased hematopoiesis and the deterioration of innate and adaptive 

immune responses with age (Goronzy and Weyand, 2013).  

 

Defects in replication stress signaling pathways are associated with several 

human diseases, many of which being associated with premature aging (Zeman 

and Cimprich, 2014). These include Werner syndrome and Bloom syndrome, in 

which DNA remodeling and replication fork structure resolution is impaired, or 

Fanconi anemia, where defective DNA interstrand crosslink repair results in 

endogenous replication stress (Bachrati and Hickson, 2003; Lans and 

Hoeijmakers, 2006). In addition there are a growing number of premature aging 

conditions, where the replication stress response has been implicated in disease 

etiology that involve mutations in proteins without intuitive roles in replication or 

replication stress. These include, for example, premature aging disorders caused 

by mutations in lamin proteins (Gonzalez-Suarez and Gonzalo, 2010). Keeping 

replication stress under control may thus be a way to delay or even prevent aging-

associated diseases.  

 

4.2.2 Replication stress as a source for genetic instability 
In addition to being involved in premature aging syndromes, replication stress has 

emerged as a significant source of genetic instability resulting in both structural 

and numerical chromosomal aberrations (Halazonetis et al., 2008). Patients with 

diseases associated with defective replication stress response also often show an 

increased predisposition to cancer (Burrell et al., 2013). Similarly, both 

hypomorphic Mcm2 and Mcm4 mutant mice are cancer-prone and develop a 

variety of tumors (Blow et al., 2011). It has been proposed that recombinogenic 

processes, which are activated in response to fork collapse following replication 
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stress, have the potential to lead to loss of heterozygocity (LOH) (Halazonetis et 

al., 2008). This is particularly common in the early stages of solid tumor 

development (Burrell et al., 2013). In the blood system, a premalignant disease 

that is also primarily found in the elderly is MDS, which often evolves into full-

blown AML. MDS is characterized by chromosomal instability, most commonly 

resulting in chromosomal losses and LOH at cancer-critical loci (Afable et al., 

2011). In old HSCs, we consistently observed chromosomal gaps and breaks, 

indicating that replication stress directly leads to chromosomal instability. We 

speculate that such chromosomal instability and associated LOH in old HSCs 

could ultimately increase the risk of malignant transformation. In support of this 

hypothesis, replication stress has been found to be driving force of early stages of 

disease in a mouse model mimicking the multistep pathogenesis of AML 

development (Takacova et al., 2012). However, malignant transformation also 

requires mutation in cancer-driving genes, which is a random process that we did 

not observe in our cohort of healthy old mice.  
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4.3 Reduced Mcm expression as the underlying molecular cause 
for replication stress in old HSCs 

 

We identified a deficit in MCM proteins as the cause for the replication stress 

features of old HSCs, but why Mcm levels are reduced with age remains unknown. 

Understanding the underlying molecular mechanisms is therefore an important 

next step for identifying novel targets to restore HSC function and promote the 

rejuvenation of the aging blood system. The following chapter will discuss possible 

molecular mechanisms that may be involved in Mcm downregulation in old HSCs.  

 

4.3.1 Control of Mcm expression by the MYC/E2F pathway 
Mcm gene transcription is activated in response to cascade of upstream mitogenic 

signaling events, which are triggered upon cellular engagement with appropriate 

external growth signals (Sears and Nevins, 2002). In murine cells, Mcm genes are 

located on different chromosomal loci (Mcm2: 6qD1, Mcm3: 1qA4, Mcm4: 16qA2, 

Mcm5: 8qC1, Mcm6: 1qE4, Mcm7: 5qG2). Binding sites for members of the MYC 

and E2F family of transcription factors, which are key players in coordinating DNA 

replication events, are predicted in the regulatory sequences of all Mcm genes. 

Like many of the other replication-associated genes, Mcm genes are expressed at 

low levels in quiescent cells and their expression is induced by growth factor 

stimulation following serum starvation (Leone et al., 1998). Despite the fact that 

Mcm gene expression is growth factor-regulated (Forsburg, 2004), studies in 

REF52 fibroblast cell lines have revealed that MCM protein levels remain fairly 

constant throughout the cell cycle (Leone et al., 1998) and only decline following 

cell cycle exit upon terminal differentiation, such as in adult neurons and cardiac 

myocytes or upon cellular senescence (Stoeber et al., 2001). Detection of 

increased MCM levels in otherwise differentiated tissues is therefore used as a 

reliable marker in cancer diagnostics (Giaginis et al., 2010). Since the majority of 

Mcm transcriptional regulation studies have been performed in cell lines, it 

remains to be seen how Mcm genes are regulated during the cell cycle in primary 

young HSCs, and whether these regulations are perturbed upon aging. It will now 

be important to assess E2F and MYC levels in old HSCs as downregulation of 
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these two pathways might be responsible for the decreased levels of Mcm 

expression and the reduced proliferative status of old HSCs.  

 

4.3.2 Control of E2F expression by the p21/p53 pathway   
One of the best-studied upstream regulators of E2f expression is p21, and our 

data show that p21 expression levels are significantly increased in old HSCs. The 

main function of p21 is to block the pRB/E2F pathway upon growth inhibition 

(Sherr and Roberts, 1999) and thus restrict cell cycle progression. However, it also 

has a less well-known function that is to inactivate E2f transcriptional activity by 

direct association. Biochemical and functional in vitro studies have suggested this 

to be independent of the control through upstream CDKs that regulate the 

pRB/E2F interaction (Delavaine and La Thangue, 1999). Under physiological 

conditions this regulatory pathway seems to be of particular importance in later 

stages of the cell cycle, such as when cells have embarked on S-phase and are 

moving towards G2, thus have passed through the cell cycle window in which pRB 

has the opportunity to regulate E2F (Delavaine and La Thangue, 1999). It also 

provides an alternative mechanism that could be relevant in regulating p21 levels 

in HSCs during aging. In this context, it might be interesting to investigate whether 

Mcm expression levels are increased in HSCs isolated from young mice deficient 

in p21 as it might provide additional indication about the molecular control of Mcm 

expression. 

 

The most prominent inducer of p21 expression is p53 (El-Deiry et al., 1993). p53 

has a major role as tumor suppressor involved in various critical cellular functions 

such as proliferation, cell cycle arrest, apoptosis and DNA repair mechanisms. 

Besides its well-established role as a potent tumor suppressor, p53 has also been 

implicated as a potential regulator of longevity and aging (Donehower, 2002; Tyner 

et al., 2002). In this context, it has been shown that mice expressing a truncated 

mutant of p53 lacking the first six exons (p53m/+ mice) resulting in an hyperactive 

form of p53 exhibit an organismal aging phenotype, with reduced longevity, 

osteoporosis, organ atrophy, and diminished stress tolerance (Tyner et al., 2002). 

Regarding the role of p53 on HSC function, it has been shown that HSC numbers 

decrease in p53m/+ mice with hyperactive p53, and, conversely, increase in p53+/- 
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mice that lack one copy of the p53 gene. Therefore, it has been suggested that 

increased levels or activation of p53 result in cellular senescence in HSCs 

(Dumble et al., 2007). The contribution of senescence to organismal aging, 

however, has been a matter of debate for a long time (Herbig et al., 2006). 

Activation of senescence pathways has been shown to contribute to the aging-

associated functional decline in stem cell compartments of other tissues such as 

neuronal stem cells (Molofsky et al., 2006) or muscle stem cells (Sousa-Victor et 

al., 2014). While an initial study reported increased levels in the senescence 

marker p16 in old HSCs (Janzen et al., 2006), it was not confirmed in a follow-up 

study (Attema et al., 2009). In our case, we were able to detect cellular 

senescence by β-gal staining and associated upregulation of p16 expression in 

only very few of old HSC samples (3 out of 12 preparations of oHSCs, of which 4 

had detectable p16 levels). This suggests that in contrast to other aging tissues, 

activation of senescence pathways is a rather rare event in old HSCs, which likely 

does not play an essential role in HSC aging. 

 

4.3.2.1 Epigenetic modification of Mcm promoters 
Besides aging-associated transcriptional changes, downregulation of Mcm 

expression could also be the result of altered epigenetic promoter regulation. 

Indeed, members of the two most critical histone methyltransferase complexes of 

the Polycomb (PcG) and Trithorax (TrxG) groups have been implicated in adult 

stem cell regulation as well as organismal aging (Pollina and Brunet, 2011). PcG 

and TrxG complexes have antagonistic functions. Whereas TrxG complexes 

catalyze methylation of the activating mark tri-methyl lysine 4 of histone H3 

(H3K4me3), which promotes gene expression, PcG proteins control levels of the 

repressive mark tri-methyl lysine 27 of histone H3 (H3K27me3), which has an 

inhibitory effect on gene expression.  

 

A recent genome-wide study has provided strong evidence that deregulated 

epigenetic status is one of the hallmarks of old HSCs (Sun et al., 2014a). Our 

preliminary investigations by ChIP-Seq performed in collaboration with Dr. 

Forsberg’s lab at UCSC suggest significantly decreased levels of H3K4me3 in the 

promoter regions of, at least, Mcm4 and Mcm6 genes. Since H3K4me3 is an 
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epigenetic mark for transcriptionally active genes, this would indeed suggest 

decreased expression of both these genes. In this context, it has been shown that 

destabilizing the expression of one or two Mcm genes results in changes in the 

expression level of all others family members due to a so called “pan-decrease” 

effect (Chuang et al., 2012). We plan to follow up these results using a more direct 

ChIP-PCR approach on the promoter regions of all Mcm genes. We intend to 

assess H3K4me3, DNA Pol II and H3K27me3 binding activity to determine the 

epigenetic signature of Mcm promoter activity in old HSCs.  

 

Consistent modification of histone marks on Mcm promoters would raise the 

question of what could cause such aging-associated changes in epigenetic status. 

Changes in histone methylation patterns most likely reflect changes in proteins 

with chromatin-modifying activities, including epigenetic “writers” and “erasers” that 

add or remove specific histone post-translational modifications. Many of these 

enzymes utilize co-substrates generated by the cell’s metabolism thereby 

connecting metabolism with gene regulation. Changes in metabolic activity have 

been shown to be one of the important hallmarks of aging including in the blood 

system (Geiger et al., 2013). The Passegué’s laboratory has recently shown that 

old HSCs are defective in their ability to uptake nutrients leading to a chronic state 

of metabolic stress (Warr et al., 2013). Based on these findings we can speculate 

that age-associated changes in nutrition and metabolic activity ultimately impact 

on epigenetic enzymes, and result in altered histone modifications. Intriguingly, 

restriction of the amino acid threonine was observed to dramatically impede 

deposition of the H3K4me2 and H3K4me3 marks on chromatin (Shyh-Chang et 

al., 2013). In certain aging-associated cancers, so called ‘‘oncometabolites’’ have 

recently been identified, many of which impacting epigenetic regulation. For 

example, mutations in isocitrate dehydrogenase 1 (IDH1) that are frequently found 

in AML patients result in the production of 2-hydroxyglutarate, an aberrant 

metabolite that has the ability to inhibit certain chromatin-modifying enzymes 

including histone demethylases (Dang et al., 2009). We can speculate that such 

aging-associated alterations in histone modifying enzymes could contribute to 

changes in the epigenetic status of Mcm promoters and provide novel targets for 

potential rejuvenation therapies.  
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4.3.2.2 Allelic exclusion 
Another possible mechanism that could be responsible for the decreased Mcm 

expression in old HSCs is allelic exclusion. Allelic exclusion in the sense of 

monoallelic gene expression seems an attractive hypothesis, since we found the 

expression of both Mcm4 and Mcm6 genes to be downregulated by about 50% at 

the mRNA level in old HSCs. Originally identified as a mechanism to ensure 

monospecificity of B lymphocytes, allelic exclusion results in the expression of only 

one of two alleles by transcriptionally silencing the other. Monoallelic expression 

may thus reflect a novel aspect in the regulation of Mcm gene expression, perhaps 

one involving an interplay between nuclear architecture and chromatin structure 

(Brown et al., 1997). Monoallelic expression can be detected through microscopy-

based methods, such as RNA-FISH, by SNP-arrays or by using RNA sequencing 

methodology (Eckersley-Maslin and Spector, 2014). Epigenetic modification has 

been proposed as a mechanism to silence one of the two alleles. DNA methylation 

is perhaps one of the best-understood mechanism by which transcriptional states 

can be inherited and has been demonstrated to be important in other classical 

examples of monoallelic expression such as genomic imprinting (Kelsey and Feil, 

2013). Along this line, monoallelically expressed genes have been reported to 

show altered levels of DNA methylation when compared with biallelically 

expressed genes (Jeffries et al., 2012). Using whole-genome bisulfite sequencing 

(WGBS) (Sun et al., 2014a) and reduced representation bisulfite sequencing 

(RRBS) (Beerman et al., 2013) global changes in DNA methylation pattern have 

been shown to occur in HSCs with increasing age (Beerman et al., 2013; Sun et 

al., 2014a). In addition, inactivating mutations in several enzymes involved in 

chromatin modification including TET2 have been identified in healthy old human 

HSCs (Busque et al., 2012; Xie et al., 2014). It is conceivable that such potential 

changes in DNA methylation could also contribute to changes in the epigenetic 

status of Mcm promoters and could serve as targets for rejuvenation therapies. 

 

In addition to molecular features, the regulation of gene expression can also be 

influenced by the organization of the genome within its three-dimensional nuclear 

space (Hubner et al., 2013). Nuclear organization has been strongly implicated in 

X-chromosome inactivation (Chow and Heard, 2010), olfactory receptor 

expression (Lomvardas et al., 2006), immunoglobulin expression (Kosak et al., 
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2002; Skok et al., 2001), and, to a lesser extent, imprinted genes (Krueger et al., 

2012). Preferential positioning of the active versus inactive alleles within 

heterochromatic foci (Eckersley-Maslin et al., 2014) would thus be another way by 

which allelic exclusion may lead to MCM downregulation. An RNA-FISH approach 

would allow to identify both the amount of nascent mRNA production in addition to 

the localization of the transcriptionally active allele and provide an insight into 

whether this mechanism is used in old HSCs to regulate Mcm gene expression.  
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4.4 Ribosomal RNA and its role in HSC aging 
 

Our work has identified a striking accumulation of γH2AX marks on ribosomal RNA 

in quiescent old HSCs. The following chapter will discuss the biological 

significance of rDNA in the broad context of aging biology, and then address how it 

could contribute to the replication stress features displayed by old HSCs.  

 

4.4.1 rDNA theory of aging in yeast 
A strong connection between rDNA and aging is well established in yeast. Studies 

performed primarily in the yeast strain Saccharomyces cervesiae have revealed 

that aging results from the inherent instability of rDNA (Sinclair and Guarente, 

1997). Due to its highly repetitive nature, rDNA is prone to frequent homologous 

recombination events. Recombination of rDNA sequences in yeast results in the 

excision of a single circular DNA molecule, called extrachromosomal rDNA circle 

(ERC) that is replicated during S-phase. About twelve cell divisions later, the 

nucleus becomes packed with more than 1000 ERCs that lead to cell death. In 

young yeast cells these recombination events are prevented by a protein called 

silent information regulator 2 (Sir2), a NAD+-dependent histone deacetylase that 

removes acetyl groups from Lysine 16 of histone H4 (Imai et al., 2000). As a 

consequence, the chromatin gets compacted and rDNA is stabilized. This not only 

provides a direct link between heterochromatin formation and aging but also 

stresses the importance of epigenetic modulation in the aging process. Deletion of 

sir2 leads to a loss of rDNA silencing, elevated rDNA recombination and 

accelerated aging, whereas integration of an extra copy of sir2 increased rDNA 

silencing, suppressed rDNA recombination and extended lifespan by 30% 

(Straight et al., 1999). The answer to why Sir2 gets redistributed during aging 

came with the identification of the importance of chromatin re-organization in 

maintaining genomic stability and facilitating DNA repair. To efficiently repair a 

DNA break, Sir2 and other histone acetylases are redistributed to the site of 

damage in order to modify the chromatin to allow efficient DNA repair. In young 

yeast cells, this re-localization of Sir proteins has little effect on chromatin silencing 

patterns, however, the accumulation of DNA damage and increased rDNA 
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instability in old yeast cells eventually result in irreversible chromatin changes 

(Oberdoerffer and Sinclair, 2007).  

 

Replicative aging of yeast is caused by the accumulation of ERCs. Another 

important player that has been identified in the control of rDNA recombination and 

ERC formation is the protein Fob1. Interestingly, Fob1 is directly involved in the 

rDNA replication process. It binds to the rDNA replication fork and prevents the 

collision of the transcription with the DNA replication machinery by inducing a 

replication block in one direction at a site called the replication fork barrier (Brewer 

and Fangman, 1988). The Fob1-dependent replication block causes a DNA DSBs 

within the rDNA. This break can be repaired by homologous recombination, which 

results in the formation of an ERC (Defossez et al., 1999; Gangloff et al., 1996). 

Deletion of fob1 decreases the rate of rDNA recombination (Kobayashi et al., 

1998), dramatically reduces ERC formation, and extends life span (Defossez et 

al., 1999). The rDNA theory of aging in yeast therefore emphasizes the 

relationship between cellular aging and rDNA stability as a mechanism extremely 

relevant to HSC aging.  

 

4.4.2 rDNA is particularly prone to replication stress 
Replication stress particularly affects genomic loci where progression of replication 

forks is slow and problematic. The list of such replication barriers includes 

chromosomal fragile sites, telomeres, hypoacetylated chromatin, DNA-RNA-

hybrids, repetitive sequences and termination zones between replisomes. As 

such, rDNA is particularly susceptible to replication stress and fork collapse. Site-

specific stalling of the replicative machinery at ribosomal DNA loci is necessary to 

allow simultaneous transcription and replication. These naturally occurring 

replication fork-blocking sites have been identified in the rRNA gene repeats in 

cells from yeast to humans (Rothstein et al., 2000). Our data show accumulation 

of γH2AX on rDNA genes in quiescent old HSCs and, although we could not 

directly trace their deposition in replicating old HSCs, we believe that they result 

from high degree of replication stress occurring at the rDNA loci in aging HSCs, 

with activation of the DDR and phosphorylation of large amount of H2AX. Since 

rDNA are scattered throughout the genome in interphase nuclei, it might explain 
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why we could not directly detect γH2AX on rDNA genes by RNA-FISH in cycling 

old HSCs. In quiescent old HSCs, we believe that the γH2AX marks caused by 

preceding replication stress of the large rDNA genes converge at the reforming 

nucleoli resulting in the formation of nucleolar γH2AX foci. It is very likely that other 

difficult to replicate loci in the genome such as common fragile sites or 

trinucleotide-rich regions are also affected by replication stress during HSC 

cycling. However, we believe that the resulting γH2AX spots are randomly 

scattered throughout the entire genome and not confined to specific nuclear 

regions. Therefore, they are expected to be below the detection threshold for IF. 

Importantly, SNP-array analyses of amplified genomic DNA did not reveal 

significant differences in rDNA sequences between young and old HSCs (Camilla 

Forsberg, personal communication), which suggests that replication stress has 

little to no mutagenic consequence for rDNA gene integrity.  

 

4.4.3 Persistence of nucleolar γH2AX foci due to PP4c mislocalization 

Once DNA damage is repaired, the cell must terminate DDR signaling and protein 

modifications such as phosphorylation of H2AX need to be reversed. It has been 

shown that γH2AX is removed both by histone exchange (Cha et al., 2010) and 

dephosphorylation. In mammalian cells, the latter is mainly mediated by the PP4 

phosphatase complex that contains PP4C as the catalytic subunit, PP4R2 as the 

scaffold subunit and PP4R3 as the targeting subunit (Choudhury et al., 2007; 

Keogh et al., 2006; Nazarov et al., 2003). Our results show that the catalytic PP4c 

subunit is excluded from the nucleus in quiescent old HSCs. This provides a 

plausible explanation for the long-term persistence of γH2AX foci at reformed 

nucleoli in quiescent HSCs without evidence for ongoing DNA damage or genomic 

alterations. Once old HSCs exit quiescence, PP4c rapidly translocate to the 

nucleus leading to a rapid H2AX dephosphorylation and clearance of nucleolar 

γH2AX foci. This happens even before HSCs enter S-phase and undergo another 

round of replication stress with associated DNA damage and γH2AX accumulation. 

It now remains to be determined whether other γH2AX phosphatases than PP4 are 

acting in HSCs, and whether their localization is also altered in quiescent old 

HSCs. Nevertheless, the inability of old HSCs to clear γH2AX signals is likely the 
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mechanism behind the persistence of nucleolar-associated γH2AX foci throughout 

their quiescent phase. The fact that nucleolar-associated γH2AX foci are much 

less intense than irradiation-induced DNA damage foci also suggest that the 

dephosphorylation of H2AX at rDNA loci has been initiated concomitantly with the 

inactivation of the DDR, but not completed by the time old HSCs enter quiescence 

and exclude PP4c from their nuclei. 

 

An important emerging question is therefore why PP4c gets excluded from its 

predominant nuclear localization in quiescent old HSCs. The nuclear localization 

of a protein is usually controlled by two opposing signals: the nuclear localization 

signal (NLS) and the nuclear export signal (NES). PP4R3 (also termed SMEK) has 

been identified as the PP4 regulatory subunit responsible for PP4 targeting and 

thus subcellular localization (Lyu et al., 2013) and PP4 function has been linked to 

various cellular signaling cascades both in the nucleus and in the cytoplasmic 

compartments (Chowdhury et al., 2008; Raught et al., 2001; Yoon et al., 2010; 

Zhang et al., 2005). However the exact molecular mechanisms that control PP4c 

shuttling between its nuclear and cytoplasmic localization are unknown. Age-

dependent loss of association with SMEK or deterioration of nuclear pore 

complexes are two possible mechanisms underlying PP4c nuclear exclusion that 

may provide an answer in future investigations. Another important question that 

needs to be addressed in future studies is the association with quiescence. A 

possibility could be that the quiescent cell cycle state is associated with molecular 

changes in nuclear pore composition. Alternatively, nuclear trafficking speed may 

be decreased during the resting phase of the cell cycle, a feature that could be 

exacerbated with age. Hence, re-balancing of nuclear pore composition and/or re-

activation of nuclear trafficking upon exit of quiescence may be responsible for 

PP4c relocalization as soon as old HSCs re-enter the cell cycle. 
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4.5 A novel function for γH2AX as an epigenetic silencing mark 
 

Our results demonstrate that persistence of nucleolar γH2AX results in lower 

expression of rDNA genes and decreased protein biosynthesis rate, consistent 

with what has been termed ribosomal biogenesis stress (Bartek and Hodny, 2014; 

Golomb et al., 2014). It remains to be determined how this cellular stress impacts 

old HSC function, and whether it can be exploited for potential rejuvenation 

therapies.  

 

4.5.1 DNA damage and its impact on the transcription machinery 
Several recent lines of evidence suggest that DDR-associated mechanisms exist 

that coordinate DNA repair and transcription within the chromatin environment 

(Lukas et al., 2011b; Shanbhag and Greenberg, 2010). One such mechanism is 

local DNA damage-induced transcriptional silencing. The presence of DNA 

damage triggers a transient inhibition of the RNA Pol II transcriptional machinery 

by preventing elongation-dependent chromatin decondensation at regions close to 

DSBs (Shanbhag et al., 2010). This interplay between damage and transcription 

serves several purposes: First, it might prevent the transcription of broken genes 

that would otherwise result in the production of a non-functional mRNA molecule. 

Second, it may also facilitate repair processes by preventing collision between 

repair and transcription machineries (Vissers et al., 2012).  

 

Members of the PcG group of epigenetic transcriptional repressors have been 

shown to be recruited to DSBs and to regulate transcription at the sites of damage 

(Chou et al., 2010). EZH2 and its chromatin mark H3K27me3 have been detected 

by ChIP around DSBs suggesting epigenetic silencing at damage sites. Besides 

methylation changes on both DNA and histones in the vicinity of the DNA break, 

ubiquitination of histone H2A has been suggested as another post-translation 

modification with an important role in transcriptionally silencing of genes in the 

vicinity of damage sites (Shanbhag et al., 2010). Since γH2AX rapidly spreads at 

the sites of damage covering long stretches of DNA, it is tempting to speculate that 

it may also be involved in local DNA damage-induced transcriptional silencing. As 

such, γH2AX could directly serve to recruit chromatin-modifying enzymes to the 
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sites of damage. Our work has revealed that persistent γH2AX is linked to 

transcriptional repression, especially at rDNA genes. To test whether γH2AX 

directly acts as a silencing mark, old HSCs from mice deficient in H2AX could be 

used since they should lack nucleolar γH2AX and display normal rRNA expression 

levels.  

 

DNA-damage-induced chromatin changes are highly dynamic, which is important 

to prevent the aberrant spreading of DDR components and confine it locally to 

sites of damage, and to be able to quickly resume normal transcriptional activity 

after the damage has been cleared (Lukas et al., 2011b). In this context, γH2AX 

must be dephosphorylated to allow restoration of the epigenome to pre-damage 

status. Interestingly, expression of some γH2AX phosphatases is induced by p53, 

suggesting that feedback mechanisms from the DDR exist to limit, or eventually 

terminate, the DNA damage-induced phosphorylations and restore normal 

transcription levels (Moon et al., 2010). Our results suggest that quiescent old 

HSCs are unable to terminate the DNA damage-induced phosphorylation of 

γH2AX, because dephosphorylation can not be performed. As a consequence, 

γH2AX foci remain present long after replication stress-induced DNA damage has 

been cleared resulting in persistent transcriptional silencing of rDNA genes.  

 

Our results add to the growing list of evidence suggesting additional function for 

γH2AX beyond its main role in the DDR, where transient phosphorylation of H2AX 

is the key indication of DNA damage leading to nucleation of the DNA repair 

machinery. In recent years, several studies have shown that γH2AX could act as 

an epigenetic regulator during cellular reprogramming (Gonzalez et al., 2013; 

Marion et al., 2009; Muller et al., 2012). For instance, levels of γH2AX have been 

proposed in facilitating heterochromatin formation and thus repressing lineage-

determining gene expression in pluripotent cells (Wu et al., 2014). Accumulation of 

γH2AX without DDR activation has also been described during neurogenesis 

(Barral et al., 2014) as well as in aging muscle stem cells (Sinha et al., 2014). 

However, unlike in old HSCs, γH2AX foci are thought to represent unresolved 

strand breaks that have been induced but not resolved during myogenic cell 

differentiation (Sinha et al., 2014). Together, these findings stress the importance 
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of additional functions for γH2AX beyond its role as a DNA damage marker and 

pave the way for further investigations.  

 

4.5.2 Ribosomal stress 
Ribosome biogenesis dictates the capacity of a cell to grow and proliferate, and is 

one of the most energy consuming processes in eukaryotic cells (Grummt and 

Pikaard, 2003). The synthesis of a ribosome is a highly complex, yet exquisitely 

coordinated process, which utilizes all three DNA-dependent RNA polymerases 

(Pol I, Pol II and Pol III) to produce similar amounts of numerous ribosomal 

proteins (RP) and rRNA. These ribosomal proteins are assembled into the small 

and large ribosomal subunits (Rodnina and Wintermeyer, 2009) The small 40S 

ribosomal subunit contains approximately 32 ribosomal proteins (known as RPS 

proteins), while the large 60S subunit is composed of approximately 47 ribosomal 

proteins (known as RPL proteins). Transcription of the Pol I-transcribed rDNA has 

traditionally been considered the major rate-limiting step in ribosome biogenesis. 

Consistent with this dogma, any perturbations in the cellular environment, such as 

nutrient withdrawal, altered growth factor signaling, cell cycle cues and stress, are 

directly accompanied by modulation of the rate of rDNA transcription. Along this 

line, ATM-dependent signaling was shown to inhibit global RNA Pol I transcription 

in the nucleoli in response to chromosome breaks (Larsen et al., 2014). Failure to 

produce adequate amounts of rRNA therefore affects ribosomal function and as a 

consequence, impairs the cellular protein translation machinery. 

 

Ribosomal stress and associated defects in the translational machinery have been 

linked to several aging-associated diseases, in particular neurodegenerative 

disorders, such as Alzheimer’s disease, dementia or Huntington’s disease. 

Impaired rRNA transcription and altered nucleolar integrity play a pivotal role in the 

pathophysiology of these diseases (Hetman and Pietrzak, 2012). In recent years, 

the molecular mechanisms leading to this decreased rRNA transcription have 

started to emerge involving both genetic and epigenetic control mechanisms of 

rRNA transcription (Grummt, 2013). rRNA transcription in neurodegenerative 

diseases like Alzheimer’s and Huntington’s disease is decreased by 
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hypermethylation of rDNA promoter and post-translational modifications of RNA 

Pol I cofactors, respectively (Lee et al., 2011; Pietrzak et al., 2011).  

 

In the blood system there is increasing evidence supporting the causal link 

between ribosome dysfunction and hypoproliferative diseases, such as congenital 

BM failure or MDS, in particular MDS 5q- (Raiser et al., 2014). As a result these 

diseases are referred to as ribosomopathies. Their pathophysiology is diverse and 

encompasses haploinsufficiencies in a variety of ribosomal proteins all resulting in 

impaired ribosome biogenesis. In MDS 5q-, ribosomal stress is activated through 

impaired ribosome biogenesis as a result of a deletion of ribosomal subunit protein 

RPS14 (Ebert et al., 2008). Furthermore, a recent study also identified reduced 

rRNA expression in CD34+ HSPCs from patients with MDS (Raval et al., 2012). 

Similar to the pathophysiology of Alzheimer’s disease, increased rDNA promoter 

methylation seems to cause reduced rDNA transcription in MDS patients (Raval et 

al., 2012). In mice, haploinsufficiency of Rps19, which is one of the protein 

components of the small ribosomal subunit, or conditional expression of a mutant 

RSP19 protein results in BM failure and HSC exhaustion (Devlin et al., 2010; 

Jaako et al., 2011). Interestingly, BM from these mice show activation of the p53 

pathway and increased apoptosis, a phenotype that is rescued by breeding them 

with p53-deficient animals. Along the same line, it has been demonstrated that the 

release of specific ribosomal proteins from the nucleolus increases p53 binding to 

MDM2 resulting in increased p53 protein stabilization (Dai et al., 2004; Zhang et 

al., 2003). Furthermore, decreased expression of Rps19 or Rps14 causes 

selective activation of the p53 pathway in erythroid progenitors, further supporting 

the sensitivity of hematopoietic cells to ribosomal stress (Dutt et al., 2011). 

Increased p53 stability can also result from decreased rRNA transcription, as it 

has been shown through downregulation of the catalytic subunit of RNA Pol I 

(Donati et al., 2011) or through deletion of Tif-1a, an rRNA transcriptional regulator 

(Yuan et al., 2005). Therefore, p53 has evolved as the main mediator of the 

inhibitory effects of ribosome biosynthesis on cell proliferation and viability (Barkic 

et al., 2009; Fumagalli et al., 2009; McGowan et al., 2008; Panic et al., 2006). It is 

possible that activation of the p53 pathway due to ribosomal stress could result in 

a global decrease in cell cycle activity. As such, this mechanism could contribute 
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to the downregulation of E2f and Mcm components and reinforce the replication 

stress features of old HSCs.  

 

Our work has revealed that ribosomal stress in old HSCs is not driven by a lack of 

ribosomal proteins, but rather by decreased expression of rDNA itself. We could 

show that this lack of functional ribosomes likely results in a global decrease in 

protein translation. However, the exact functional consequence on HSC biology 

and their association with aging are not yet fully clear. Is it the global decrease in 

protein biosynthesis or rather a lack of certain proteins that is responsible for HSC 

dysfunction with age? Alternatively, perturbation of a highly controlled protein 

biosynthesis network could cause changes in the quality and/or content of the 

proteome and contribute the aging-associated functional decline of HSCs (Signer 

et al., 2014). These questions could be addressed in future studies using ribosome 

profiling (Ingolia et al., 2012). This technique allows to determine which exact parts 

of the mRNA are being read by the ribosome, and thus provide an answer to the 

question whether certain proteins or protein groups are more sensitive to 

ribosomal stress than others. In the long run, this would also allow the 

identification of novel targets for future regenerative strategies.  
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4.6 Future directions 
 

Future investigation will tell us how the aging features that have been identified in 

this work, especially replication stress, could also contributes to the aging of other 

stem cell populations. This could be particularly relevant for tissues with high 

turnover rates, and to develop rejuvenation strategies. Replication stress can 

potentially be kept low by reducing the amount of cell cycling. Indeed, caloric 

restriction as a way to inhibit replication (Hursting et al., 2003; Ogura et al., 1989) 

has been shown to prolong life span in most eukaryotes. In this context, it would 

be interesting to determine whether the replication stress features of old HSCs are 

decreased in aging mice that were kept under caloric restriction. However, such 

approach will likely cause other systemic effects that could indirectly influence 

replication. Therefore, a more direct way to specifically prevent replication stress 

more would be by targeting its underlying molecular causes and restoring normal 

expression of MCM helicase components. Along this line, it would be interesting to 

test whether modulation of the p53/p21 axis that acts upstream of Mcm gene 

expression could reverse the replication stress features of old HSCs. Inhibition of 

p53 either by inhibiting its proteasomal degradation using Nutlin or its 

transcriptional activity using Pifithrin α, could revert the activation of p21 and thus 

be able to promote the rejuvenation of the aging blood system. Furthermore, since 

epigenetic mechanisms might contribute to the downregulation of Mcm gene 

expression, identifying the actual enzymes involved in these regulations could 

provide additional targets.  

 

We propose that ineffective dephosphorylation of γH2AX due to mislocalization of 

PP4c phosphatase in quiescent old HSCs contributes to the long-term persistence 

of nucleolar γH2AX foci. So far, no other cellular context has been described in 

which γH2AX foci actually reflect imperfect dephosphorylation. As a future step, it 

will thus be important to identify whether this mechanism is used in other systems 

including other old quiescent stem cell populations like skin stem cells or terminally 

arrested long-lived cells like neurons, and, if so, whether it contributes to 

transcriptional silencing in these cells. It also remains to be determined whether 

mislocalization of PP4c can be reverted to allow re-establishment of normal rRNA 
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expression. Since PP4c rapidly re-localizes to the nucleus upon exit of 

quiescence, it will also be important to identify the associated global cellular 

changes resulting from acute PP4c-mediated dephosphorylation. Furthermore, 

given the abundance of known γH2AX phosphatases, it remains to be seen why 

they cannot take over PP4c function. For instance, could any of these 

phosphatases be activated pharmacologically to clear persistent nucleolar γH2AX 

foci and in turn restore rRNA transcription? 

 

Moreover, it remains to be seen whether ribosomal stress is a common feature of 

aging quiescent stem cell populations, or specific to old HSCs, and whether 

decreased rDNA transcription in quiescent old HSCs is involved in BM failure 

syndromes associated with defective ribosome biogenesis. The fact that 

hematopoietic stem and progenitor cells of patients with MDS show reduced levels 

of rRNA transcription underlines the importance of this pathway in a disease 

context. Re-establishing rRNA expression as well as normal ribosomal function 

through modulation of either PP4c localization, phosphatase activation or other 

chromatin-targeting mechanisms would allow the correction of this cell-intrinsic 

problem and restore HSCs function in addition of providing a potential therapy for 

BM failure syndromes. 

 

Future studies will also be required to fully elucidate the spectrum of non-canonical 

function of γH2AX and to understand its role in tissue development, regeneration 

and aging. H2AX phosphorylation has recently been implicated in ES cell 

reprogramming (Wu et al., 2014) and been shown to cause chromatin compaction 

and transcriptional silencing during spermatogenesis (Fernandez-Capetillo et al., 

2003). Non-DDR linked γH2AX foci have been identified during neurogenesis and, 

recently, been linked to apoptosis in senescent neuronal cells (Barral et al., 2014). 

A connection between γH2AX accumulation and the development of 

neurodegenerative diseases have been proposed in this context (Barral et al., 

2014). In summary, these data not only emphasize an important role for γH2AX 

outside of the DDR, but also let us speculate that targeting persistent γH2AX foci 

might be a promising novel strategy to protect tissue function during aging.  
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Although our findings highlight cell-intrinsic problems with DNA replication in old 

HSCs, the involvement of cell extrinsic factors stemming from an aging BM 

microenvironment cannot be disregarded. Cells from the HSC niche are known to 

regulate HSC function through secretion of cytokines and chemokines, as well as 

potential cell-cell interactions. It has been shown that niche composition changes 

with increasing age, and it is likely that these changes also have profound impact 

on HSC function. One experimental approach to address this question would be 

by transplanting young HSCs into an old BM niche. Unfortunately, our initial 

attempts to perform such experiments failed due to damaging side-effects of 

irradiation of old mice. An alternative experimental approach that has gained a lot 

of recent attention in the aging field is parabiosis, the surgical joining of a young 

and an old mouse in order to create a common circulatory system (Conboy and 

Rando, 2012; Finerty, 1952). This technique allows the identification of potential 

systemic factors involved in the stem cell aging process. Recent parabiosis studies 

have identified humeral factors from the blood of young parabionts that were able 

to reverse age-related dysfunction in heart, muscle and neuronal stem cells (Sinha 

et al., 2014; Villeda et al., 2014). It remains to be seen whether such circulating 

humeral factors are also affecting the function of old HSCs. Identifying such 

“rejuvenation factors” in the blood of young mice could represent an attractive 

alternative approach to prevent the functional decline of the aging blood system. 

 

Addressing these open questions will have profound implications for our 

understanding of how HSCs and other tissue-specific stem cells age, and how 

these characteristics may be exploited to prevent age-dependent tissue 

degeneration. This may open novel avenues for anti-aging therapies and for the 

development of better approaches to extend healthspan. 
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5 Summary 
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Life-long tissue renewal is a fundamental process that relies on the regenerative 

capacity of long-lived, self-renewing stem cells. During aging, however, stem cell 

function deteriorates. Hematopoietic stem cells (HSCs), which are responsible for 

the production and replenishment of all blood lineage cells are known to 

accumulate DNA damage as they age. This has been proposed to reduce their 

ability to regenerate the blood system and can increase the risk of malignant 

transformation. However, little is known about what causes the damage and how it 

contributes to the functional decline of old HSCs. Our work has identified that 

damage is mainly caused by cellular stress that arises as a result of inefficient 

DNA replication. We show that in contrast to HSCs isolated from young mice 

(young HSCs), which replicate normally, HSCs isolated from old mice (old HSCs) 

have severe replication defects due to decreased expression of mini-chromosome 

maintenance (MCM) DNA helicase components. As a result, cycling old HSCs 

show heightened levels of replication-associated γH2AX foci and an increase in 

replication stress associated with cell cycle defects, altered DNA fork replication 

dynamics and chromosomal gaps and breaks. Nonetheless, old HSCs usually 

survive replication unless confronted with a strong replication challenge such as 

treatment with a replication stressor drug or transplantation, which preferentially 

kill them and lead to their defective engraftment in vivo. Cycling old HSCs 

accumulate γH2AX foci on rDNA genes as a consequence of replication stress 

occurring at these hard-to-replicate loci during replication. Stalled or collapsed 

replication forks appear to be repaired upon activation of the canonical DNA 

damage response (DDR). However, our data suggest that the clearance of γH2AX 

foci is unfinished by the time old HSCs re-enter quiescence, thereby aggregating 

remaining γH2AX signals in reformed nucleoli after mitosis. We propose that 

ineffective dephosphorylation of γH2AX due to mislocalization of protein 

phosphatase PP4c in quiescent old HSCs contributes to the long-term persistence 

of nucleolar-associated γH2AX signals in the absence of ongoing DNA damage 

and DDR activation. Persistent nucleolar γH2AX also acts independently of 

marking DNA damage by transcriptional silencing rDNA genes, leading to 

decreased ribosome biogenesis and a reduced protein biosynthesis rate in 

quiescent old HSCs. Together, these findings suggest a novel, non-canonical 

function for γH2AX as an epigenetic silencing mark. Whether decreased rDNA 
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transcription in quiescent old HSCs is involved in bone marrow (BM) failure or 

Myelodysplastic syndromes (MDS) associated with defective ribosome biogenesis 

(ribosomopathy) remains to be determined. As soon as old HSCs re-enter the cell 

cycle, PP4c is re-localized to the nucleus and quickly dephosphorylates nucleolar 

γH2AX, thereby restoring ribosome biogenesis. In summary, our results 

demonstrate that accumulation of γH2AX in old HSCs marks either ongoing or 

residual replication stress caused by the inability of aging HSCs to maintain 

normal levels of MCM proteins. Furthermore, our data highlight the MCM DNA 

helicase as a potential molecular target for rejuvenation therapies. 
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