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Abstract

Haematopoietic stem cell (HSC) is one of the most radiosensitive cells in organism. In mice it 
is characterized as lin-Sca-1+CD117+ cell. This review discusses the role of HSC subpopulations 
in recovery of haematopoiesis after irradiation, and molecular mechanisms of reaction of HSC 
to damage induced by genotoxic stress, mainly to double strand breaks (DSB) of DNA.  Various 
proteins are accumulated on the site of break, e.g. 53BP1 and γH2AX. Repair of the damage 
and related signalling is executed by many proteins, such as ATM, ATR, and DNA-PK kinases, 
MRN complex and proteins of homologous recombination and non-homologous end joining. 
Repetitive irradiation by low doses of ionizing radiation causes in HSC accumulation of proteins 
into so-called “ionizing radiation inducing foci” (detectable by γH2AX) and decreases repair 
capacity of HCS. Furthermore, two possible molecular mechanisms of HSC reaction to radiation-
induced DNA damage are discussed – apoptosis and senescence. While majority of differentiated 
haematopoietic cells, leukaemic cells, and haematopoietic progenitors die after irradiation by 
apoptosis, in HSC also senescence was detected. It also seems that decrease in proliferative 
capacity of HSC related to old age is caused by accumulation of DNA damage induced by oxygen 
radicals in the pool of quiescent stem cells. 
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Damage of cells by ionizing radiation includes mainly modifications of DNA molecules, such 
as single and double-strand breaks (DSB). While single-strand breaks are quickly repaired in a 
process that requires poly-(ADP-ribose)-polymerase (PARP), DSB represent potentially lethal 
damage and their repair is complicated. Imperfect DNA repair causes mutations and contributes 
to genome instability. This is mostly manifested as chromosome aberrations, interchromosomal 
and intrachromosomal rearrangements (dicentric aberrations, translocations, or inversions). 
Detection of chromosomal aberrations in peripheral lymphocytes is an important indicator of 
obtained dose of radiation (Kozubek 2000). 

Haematopoietic stem cells (HSC) function throughout life to generate all of the effector’s 
cells of the haematopoietic system. HSC are imbued with enormous developmental 
potential; even a single stem cell can reconstitute the entire blood system (Gazit et al. 
2008). The degree of damage to haematopoiesis is a critical factor influencing mortality 
of mice irradiated by doses lower than 10 Gy. Already in 1961 a method for evaluation of 
dose-dependent effect of ionizing radiation on haematopoietic progenitor cells of mice was 
described by Till and McCulloch. They applied bone marrow, irradiated by increasing 
dose of radiation, to lethally irradiated recipient and detected number of exogenous 
haematopoietic colonies in spleen (CFU-S). The generated dose-response curves described 
dependency of number of CFU-S on the received dose of ionizing radiation. D0 dose 
(value which determines dose of radiation that 37% of cells survive) was around 1 Gy 
(McCulloch and Till 1962). In our recent studies D0 values were confirmed also for 
human stem cells isolated from peripheral blood of healthy donors after mobilization with 
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granulocyte-colony stimulating factor (G-CSF). The stem cells were isolated by COBE 
Spectra separator and then CD133+ cells were isolated using immunomagnetic selection. D0 
value determined for erythroid progenitors (BFU-E) is 0.95 Gy and for myeloid progenitor 
(CFU-GM) 1.08 Gy (Vávrová et al. 2002). 

With low radiation doses (below 1 Gy) one can see a shoulder on the dose response 
curve; it means that more cells in reality survive low radiation doses than would correspond 
to linear dependence. Such dependence can be mathematically characterized by linear 
quadratic equation: surviving fraction (SF) is generally expressed as sf )( 2DDesf    
where D is the dose in Gy. Parameters α and β are different for different tissues, cell 
types, and types of radiation. For bone marrow the α/β ratio is high (Denekamp 1986), 
which reflects dominance of linear component (α). Therefore fractionation of the dose 
has relatively low importance in repair of radiation-induced damage of haematopoiesis. 
The effects of different dose rates of in vitro irradiation on the proliferative capacity of 
marrow stromal, haematopoietic and leukaemia colony–forming cells was studied in 1987 
by Laver et al. Marrow cell suspensions, leukaemic HL-60 cells and trypsin dispersed 
fibroblasts were irradiated at 0.05 or 0.45 Gy/min and then assayed for colony formation. 
Irradiation at low (0.05 Gy/min) compared to high (0.45 Gy/min) dose rate showed a 
significant difference in survival of stromal and HL-60 cells, but not of haematopoietic 
progenitors: D0 value were 1.7 and 1.4 Gy for marrow fibroblast progenitors (CFU-F), 1.7 
and 1.4 Gy for HL-60, but 1.25 and 1.2 Gy for BFU-E and 1.15 and 1.2 Gy for CFU-GM. 
Also p53 status seems to play important role in response to low dose rate irradiation. It 
can be concluded from our own results (Vávrová et al. 2004) that for the determination 
of dose-rate to be used in the treatment strategy, two main points should be considered – i) 
the type of cells (mainly their p53 status) and ii) G2 phase arrest length i.e. the time which 
the cells have for damage repair. While the effect of radiation of human T-lymphocyte 
leukaemia cells MOLT-4 (p53 wild type) is not significantly affected by the dose-rate, the 
dose rate has significant effect on HL-60 cells. The presence of cells in G2 phase during 
irradiation increases radioresistance of these cells. 

It also seems that irradiation by high doses (5 Gy) induces deep decrease in CFU-S 14 
days after irradiation with haematopoiesis recovery 21 days after irradiation (Vávrová 
and Petýrek 1986, 1988). Their studies of single whole body irradiation of mice by the 
dose of 5 Gy detected deep decrease in ability of marrow cells to form exogenous CFU-S 
during first 14 days after irradiation. On day 21 haematopoiesis recovery and ability to 
form exogenous CFU-S was seen, but the recovery is not permanent and 180 days after 
the irradiation secondary decrease manifested. This decrease in ability to form CFU-S 
further deepened till day 360 after irradiation. With repetitive irradiation (4 × 5 Gy) during 
21 days the secondary decrease in exogenous CFU-S formation 180 or 360 days after 
the irradiation was significantly stronger. It can be concluded that short-term increase of 
CFU-S number depends on recovery of number of progenitor cells, but from a long-term 
view the regeneration of HSC is insufficient, either due to increased cell death or induction 
of senescence, and results in decrease in progenitor cells number manifested as decrease 
in CFU-S formation.

Murine haematopoietic stem cells 

All activities of haematopoietic stem cells in mice are related with lineage- (lin-),  
Sca-1+ and CD117+ (ckit+) cells (Yang et al. 2005). Randall  et al. (1996) showed that 
a population of adult bone marrow that is characterized as lin-CD117+Sca-1+ contained 
most of the day-12 colony-forming units-spleen. However, this population contains 
at least two subpopulations with different function: the first subpopulation consists of 
cells with high self-renewal capacity (long-term repopulating HSC - LT-HSC), and the 
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second subpopulation consists of cells more committed to particular lineage - short-term 
repopulating HSC (ST-HSC).  

Mouse has very few LT-HSC in bone marrow (1-2 cells per 100 000 cells in bone marrow). 
It was determined that the functional population of LT-HSC corresponds with phenotype  
lin-Sca-1+CD117+CD38+CD34- and such cells can be isolated using five-colour flow-
cytometry and sorting (Zhao et al. 2000). However, these cells when transplanted alone into 
lethally irradiated recipient are not able to reconstitute functions of haematopoietic system 
quickly enough to prevent death. After transplantation of lin-Sca-1+CD117+CD38+CD34- 
together with lin-Sca-1+CD117+CD38-CD34+ (ST-HSC), haematopoiesis is restored quickly 
and sufficiently for long-term survival. Not only are LT-HSC rare in bone marrow, but it was 
also found that only 20% of them are involved in long-term reconstitution of haematopoiesis 
(Morrison at al 1995; Wagers et al. 2002), suggesting that subpopulations of LT-HSC 
with different functions may also exist. During maturation of cells CD38 antigen seems to 
be lost in the same time when CD34 begins to be expressed, as majority of CD38+ cells is 
also CD34-, and majority of CD38- cells is CD34+ (Zhao et al. 2000). 

More abundant HSC in mouse are ST-HCS. These cell phenotypes were described by 
Yang et al. (2005), who studied lin-Sca1+CD117+ cells and found that vast majority of 
them is CD34+. These lin-Sca-1+CD117+CD34+ cells have the ability to form CFU-S and 
are responsible for quick reconstitution of haematopoiesis when transplanted to lethally 
irradiated recipient, but cannot replenish undifferentiated LT-HSC with high self-renewal 
capacity. Population of ST-HCS can be further classified into two subgroups according to 
expression of Flt3. ST-HSC lin-Sca-1+CD117+CD34+flt3- fully meet criteria of ST-HCS, are 
responsible for exogenous CFU-S formation, and reconstitution of myelopoiesis. ST-HSC 
which express Flt3 (lin-Sca-1+ CD117+CD34+flt3+) are responsible for reconstitution of 
lymphopoiesis (Yang et al. 2005). The development of surface markers during maturation 
of haematopoietic precursors is summarized in Fig. 1.

So far it is necessary to use complex combinations of markers for reliable purification 
of HSC. Therefore simple markers which could reliably identify HSC in various phases 
of development are intensively researched. Kiel et al. (2005) found that SLAM family 
receptors are differentially expressed among haematopoietic progenitors in a way that 
correlates with progenitor primitiveness. They describe an alternative method for HSC 
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Fig. 1.  Differentiation of murine haematopoietic stem cells



identification using cell surface receptors of the SLAM family, including CD150, CD244 
and CD48. HSC were highly purified as CD150+CD244-CD48- cells, while multipotent 
haematopoietic progenitors were CD150-CD244+CD48-, and most restricted progenitors 
were CD150-CD244+CD48+. Yilmaz et al. (2006) detected equal expression of SLAM 
family receptors on HSC isolated from young, old, and reconstituted mice bone marrow. 
They also proved that lin-Sca-1+ CD117+ selection combined with CD150+CD48- selection 
isolates population much more highly enriched for HSCs, with dramatically increased 
ability to reconstitute haematopoiesis. One in 3 to 1 in 7 cells gave a long-term multilineage 
reconstitution in lethally irradiated recipients. However, their findings are in contrast with 
recent observations of Weksberg et al. (2008). They prove that both CD150+ and CD150- 

cells can provide long-term reconstitution of haematopoiesis. 
Probably the most interesting feature of stem cells _ besides the ability to self-renew 

– is the ability to produce a broad spectrum of cell types. Every tissue-specific stem 
cell is universal insofar that it can produce many different cell types, which constitute 
the actual tissue. However, stem cell abilities are not limited to the production of tissue-
specific progeny. Stem cells also exhibit plasticity, when the stem cells derived from a 
particular tissue can be reprogrammed by influence of a specific microenvironment of 
other tissue for production of different elements (e.g. neural stem cells can reconstitute 
haematopoiesis (Filip et al. 2004), or bone marrow stem cells can reconstitute skeletal 
muscle (Yoshimoto et al. 2005; Abedi et al. 2004). Such specific microenvironment is 
called niche. The importance of niche can also be demonstrated in tissue damage caused 
by chronic irritation. Chronic irritation causes changes in the niche, affecting SC and tissue 
homeostasis, and can start tumorigenesis.

Decreased ability of stem cells to maintain a tissue homeostasis is the main physiological 
characteristic of aging. The competitive transplantation studies using purified stem cells have 
shown that per-cell activity of HSC from old mice was substantially reduced compared to 
HSC from young mice. Various studies, using comparable methods, suggested that number 
of HSC increase with age by a factor 6 to 17fold (Gazit et al. 2008; Rossi et al. 2005). 
It seems that one of the key factors, which are responsible for decrease in repopulating 
activity of stem cells during aging, is accumulation of DNA damage (Rossi et al. 2007). 
Majority of LT-HSC are cells in a “steady state”, and serve only as a back-up population 
for reconstitution of the haematopoietic system, when it is damaged by stress conditions. 
In a live organism (such as mouse) acute myelosuppression is a result of severe ST-HCS 
damage and loss, and can be caused by various stressors, such as e.g. ionizing radiation. 
After such insult LT-HCS initiate self-renewal processes, proliferate, and differentiate into 
particular ST-HSC to restore homeostasis. If the self-renewal process itself is impaired by 
a long-term damage, the restoration of function of bone marrow is insufficient. Fortunately 
LT-HSC seems to have lower metabolic activity and in theirs quiescent state are less 
vulnerable to genotoxic stress.

Apoptosis induction after irradiation
During the studies of response of haematopoietic cells (HSC, lymphocytes and 

immortalized leukaemia cell lines) to ionizing radiation-induced damage it was proved that 
majority of haematopoietic cells die after irradiation by triggering apoptosis (Meng et al. 
2003; Aldridge and Radford 1998; Vávrová et al. 2001; Vilasová et al. 2008). In vitro 
and in vivo irradiated lymphocytes isolated from peripheral blood (both quiescent in G0 
phase and stimulated by phytohaemagglutinin - PHA) die after irradiation by programmed 
cell death - apoptosis (Hertveldt et al. 1997; Louagie et al.1998; Vokurková et al. 2006; 
Vilasová et al. 2008). This process is time-, and dose-dependent. It was demonstrated that 
in peripheral blood mononuclear cells isolated from blood of healthy donors and irradiated 
by the dose of 7 Gy apoptosis is not detectable within the first 6 h, but 16 h after irradiation 
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50% of the cells are Annexin V-positive and 48 h after irradiation all cells are Annexin 
V-positive (Vokurková et al. 2006). The study of Vilasová et al. (2008) compares 
apoptosis induction in quiescent CD3+ and PHA-stimulated T lymphocytes. In both non-
stimulated and PHA-stimulated lymphocytes 65-70% of cells were apoptotic 72 h after 
irradiation by the dose 4 Gy.

Apoptosis has been also suggested to be a major cause of cell death from continuous 
low-dose rate radiation from radioimmunotherapy (Kroger et al. 2001; Ning and Knox 
1999). As we mentioned before, p53 status is important in response of tumor cells to low 
dose rate irradiation. This fact is probably related to differences in cell cycle checkpoint 
regulation. For example, the effect of irradiation on leukaemic MOLT-4 cells (p53 wild) is 
not significantly affected by dose-rate. X-irradiated MOLT-4 cells suffer from an interphase 
death as well as a reproductive death, and apoptosis is a mechanism responsible for both 
modes of the death in these cells. Irradiation with dose 3 Gy delivered by high dose rate 
causes only inexpressive accumulation of these cells in S and G2 phases of cell cycle at 8 h 
after irradiation and maximum apoptosis is detected 12-16 h after irradiation (Szkanderová 
et al. 2003). In cancer cells the gene encoding p53 is often mutated or missing, and cell 
that lack functional p53 protein are arrested preferentially in the G2 phase of the cell cycle 
in response to DNA damage. For example, it was found (Vávrová et al. 2004) that the 
human promyelocyte leukaemia cells HL-60 (p53 negative) exposed to a ionizing radiation 
in the doses up to 10 Gy are arrested in the G2 phase for the period of 24 h. When the HL-60 
cells have been exposed to a low dose-rate 3.9 mGy/min (LDR) gamma irradiation, which 
resulted in a pronounced accumulation of the cells in the G2 phase during the exposure 
period, their radioresistance has increased in comparison with the cells irradiated with a 
high dose-rate 0.6 Gy/min (HDR). The D0 value for LDR is 3.7 Gy and for HDR it is 2.2 
Gy. The abrogation of the G2 phase arrest by caffeine (2mM) and irradiation of the cells 
with LDR in all phases of the cell cycle caused significant radiosensitisation (D0 = 2.1 Gy). 
The irradiation in the presence of caffeine has resulted in a second wave of apoptosis on 5 
to7 days after the irradiation exposure. Caffeine-induced apoptosis in later interval after the 
irradiation is probably a result of an unscheduled DNA replication and a cell cycle progress 
(Vávrová et al. 2003). Checkpoint machinery and cell cycle arrest are therefore extremely 
important in prolonged low-dose rate irradiation.

Mechanisms of effect of ionizing radiation on mouse HSC was studied by Meng 
et al. (2003). The dose of 4 Gy caused 95% inhibition of cobblestone area-forming 
cells frequency. This dose also induced apoptosis in 65% of Lin-Sca-1+CD117+ cells 
and in 50% of Lin-Sca-1-CD117+ cells. The dose of 6.5 Gy (sublethal whole body 
irradiation) reduced significantly the number of HSC during the whole experiment, 
i.e. during 60 days after irradiation. However, also increase in p16Ink4a was detected on  
Lin-Sca-1+CD117+ HSC, which may indicate induction of senescence in these cells. 
Apoptosis induction by ionizing radiation in dose of 2.5 Gy was also proved in human 
CD133+ HSC. Although these cells were able to repair radiation-induced damage 
and entered cell cycle again after 7 days post-irradiation, their expansion ability was 
significantly reduced (Vávrová et al. 2002). 

However, these mechanisms do not remove all damaged cells. Especially after low 
doses of radiation (0.2-0.3 Gy) the cells with some type of chromosomal aberrations (e.g. 
reciprocal translocations) persist. These cells are dangerous for organism, and due to 
their genomic instability they can be responsible for tumorigenesis. The prediction of the 
induction of malignant tumors by radiation in the range of low doses is normally assessed 
by the extrapolation of observed risk coefficients from relatively high doses (> 1 Gy) to 
low doses. Nevertheless, the low-dose data available from epidemiologic studies suggest 
that the risks per unit of dose at low doses and low dose rates are compatible with or even 
less than risks per unit of dose at higher doses (Shore 1999). It seems that DNA repair 
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machinery reaches maximal effectiveness after exposure of cells to approximately 0.4-0.5 
Gy and then does not increase further (Bakkenist and Kastan 2003).

To conclude, tissue homeostasis depends on balance among cell proliferation, senescence 
and cell death/apoptosis. Ionizing radiation-induced damage stops cell cycle progression 
and triggers temporary cell cycle arrest in G1/S or G2/M phase. During this period of cell 
cycle arrest the cells repair DNA damage, mainly double-strand breaks of DNA, which 
are potentially lethal. If the repair is unsuccessful the cells are removed, in the case of 
haematopoietic cells mostly by apoptosis. However in some cells the cell cycle arrest 
becomes permanent, these cells lose their proliferative potential; this condition is known 
as premature senescence. If these control mechanisms fail, the cells with impaired genetic 
information may persist, this can result in cancerogenesis. 

Interestingly, HSC may be protected from small doses irradiation due to their position in 
the postulated bone marrow niche, which is thought to be hypoxic (Moore and Lemischka 
2006). Moreover, the fact that HSC cycle infrequently and have concomitantly low metabolic 
activity may also serve to limit their exposure oxidative stress (Gazit et al. 2008). 

Detection of double strand break (DSB)
The early molecular mechanisms of response of HSC to radiation-induced DSB 

are largely unknown. Most of the currently available information was obtained during 
studies of immortalized cell lines. In response to DSB three proteins from a family 
of phosphatidylinositol-3-kinase-like proteinkinases are quickly activated: ataxia-
teleangiectasia mutated (ATM), ataxia-teleangiectasia and Rad3-related (ATR) and 
catalytic subunit of DNA-dependent proteinkinase (DNA-PKcs). Under normal conditions 
kinase ATM is present in the cell in the form of inactive, nonphosphorylated dimmer. 
ATM is quickly - within minutes - activated after irradiation by ionizing radiation, and 
this activation can be detected in the cells in all cell cycle phases. During activation ATM 
dimmer dissociates to monomers and is phosphorylated on serine 1981. Dose-dependence 
studies showed that phosphorylation of serine 1981 was detectable after dose as low as 0.1 
Gy, that it was maximal at 0.4 Gy at a 15 min time point, and that no further increase was 
seen between 1 and 9 Gy (Bakkenist and Kastan 2003). 

Very quickly upon induction of DSB also changes in DSB flanking chromatin occur. 
Within minutes after irradiation nucleosomal histone H2AX is phosphorylated on serine 
139 by ATM kinase. This phosphorylation spreads on DSB flanking chromatin regions, 
many molecules, often thousands, of H2AX become rapidly phosphorylated at the site of 
each nascent DSB. Other proteins are then bound to modified chromatin, e.g. adaptor protein 
53BP1 and protein foci are formed around each DSB. These foci are also known as IRIF - 
ionizing radiation-induced foci. Many proteins involved in repair and death processes are 
recruited into these foci. Among proteins, which co-localize with phosphorylated H2AX 
(also known as γH2AX) and 53BP1 are ATM kinase, Mre11, Rad50, Nbs1 (proteins of 
DNA-repair complex MRN), Mdc1, and Brca1. Recruitment of these proteins is not 
dependent on cell cycle phase. Interaction of these proteins in site of DSB is crucial for 
proper repair (Bekker-Jensen et al. 2006). Significant difference in formation of γH2AX 
foci after irradiation of cells from mice or humans that were normal (Atm+/+), heterozygous 
(Atm+/−), or homozygous recessive (Atm−/−) was found by Kato et al. (2006ab). After  
24 h exposure of mice of low-dose-rate irradiation at 10 cGy/h, appreciable differences in 
the levels of gamma-H2AX foci per cell were observed in cells from ATM+/+ cells (1.77), 
ATM+/- cells (4.75) and ATM-/- cells (11.10) (Kato et al. 2006b). 

Although IRIF formation was not studied so far in HSC, using γH2AX detection Rossi 
et al. (2007) compared accumulation of DNA damage in long-term haematopoietic stem 
cells isolated from bone marrow of old (122 weeks) and young (10 weeks) mice. LT-HSC 
from young mice did not contain γH2AX foci, while in 82% of LT-HSC isolated from old 

210



mice γH2AX was detected. More than 70% of old mice LT-HSC contained more than one 
γH2AX focus. This study proves that endogenous DNA damage accumulates with aging 
in wild type stem cells.

Proteins important in the cell cycle arrest regulations as p53, phosphatase cdc25A, check-
point kinases 1 and 2 are not accumulated in the site of DSB, but their activation is catalyzed 
by active ATM released from IRIF. Phosphorylation of p53 e.g. is detected also very soon after 
DSB induction, but diffusely in the entire nucleus (Bekker-Jensen et al. 2006). 

DSB repair

Two processes prevail in DSB repair: 1) homologous recombination (HR) and 2) 
nonhomologous end-joining (NHEJ) (Jackson 2002). In eukaryotic cells the major 
pathway is NHEJ, while more simple prokaryotic organisms (e.g. yeast) rely mostly on 
HR. For optimalisation of DNA repair the cell must also control other processes related to 
DNA metabolism, mainly replication of DNA and mitosis. When the damage is induced 
or detected during replication, it is beneficial to slow the process; therefore cell cycle is 
arrested in key checkpoints (transitions from G1 to S and from G2 to M phase) after DSB 
induction.

HR occurs in late S phase, mainly in the site of replication fork, and in G2/M phase. 
During HR sister copy of DNA is required as template for correct rejoining of DNA lesion. 
Key proteins in HR pathway are Rad52, Rad51 and its homologues, XRCC2, and XRCC3. 
Rad51 directly interacts with XRCC3. Activity of Rad51 can be directly stimulated by 
Rad54 and ATP-dependent ATPase, and also modulated by phosphorylation catalyzed by 
cAbl tyrosinkinase. 

On the other hand NHEJ is responsible for repair of DNA DSB during all phases of 
cell cycle, including G0. In the repair mechanism by NHEJ the most important proteins 
are DNA-dependent protein kinase with heterodimeric subunit of Ku70 and Ku80, DNA-
ligase IV, and XRCC4 (Lieber et al. 2003).

Activated ATM kinase is also involved in regulations of Mre11/Rad50/Nbs1 (MRN) complex 
functions. MRN complex appears to be the major sensor of the breaks and subsequently recruits 
ATM, but in turn its components are phosphorylated in processes dependent on ATM. Part of 
MRN complex, Nbs1 (Nijmegen breakage syndrome protein 1), is important in DNA repair. 
Its defects result in Nijmegen breakage syndrome, a disease with characteristics similar to 
ataxia-teleangiectasia – including increased radiosensitivity of cells. Someya et al. (2007) 
describe relocalisation of Nbs1 into IRIF in peripheral lymhocytes from patients with sporadic 
breast cancer, where it persisted for 24 h after irradiation. Patients with impaired DNA repair 
characterized by low DNA-PK or increased amount of Nbs1 in IRIF 24 h after irradiation had 
aggressive tumor phenotypes. 

Different mutations in genes which code DNA-repair proteins can cause accelerated 
aging, premature senescence, and are potentially tumorigenic. DNA-PK is one of key 
components in NHEJ pathway of repair. Mice deficient in DNA-PK have shorter lifetime, 
increased occurrence of malignant diseases, and loss of bone density (Espejel et al. 
2004). Also mice deficient in ATM develop osteopaenia (Hishiya et al. 2005). In humans, 
mutations in Atm gene cause the disease ataxia-teleangiectasia, similarly characterized by 
accelerated aging and increased occurrence of malignancies, mainly in haematopoietic 
system (Shiloh et al. 1982).

Due to activation of genome integrity guardians, DSB also trigger cell death by apoptosis. 
As a result of cell removal the number of stem cells decreases and tissue cellularity decreases. 
Beside apoptosis that leads to cell death, DNA damage can also trigger senescence which 
can be characterized as ongoing response of the cells to the DNA damage via repair 
mechanisms, which fails in DNA repair but protect the cells from apoptosis. It seems that 
persisting foci (γH2AX) can be marker of cells in senescence (Von Zglinicki 2005).
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Protein p53
Protein p53 is also known as “guardian of the genome”, as it is important in many 

protective pathways, which limit proliferation of damaged, potentially preneoplastic cells. 
It is involved in induction of both apoptosis and senescence. In normal cells the amount 
of p53 is low, and the concentration of p53 is controlled by inhibitors Mdm2 (murine 
double minute 2) and Mdmx (murine double minute X). When these inhibitors are missing, 
p53 is accumulated in nucleus. Mice deficient for Mdm2 die early in development, while 
mice deficient for both Mdm2 and p53 develop normally and are viable (Jones et al. 
1995). Increase in p53 in response to DNA damage is achieved mainly by inhibition of p53 
degradation (Chenab et al. 1999). 

Mice deficient in p53 develop tumours at early age, and therefore cannot be used for 
studies of aging (Donehower et al. 1992). Tyner et al. (2002) constructed p53 mutant 
strain of mice with increased amount of p53; these mice were labelled as p53+/m. In the 
studies of spontaneous tumour development these mice only developed tumours in 6% of 
individuals, while normal p53+/+ mice in 50%, and p53+/- in 100% of individuals. However, 
despite the decreased incidence of tumours in p53+/m strain these mice have 20% shorter 
life-time in comparison with p53+/+ mice. P53+/m mice develop normally to 12 months of 
age, but by the age of 18 months majority of them develop old age diseases (osteoporosis, 
muscle atrophy, lymphoid atrophy, diminished stress resistance, weight reduction etc.). 
Early onset of aging-related complications in mice with increased amount of p53 support 
sthe theory that p53 is responsible for prevention of tumour development, but also leads to 
the shortening of life-time due to accelerated aging (Donehower 2002).

How does p53 status affect the ability of donor cells to restore recipient’s haematopoiesis 
after lethal irradiation? Hirabayashi et al. (2002) compared transplantation efficiency of 
bone marrow cells isolated from p53-deficient (p53-/-), p53-heterozygous (p53+/-) a wild type 
(p53+/+) mice. They collected repopulated spleens 14th day after transplantation into lethally 
irradiated mice and 107 cells from these repopulated spleens transplanted into secondary 
lethally irradiated recipient, and repeated the series of transplantations 5 times. Number of 
p53-/- and p53+/-

 cells increased logarithmically till fourth and fifth passage, while wild type 
p53+/+ cells ceased proliferation after third passage. Also number of macroscopically visible 
colonies on spleen increased logarithmically till third passage in the case of p53-/- and p53+/- 
cells, but decreased as soon as after second passage of wild type p53+/+ cells. From these 
experiments it can be concluded that p53 deficient bone marrow cells proliferate more 
quickly then p53 wild type cells.

Loss of p53 has also radioprotective effect. While the p53 wild type mice irradiated by 
the dose of 10 Gy all die till 15th day after the irradiation, mice deficient in p53 are more 
radioresistant and survive (Westphal et al. 1998). On the other hand, when ATM kinase, 
which activates p53 and cooperates with p53 in apoptosis induction and tumourigenesis 
suppression, is lost, it has completely different effect: deficiency in ATM is radiosensitising 
(Westphal et al. 1997). 

Stress-induced premature senescence
Studies on human fibroblasts have shown that uncapped, dysfunctional telomeres and 

telomeres shortening induce replicative senescence (Wright and Shay 1992). Studies on 
DNA repair deficient mice and telomerase knockout mice have shown that DNA damage 
(Nijnik et al. 2007) and telomere dysfunction (Choudhury et al. 2007; Nalapareddy et 
al. 2008) limit the function of adult stem cells. In contrast to the decline in haematopoietic 
progenitor cells during human aging, the number of HSCs increases during aging in some 
of laboratory inbred mouse strains including the C57Bl/6J strain. Studies on telomere 
dysfunctional and DNA repair deficient mice have shown that progenitor cells appear to be 
more sensitive to DNA damage than stem cells. One possible explanation for these findings 
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is that quiescent stem cells may be better protected against DNA damage compared to 
transient amplifying cells (Nalapareddy et al. 2008).

In some types of cells, such as fibroblasts, DNA damage (induced for example by 
ionizing radiation) leads to stress-induced premature senescence. The cells in stress-
induced premature senescence have all characteristics of replicative senescence such as 
β-galactosidase positivity, p21 accumulation, and hypophosphorylation of pRb. Stress-
induced premature senescence is probably induced by p53-dependent cell cycle arrest 
(Toussaint et al. 2000). The pathway seems to be activated through ATM kinase, 
phosphorylation of H2AX, formation of γH2AX foci, and loss of telomeric DNA (Von 
Zglinicki 2002). 

When haematopoietic progenitor cells are damaged by high doses of radiation or 
chemotherapeutic drugs, HSC react by initiation of self-renewal and proliferation, and its 
progeny differentiate into particular progenitor cells. Irradiation of mouse bone marrow 
cells in vitro by the dose of 4 Gy induces apoptosis in both, HSC (lin-Sca-1+CD117+) and 
progenitors (lin-Sca-1-CD117+). In the long-term culture 33% of these cells survived for 5 
weeks after irradiation, but these cells lost their ability to form colonies. These surviving 
cells had increased amount of β-galactosidase and p16, which is considered as a mark 
of senescence (Meng et al. 2003). Irradiation of mouse in vivo has similar results: Mice 
irradiated by the sublethal dose of 6.5 Gy in vivo have reduced number of HSC, and 
these HSC bear marks of senescence (increase in β-galactosidase and p16). Induction of 
senescence in HSC is related to increase in cell cycle regulatory proteins p21, p19, and p16. 
However, exposure to ionizing radiation did not trigger increase in senescence markers in 
haematopoietic progenitors (Wang et al. 2006a). 

It seems that activation of p53 and increase in p21 (which is the pathway related with 
telomere shortening) induces reversible senescence. When the activity of telomerase 
increases the cells can enter cell cycle again and restore proliferation. On the other hand, 
following p53 activation also pathways triggering increase in p16 can be activated, and 
p16 increase induces irreversible senescence. Both pathways are important in induction of 
senescence, but only p16 is responsible for induction of irreversible senescence (Toussaint 
et al. 2000).

Molecular mechanisms of stress-induced premature senescence leading to increased p16 
are much less elucidated then p53 pathway. The pathway of p16 activation is triggered by 
DNA damage or increased expression of oncogenes, consecutively Ras mitogenic pathway 
is activated and p16 increases. p16INK4a is an inhibitor of cyclin-dependent kinases Cdk4 
and Cdk6. Increased amount of p16 causes hypophosphorylation of pRb and senescence 
(Dimri 2005). 

Generally, the cells with low amount of p16 during aging can restore proliferation 
after p53 inactivation, while in cells with high amount of p16 the loss of proliferative 
capacity is irreversible and proliferation cannot be restored by p53 inactivation. Stress-
induced premature senescence through p16 upregulation was proved in embryonic diploid 
fibroblasts WI38 (Probin et al. 2007), but also in murine haematopoietic stem cells (Wang 
et al. 2006 b). This mechanism seems to be related mainly to DSB of DNA, as busulphan, 
an alkylating agent, which damages DNA molecules by alkylation and formation of 
intrastrand crosslinks seems to be p53 independent and depends on activation of MAPK 
pathways of Erk1/2 and p38 (Probin et al. 2007). 

Conclusion
Fig. 2 summarizes processes, which are activated in the cells after exposure to DNA-

damaging genotoxic stressor, such as ionizing radiation. In reaction to DNA damage 
repair mechanisms are triggered. One of the most important pathways that respond to 
radiation-induced DSB is phosphorylation of ATM, and phosphorylation and upregulation 

213



of p53. Protein p53 is critically important tumor suppressor protein, which organizes both 
emergency processes – apoptosis induction and stress-induced premature senescence. The 
decision which one of them prevails in the reaction to stress is a multifactorial process. 
It depends on cell type, actual proliferative activity, p53 status, but also on the ability to 
upregulate Cdk inhibitor p16. From the point of view of long-term damage of haematopoiesis 
after irradiation these processes play very important role. Even when certain percentage 
of haematopoietic stem cells evade apoptosis induced by high sublethal doses and survive 
the irradiation, many of them lose the ability to proliferate due to induction of senescence. 
This loss of proliferative capacity of HSC has critical importance in long-term survival of 
irradiated organism.

Apoptóza a senescence - hlavní mechanismy urychleného stárnutí 
hematopoetických buněk po ozáření

Kmenová buňka krvetvorby patří v organismu mezi buňky nejcitlivější k účinku ioni-
zujícího záření. V tomto přehledu jsou popsány mechanismy, jakými reaguje kmenová 
buňka krvetvorby se schopností sebeobnovy - HSC (u myší charakterizovaná jako buňka  
lin-Sca-1+CD117+) na dvojité zlomy DNA (DSB) vyvolané ionizujícím zářením. V místě DSB 
dochází ke kolokalizaci 53BP1, γH2AX a dalších proteinů. Na reparaci poškození se podílí 
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mnoho proteinů především kinasy ATM, ATR a DNA-PK, komplex MRN, a proteiny homo-
logní rekombinace a nehomologního spojení konců. V důsledků opakovaného ozáření malými 
dávkami záření dochází u HSC k akumulaci proteinů do tzv. „ionizujícím zářením vyvolaných 
ohnisek“ (detekované pomocí γH2AX) a také snížení reparační schopnosti HSC. Dále jsou 
diskutovány především dva možné molekulární mechanismy reakce HSC na poškození zá-
řením - indukce apoptózy a senescence. Zatímco většina diferencovaných hematopoetických 
buněk, buňky leukemické i hematopoetické progenitory umírají po ozáření apoptózou, u HSC 
byla prokázána také senescence. Zdá se, že i zmenšení proliferační kapacity HSC spojené se 
stárnutím je vyvoláno především poškozením DNA kmenové buňky kyslíkovými radikály a 
akumulací poškození v rezervoáru převážně spících kmenových buněk.
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