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Abstract

Significance: Exposure to ionizing radiation (IR) as the result of nuclear accidents or terrorist attacks is a
significant threat and a major medical concern. Hematopoietic stem cell (HSC) injury is the primary cause of
death after accidental or intentional exposure to a moderate or high dose of IR. Protecting HSCs from IR should
be a primary goal in the development of novel medical countermeasures against radiation. Recent Advances:
Significant progress has been made in our understanding of the mechanisms by which IR causes HSC damage.
The mechanisms include (i) induction of HSC apoptosis via the p53-Puma pathway; (ii) promotion of HSC
differentiation via the activation of the G-CSF/Stat3/BATF-dependent differentiation checkpoint; (iii) induction
of HSC senescence via the ROS-p38 pathway; and (iv) damage to the HSC niche. Critical Issues: Induction of
apoptosis in HSCs and hematopoietic progenitor cells is primarily responsible for IR-induced acute bone mar-
row (BM) injury. Long-term BM suppression caused by IR is mainly attributable to the induction of HSC
senescence. However, the promotion of HSC differentiation and damage to the HSC niche can contribute to both
the acute and long-term effects of IR on the hematopoietic system. Future Directions: In this review, we have
summarized a number of recent findings that provide new insights into the mechanisms whereby IR damages
HSCs. These findings will provide new opportunities for developing a mechanism-based strategy to prevent
and/or mitigate IR-induced BM suppression. Antioxid. Redox Signal. 20, 1447–1462.

Introduction

After the discovery of X-rays by Wilhelm Röntgen in
1895, Warren and Whipple (161) and Shouse et al. (143)

first reported that dogs exposed to a high dose of X-rays de-
veloped fatal hematopoietic toxicity. The devastating effects
of ionizing radiation (IR) on human health were discovered in
the wake of the first atomic bomb explosions in 1945 when
thousands of Hiroshima and Nagasaki atomic bomb victims
died of IR. They showed that IR-induced hematopoietic fail-
ure was the primary cause of death after exposure to a mod-
erate or high dose of total body irradiation (TBI). The
pioneering studies by Jacobson and his colleagues in 1940s
demonstrated that lead shielding of the spleen or one entire
hind leg or transplantation of splenocytes protected mice from
the lethal effect of IR (71, 72). Lorenz et al. soon described a
similar finding in which they showed that intravenous infu-
sions of bone marrow (BM) cell suspensions protected mice
against IR (95). The radioprotective effects of the spleen and

BM cell suspensions were initially ascribed to a ‘‘humoral
factor’’ (72) but then attributed to the transplanted cells (43,
100, 121, 150). The identity of those cells that were capable of
protecting animals from IR-induced lethal hematopoietic
damage remained elusive until early 1960s when Till and
McCulloch discovered hematopoietic stem cells (HSCs) (15,
106, 148). They showed that HSCs are sensitive to radiation
and can self-renew and give rise to multiple lineages of
progeny after transplantation into lethally irradiated animals.
Till and McCulloch’s landmark discovery laid the foundation
for modern stem cell and radiation biology research (15, 106,
148). Since then, significant progress has been made in our
understanding of the mechanisms by which IR causes he-
matopoietic damage. Below is a brief summary of some of
these recent findings uncovering the mechanisms of action
of IR on HSCs. We plan to focus our discussion on the
mechanisms whereby IR induces HSC injury and the impli-
cation of HSC injury to IR-induced BM suppression in mouse
because IR-induced damage to human HSCs has not been
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well studied. In addition, IR-induced hematopoietic genomic
instability and malignancies will not be discussed here either
because they have been extensively reviewed by others re-
cently (96, 115).

The Hierarchy of the Murine Hematopoietic System
and HSC Niche

As demonstrated by Till and McCulloch in their pioneering
works, the cells that were originally believed to be HSCs
identified in their colony-forming units-spleen (CFU-S) assay
were heterogeneous because they had variable capacity for
self-renewal (15, 106, 148). This finding provoked a series of
investigations aimed at identification, purification, and char-
acterization of HSCs and their progeny. Through decades of
research, HSCs and their progeny, including multipotent
progenitors (MPPs) and hematopoietic progenitor cells
(HPCs), can now be prospectively isolated in high purity us-
ing multiparameter flow cytometry and a large array of
monoclonal antibodies against various cell surface molecules
(Fig. 1). Murine HSCs and MPPs do not express mature he-
matopoietic cell lineage markers (e.g., Lin - ), such as B220,
CD4, CD8, Gr-1, Mac-1, and Ter-119, but express c-Kit and
Sca-1 (82). They are collectively called LSK (Lin - sca1 + c-kit + )
cells, whereas HPCs are LS - K + (Lin - sca1 - c-kit + ) cells (82).
HSCs and MPPs can be separated according to their expres-
sion of CD150 and CD48 (78). Specifically, HSCs are
CD150 + CD48 - LSK cells and MPPs are CD150 + / - CD48 +

LSK cells. Alternative strategies using other cell surface

markers and dye effluxing have also been used to identify and
isolate HSCs. These include the identification of HSCs as
CD34 - LSK cells (124), Thy1loFlk-2 - LSK cells (26), and the
Hoechst-effluxing side population cells (50). More recently,
according to the expression of CD34, CD150, and CD48, HSCs
can be further differentiated into long-term or dormant
HSCs (CD34 - CD150 + CD48 - LSK cells) and short-term HSCs
(CD34 + CD150 + CD48 - LSK cells) (166).

The hematopoietic system is organized in a hierarchical
manner. The rare HSCs reside at the top of the hierarchy and
have the ability to self-renew, proliferate, and differentiate
into different lineages of peripheral blood cells through
MPPs and HPCs (131, 163) (Fig. 1). HSCs are quiescent under
steady-state conditions and serve as a reserve that protects the
hematopoietic system from exhaustion under various stress
conditions (165). In contrast, MPPs and HPCs are proliferating
cells with limited and no self-renewal ability, respectively.
The proliferation and differentiation of MPPs and HPCs sat-
isfy the needs of normal hematopoiesis and also allow the
hematopoietic system to react swiftly and effectively to meet
demands for increased production of mature cells during
hematopoietic crises, such as loss of blood, hemolysis, or in-
fection. If MPPs and HPCs are depleted by an exogenous
stressor, such as chemotherapy and/or IR, acute myelosup-
pression occurs. Under such circumstances, HSCs can un-
dergo self-renewing proliferation and differentiation to
repopulate MPPs and HPCs and restore homeostasis. How-
ever, if HSCs are injured or their self-renewing ability is im-
paired, long-term or permanent damage to the hematopoietic
system occurs and BM failure and death of the organism may
occur (159).

Normally, the quiescent HSCs reside in the osteoblastic
niche adjacent to the endosteal bone surface (7, 91, 165) (Fig. 2).

FIG. 1. A hierarchical model of the murine hematopoietic
system. Long-term hematopoietic stem cell (LT-HSCs,
CD34 - CD150 + CD48 - LSK cells) reside at the top of the hi-
erarchy and have the ability to self-renew, proliferate, and
differentiate into short-term HSCs (ST-HSCs, CD34 +

CD150 + CD48 - LSK cells), multipotent progenitors (MPPs,
CD150 + / - CD48 + LSK cells), and hematopoietic progenitor
cells (HPCs, Lin - sca1 - c-kit + or LSK - cells). HPCs can
proliferate and differentiate into different lineages of mature
blood cells via common lymphoid progenitors (CLPs) as well
as common myeloid progenitors (CMPs) and their progeny,
such as megakaryocyte/erythroid progenitors (MEPs) and
granulocyte/monocyte progenitors (GMPs).

FIG. 2. The HSC niche. The HSC niche includes the end-
osteal osteoblastic niche and vascular niche made up by os-
teoblasts and sinusoidal endothelial cells (SECs),
respectively. In addition, additional types of cells contribute
to the compositions of the HSC niche, which include peri-
vascular cells, mesenchymal stem cells, adipocytes, CXCL12-
abundant reticular (CAR) cells, macrophages, regulatory T
cells (TReg), and Schwann cells along with sympathetic nerve
fibers.
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These cells represent the long-term repopulating and the most
primitive HSCs. The osteoblastic niche provides HSCs with a
special environment that supports their self-renewal. This is
likely achieved in part by extensive interactions between
HSCs and the niche via a variety of soluble factors, such as
Wnt (145), bone morphogenetic proteins (49), thrombopoietin
(171), interleukin-3, and interleukin-6 (13); various adhesion
molecules, including CXCL12-CXCR4 and N-cadherin (58);
and different signaling pathways, for example, stem cell
factor/c-Kit, Jagged/Notch, and angiopoietin-1/Tie2 (Ang-
1/Tie2) (8, 18, 110). These intricate interactions promote HSC
self-renewal not only by increasing HSC survival but also by
keeping them quiescent to prevent HSCs from exhaustion. In
addition, sinusoidal endothelial cells (SECs) in BM have been
revealed to function as an alternative HSC niche called the
vascular niche (9) (Fig. 2). The vascular niche plays an im-
portant role in hematopoietic development during embryonic
and fetal development. It is also involved in the regulation of
HSC/HPC mobilization, proliferation, and differentiation in
response to hematopoietic stress (57). Therefore, HSCs may
use either osteoblasts or endothelial cells as their niche under
different circumstances to maintain a fine balance between
quiescence and proliferation or self-renewal and differentia-
tion, as well as to respond to stress. Furthermore, recent
studies have identified additional types of cells that contribute
to the compositions of the HSC niche, which include peri-
vascular cells, CXCL12-abundant reticular cells, mesenchy-
mal stem cells, macrophages, regulatory T cells, and Schwann
cells along with sympathetic nerve fibers (Fig. 2) (25, 44, 107,
123, 170). These cells can also regulate various HSC activities
directly and/or indirectly via affecting the function of the
osteoblastic and vascular niche.

Mechanisms of IR-Induced Cell Injury

Cell and tissue injury as a result of exposure to IR occurs by
the direct ionization of cellular macromolecules or by the re-
action of macromolecules with free radicals generated by the
radiolysis of water. Since water constitutes about 75% of the
mass of cells and tissues, the majority of energy of a low linear
energy transfer radiation such as X-rays and c-irradiation is
mainly deposited in water to produce free radicals that, in
turn, significantly contribute to IR-induced injury. Moreover,
free radical-mediated cell injury can be enhanced in the
presence of oxygen due to the formation of various reactive
oxygen species (ROS). Ionization and/or reaction with free
radicals/ROS disrupt the structure and function of DNA,
lipids, and proteins, which lead to metabolic and functional
alterations and ultimately to a cell injury or death. Among
various macromolecules, DNA is considered to be the most
critical molecular target for IR-induced cell injury and death
(152).

IR induces several different types of damage to DNA,
which include base damages and changes, cross linking, sin-
gle-strand breaks, and double-strand breaks (DSBs). Among
them, DSBs are the most detrimental DNA damage to a cell
because they can ultimately lead to chromosome breaks and
translocations that are associated with many human diseases,
including cancer if they are left unrepaired or misrepaired.
Fortunately, DSBs can effectively trigger a series of cellular
reactions termed DNA damage response (DDR) to ensure the
rapid detection and repair of DSBs or to remove the damaged

cells via the induction of apoptosis and senescence to maintain
genome integrity. Specifically, DSBs are recognized by ataxia
telangiectasia mutated (ATM). Once activated, ATM phos-
phorylates various downstream substrates to initiate a sig-
naling cascade that regulates DNA repair, cell cycle
checkpoints, and cell survival. For example, phosphorylation
of checkpoint kinase 2 at Thr68 and/or that of p53 at Ser15 by
ATM activate the G1–S cell cycle checkpoint. Phosphorylation
of p53 by ATM can upregulate the expression of p21, proa-
poptotic proteins such as Puma, and p16 to induce cell cycle
arrest, apoptosis, and senescence (Fig. 3), respectively, in a cell
type- and a cell context-dependent manner, because many
intrinsic and extrinsic factors can affect cellular responses to
IR-induced DNA damage (120). In addition, IR-induced oxi-
dative stress can also activate the mitogen-activated protein
kinase (MAPK) p38, which in turn causes cellular senescence
by the induction of p16 expression and/or interacting with
p53 (70) (Fig. 3).

Mechanisms of IR-Induced HSC Injury

Within a few hours or days after exposure to a significant
dose of TBI (Table 1), a series of characteristic clinical compli-
cations termed the acute radiation syndrome (ARS) appear
(116, 162). The hematopoietic syndrome occurs at TBI doses in
the range of 2–7.5 Gy in humans (3–10 Gy in rodents) and is
caused by severe depletion of blood elements due to BM sup-
pression; the gastrointestinal syndrome occurs after doses
> 5.5 Gy of TBI; and the neurovascular syndrome occurs fol-
lowing large doses of TBI ( > 20 Gy), indicating that the hema-
topoietic system is the most radiosensitive tissue of the body.
The severity and duration of BM suppression is dose depen-
dent at TBI > 1 Gy. Acute and transient myelosuppression

FIG. 3. Ionizing radiation (IR)-induced DNA damage re-
sponse (DDR). DNA double-strand breaks (DSBs) induced
by IR activate ataxia telangiectasia mutated (ATM), which in
turn phosphorylates checkpoint kinase 2 (CHK2) and p53.
Phosphorylation of p53 by ATM upregulates the expression
of p21, proapoptotic proteins such as Puma and p16 to in-
duce cell cycle arrest, apoptosis, and senescence, respec-
tively, in a cell type- and a cell context-dependent manner. In
addition, IR-induced reactive oxygen species (ROS) can also
activate p38, which in turn causes cellular senescence by
induction of p16 expression and/or interacting with p53.
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typically results from exposure to a moderate dose ( < 3.5 Gy) of
TBI, which primarily damages HPCs and MPPs that are rap-
idly proliferating and thus highly sensitive to IR (30, 104). A
persistent myelosuppression or BM failure occurs as a result of
severe injury to HSCs after exposure to a high dose ( > 3.5 Gy) of
TBI (158, 160).

In addition, exposure to a moderate- or high-dose TBI also
induces residual (or long-term) BM injury manifested by a
decrease in HSC reserves and fitness and an impairment in
HSC self-renewal (42, 104, 147, 153). Unlike acute BM injury,
residual BM damage is latent. Patients and animals with re-
sidual BM injury usually have normal blood cell counts under
normal homeostatic conditions despite a decrease in HSC
reserves (104, 147). Because of this latency, the clinical impli-
cations of residual BM injury have been largely overlooked.
Moreover, the importance of long-term BM damage is further
obscured by the seemingly complete recovery of peripheral
blood cell counts, BM cellularity, and the number of CFU,
especially after the treatment with hematopoietic growth
factors. In fact, the use of hematopoietic growth factors may
worsen IR- and chemotherapy-induced residual BM damage
by promoting HSC and HPC proliferation and differentiation
at the expense of HSC self-renewal (59, 105, 108). This could
lead to an accelerated exhaustion of HSCs and further com-
promise the long-term recovery of BM hematopoietic func-
tion. Although residual BM damage is latent, it is long lasting,
shows little tendency for recovery, and can lead to the de-
velopment of hypoplastic anemia or a meylodysplastic syn-
drome at a later time or after additional hematopoietic stress,
such as subsequent cycles of consolidation cancer treatment or
BM transplantation (104).

Several mechanisms have been proposed to explain how IR
as well as some chemotherapeutic agents induces HSC injury
(Fig. 4), including (i) quantitative reduction in HSCs due to
induction of cell death or apoptosis and differentiation; (ii)
qualitative changes in HSC replicative function resulting from
induction of HSC senescence; and/or (iii) damage to BM
stromal cells or the HSC niche (37, 108, 109). Because BM
failure resulting from severe damage to HSCs is the primary
life-threatening injury after exposure to a moderate or high
dose of IR, understanding the mechanisms by which IR causes
HSC injury can lead to the development of new medical
countermeasures against IR. Therefore, we will discuss each
of these mechanisms in more details below.

IR-Induced Apoptosis in HSCs

Apoptosis is an orderly and regulated form of cell death via
a genetically controlled process (76, 101). The characteristics
of an apoptotic cell include externalization of phosphati-
dylserine on the outer leaflet of the plasma membrane, cell
shrinkage, condensation of the nuclear chromatin, fragmen-
tation of the nucleus and DNA, and cellular membrane
blebbing (76, 101). In coordination with cell proliferation and
differentiation, apoptosis contributes to the maintenance of
hematopoietic homeostasis by regulating the size of hemato-
poietic lineages (164). Dysregulation of apoptosis in hemato-
poietic cells can result in many pathological conditions (164).
It has been suggested that the induction of apoptosis in BM
cells, including HSCs, may be primarily responsible for the
induction of ARS in the hematopoietic system after TBI (34,
104). The evidence that IR can damage HSCs by induction of
apoptosis is increasing. First, IR is a potent inducer of apo-
ptosis in many different cell types (55). Second, over-
expression of an antiapoptotic protein, bcl-2, throughout the
hematopoietic compartment protects mice against IR-induced
hematopoietic failure and death (34). HSCs isolated from bcl-2

Table 1. Ionizing Radiation Dose and Acute Radiation Syndrome

ARS

IR dose (Gy) Hematologic Gastrointestinal Neurologic Prognosis

< 1.0 + - - *100% survival
1.0–2.0 + - - > 90% survival
2.0–3.5 + + - - 90%–50% survival
3.5–5.5 + + + + - 50% death within 3.5–6 weeks
5.5–7.5 + + + + + - death probable in 2–3 weeks
7.5–10 + + + + + + - death probable in 1–2.5 weeks
10–20 + + + + + + + + + death certain in 5–12 days
> 20 + + + + + + + + + a death certain in 2–5 days

aplus cardiovascular syndrome.
- , no effects; + , mild; + + , moderate; + + + , severe.
Modification from Waselenko et al. (162).

FIG. 4. Mechanisms of IR-induced HSC damage and
bone marrow (BM) injury. The mechanisms include IR-
induced: (i) HSC apoptosis; (ii) HSC differentiation; (iii) HSC
senescence; and (iv) damage to the HSC niche.
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transgenic mice are more resistant to IR-induced damage
in vitro (34). In contrast, bcl-2 deficiency sensitizes murine
HSCs to IR (65). Third, HSCs from p53-deficient mice are less
sensitive to IR than are those from wild-type mice (29, 63, 86)
and treatment with a p53 inhibitor protected mice from IR-
induced lethal damage by suppression of p53-dependent
apoptosis (81). In addition, using flow cytometric analysis of
Annexin V and/or 7-AAD staining in LSK cell population
enriched with HSCs (56, 122), we demonstrated that IR-
induced cell death in LSK cells mainly by apoptosis but not by
necrosis (108, 109).

More recently, several groups of investigators reported that
Puma, a downstream target of p53 and a proapoptotic BH3-
only protein, plays a critical role in mediating IR-induced
HSC apoptosis and ARS (140, 172). They showed that Puma
was selectively induced by IR in LSK cells and LSK cells from
Puma knockout mice were insensitive to IR-induced apopto-
sis. As such, Puma deficiency in mice confers resistance to
high-dose radiation in a hematopoietic cell-autonomous
manner. In contrast, other p53 targets, such as Bim and Noxa,
play a minor or moderate role in IR-induced apoptosis in
hematopoietic cells (41, 84). It has been well established that
Puma can block the interactions of antiapoptotic proteins with
the proapoptotic effectors, Bax and Bak. This leads to the in-
terruption of mitochondrial integrity and mitochondrial re-
lease of caspase-activating factors, such as cytochrome c and
Apaf-1. In turn, cytochrome c and Apaf-1 activate the initiator
caspase-9 and then the effector caspases (e.g., caspases-3, -6,
and -7) whose activation leads to the final stage of cell-self
destruction (98) (Fig. 5). We assumed that this caspase cascade
may also play an important role in mediating IR-induced HSC

apoptosis downstream of Puma. This assumption is sup-
ported by our observation that inhibition of caspase activities
with z-VAD abrogated IR-induced LSK cell apoptosis. In
addition, z-VAD treatment also prevented the IR-induced
decrease in LSK cell numbers and significantly attenuated the
IR-induced reduction in day-28 and -35 cobblestone area-
forming cells that correspond to the primitive HSCs with
long-term repopulating ability (108). Together, these findings
suggest that induction of HSC apoptosis not only is one of the
primary causes of IR-induced HSC depletion but also signif-
icantly contributes to IR-induced ARS in the hematopoietic
system. All these findings indicate that targeting the p53-
Puma pathway and inhibition of caspases may represent a
novel strategy to protecting HSCs from IR injury, particularly
considering that transient inhibition of p53 activity with an
inhibitor did not increase IR-induced carcinogenesis while
Puma knockout actually reduced IR-induced tumorigenesis
in mice (27, 84, 111).

IR-Induced HSC Differentiation

HSCs have the ability to not only self-renewal but also
differentiate to different lineages of blood cells. These two
functions have to be tightly regulated because inhibition of
HSC differentiation can increase HSC self-renewal that may
result in abnormal HSC expansion and leukemia, whereas
promotion of HSC differentiation can decrease HSC self-
renewal that may lead to HSC premature exhaustion and BM
failure. Furthermore, HSC differentiation to different lineages
of blood cells has to be balanced to prevent lineage skewing.
An increasing body of evidence demonstrates that DDR plays
an important role in the regulation of stem cell differentiation.
For example, Lin et al. (92) reported that the induction of DSBs
by doxorubicin promoted mouse embryonic stem cell (ESC)
differentiation in a p53-dependent manner (Fig. 6). This is
because the activation of p53 downregulates the expression of
Nanog that is required for ESC self-renewal. Inomata et al. (66)
showed that exposure of melanocyte stem cells (MSCs) to IR
abrogated MSC self-renewal by the induction of MSC differ-
entiation in the hair follicle bugle without affecting their ap-
optosis or senescence, resulting in MSC depletion and hair
graying. IR-induced MSC differentiation can be enhanced by
ATM deficiency, suggesting that DDR initiated by ATM plays
an important role in protecting MSCs from premature dif-
ferentiation in response to genotoxic stress. In addition, the
results from several studies also demonstrate that neuronal
stem cell (NSC) differentiation can be regulated by IR. Ozeki
et al. reported that exposure to IR accelerated astrocyte dif-
ferentiation of surviving NSCs (126). Similar finding was also
observed in subventricular zone NSCs in which p53 activity
increased after brain irradiation, and loss of p53 resulted in
increased NSC proliferation and self-renewal but impaired
neuronal differentiation (47). However, the opposite effect of
IR on NSC differentiation was also reported in several studies
in which it was shown that IR can inhibit NSC differentiation
in vitro (75) and in vivo (114). The contradictory effects of IR on
NSC differentiation may be attributable to the doses of IR and
cellular origins of NSCs used in those different studies.

However, whether IR affects HSC differentiation was not
known until a recent study reported by Wang et al. (155). In
this study, they showed that DNA damage in HSCs resulting
from telomere dysfunction and after exposure to IR depleted

FIG. 5. Mechanisms of IR-induced HSC apoptosis. As
shown in Figure 3, IR-induced DDR includes the activation
of p53 and induction of the Puma, a downstream target of
p53. Puma can block the interactions of antiapoptotic pro-
teins such as Bcl-2 and Bcl-xl with the proapoptotic effectors
Bax and Bak. This leads to the interruption of mitochondrial
integrity and mitochondrial release of caspase-activating
factors, such as cytochrome c and Apaf-1. In turn, cyto-
chrome c and Apaf-1 activate the initiator caspase-9 and then
the effector caspases (e.g., caspases-3, -6 and -7) whose acti-
vation leads to the final stage of cell-self destruction of HSCs
by apoptosis.
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HSCs by promoting HSC differentiation to lymphoid lineage.
The enhanced lymphoid differentiation was attributed to the
activation of the granulocyte colony-stimulating factor (G-
CSF)/Stat3/BATF-dependent differentiation checkpoint in
HSCs. G-CSF knockout, Stat3 knockdown, or BATF deletion
improved HSC self-renewal and function in response to IR or
telomere shortening. More importantly, it was found that
lymphoid-biased HSCs were more sensitive to the induction of
differentiation after the activation of the G-CSF/Stat3/BATF-
dependent differentiation checkpoint by IR than myeloid-
biased HSCs, resulting in myeloid skewing in irradiated mice.
These findings demonstrate that the induction of HSC differ-
entiation via the G-CSF/Stat3/BATF pathway not only plays
an important role in mediating IR-induced HSC injury but
also is a causal factor for IR-induced myeloid lineage skewing.
Although targeting the G-CSF/Stat3/BATF-pathway can in-
hibit IR-induced HSC injury via the inhibition of IR-induced
HSC differentiation, it also results in the accumulation of
DNA damage in HSCs (155), which may increase the risk of
HSC transformation and leukemia development after IR.
Therefore, inhibitors of this pathway may have limited utility
as radiation protectants.

IR-Induced Senescence in HSCs

Cellular senescence

In the early 1960s, Hayflick and Moorhead demonstrated
that normal human diploid fibroblasts have finite growth
potential (73). The intrinsic replicative lifespan of a cell ap-
pears to be determined by telomere length (20). Without the
expression of telomerase, telomeric sequences shorten each
time DNA replicates. When the telomeres reach a critically
short length (*4 kb) after a certain number of cell doublings,
known as the Hayflick limit, cells stop dividing and are irre-
versibly arrested at the G1 phase, entering replicative senes-
cence (20, 102). The occurrence of replicative senescence has
been demonstrated for most cell types. Exceptions include
ESCs and the majority of tumor-derived cell lines (20, 102).
This is because these cells express high levels of telomerase. A
moderate level of telomerase activity is detectable in HSCs (3,
52, 54, 134). This activity is needed to maintain the normal
function of HSCs, as a deficiency in telomerase activity can

lead to telomere shortening and reduction in HSC trans-
plantation ability, as seen in late generations of telomerase
RNA component (TERC) null mice (54). In addition, the de-
velopment of aplastic anemia or marrow failure has been
observed in patients with telomerase deficiency, due to mu-
tations in telomerase reverse transcriptase (TERT) or TERC
(168). However, overexpression of TERT in HSCs maintains
the length of HSC telomeres but fails to extend HSC lifespan
in a serial BM transplantation setting (4). It is therefore the
subject of intense debate whether HSCs are characterized by
finite cell replicative ability and undergo replicative senes-
cence after extensive proliferation (2, 39).

In addition, many types of human and animal cells un-
dergo senescence after exposure to oxidative and genotoxic
stress (including IR) in a species-independent manner (138).
This also occurs when cells are subjected to an oncogenic
stress and/or aberrant activation of the p38 pathway (138).
The senescence induced by oxidative, genotoxic, and onco-
genic stress is also referred to as premature senescence to
differentiate it from replicative senescence (102, 138). This is
because cells undergoing stress-induced premature senes-
cence have a shortened intrinsic replicative lifespan without
significant erosion in telomeres. However, cells undergoing
premature senescence are morphologically indistinguishable
from replicatively senescent cells and exhibit many of the
characteristics ascribed to replicatively senescent cells (20,
102, 138). These changes include an enlarged and flattened
appearance, increased senescence-associated b-galactosidase
(SA-b-gal) activity, and elevated expression of p16 (20, 102,
138). Moreover, premature and replicative senescence share
common induction pathways (20, 102, 138). Therefore, se-
nescence has been frequently used as a general term to de-
scribe cells undergoing either premature or replicative
senescence.

HSC senescence

The first evidence that HSCs can undergo senescence was
observed in Bmi1 - / - mice. It was found that mice lacking the
Bmi1 gene developed progressive BM hypoplasia and died
early ( < 2 months) after birth (31, 87). Although Bmi1 - / - mice
had a normal pool of fetal liver HSCs, transplantation of their
fetal liver HSCs to a lethally irradiated recipient resulted only

FIG. 6. Mechanisms of DNA
damage and IR-induced stem cell
differentiation. (A) DNA damage in
embryonic stem cells (ESCs) acti-
vates p53 to promote ESC differen-
tiation by downregulating the
expression of Nanog. (B) IR pro-
motes melanocyte stem cell (MSC)
differentiation, which can be re-
pressed by ATM. (C) IR increases
neuronal stem cell (NSC) differenti-
ation in a p53-dependent manner.
(D) IR promotes HSC differentiation
to CLPs by activating the G-CSF/
STAT/BATF-dependent differentia-
tion checkpoint, resulting in a sig-
nificant reduction in HSCs,
particularly in the lymphoid biased
pool of HSC, and myeloid skewing.
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in a transient reconstitution of the hematopoietic system (31,
87). This suggests that the mutant fetal liver HSCs have the
ability to proliferate and differentiate into HPCs enabling
transient reconstitution of the BM but cannot self-renew and
generate HSCs to ensure long-term hematopoietic engraft-
ment. Deficiency in self-renewal was also found in neural and
leukemia stem cells lacking Bmi1, indicating that Bmi1 is a
general regulator of stem cell self-renewal (31, 87, 113). Bmi1 is
a member of the Polycomb group of transcriptional repressors.
Its downstream targets include the gene products of the Ink4a/
Arf locus, for example, p16 and Arf. HSCs from Bmi1 - / - mice
express increased levels of p16 and Arf (31, 87, 113). Enforced
expression of p16 and Arf in HSCs induces cell cycle arrest
and apoptosis, respectively, whereas p16 knockout partially
restores the ability of Bmi1 - / - stem cells to self-renew (31,
87, 113).

Similarly, it has been hypothesized that IR and chemo-
therapy cause residual BM injury primarily by the induction
of HSC senescence, which impairs HSC replication and self-
renewal leading to the reduction in HSC reserves (59, 105,
119). Impairment in HSC self-renewal has been well docu-
mented in patients and animals after exposure to TBI or
treatment with various chemotherapeutic agents that can
cause residual BM injury (59, 105, 147, 151). For example, BM
HSCs from mice after exposure to IR or receiving chemo-
therapy generated fewer CFU-S and repopulating units in
lethally irradiated recipients after BM transplantation (45, 105,
119, 151). Similar impairments of HSC self-renewal capacity
and long-term repopulating ability were observed in patients
undergoing autologous transplantation after TBI and/or
dose-intensified chemotherapy (22, 35, 36). However, direct
evidence to demonstrate that HSCs undergo senescence after
exposure to IR or a chemotherapeutic agent was lacking until
our recent studies. In these studies, we found that exposure to
IR or busulfan treatment induced HSC senescence in vitro and
in vivo (108, 109). The senescent HSCs induced by IR and
busulfan had diminished clonogenic activity and expressed
increased levels of SA-b-gal, p16, and Arf. Interestingly, a
shortening of the intrinsic replicative capacity of HSCs or loss
of HSC self-renewal after exposure to IR does not affect HSC
differentiation to generate various HPCs and more mature
progeny before their final exhaustion. Moreover, HPCs from
irradiated mice showed neither abnormalities nor did they
exhibit the signs of senescence. These findings indicate that IR
can selectively induce HSC senescence.

Reactive oxygen species

The mechanism by which IR induces HSC senescence re-
mains to be elucidated but may be attributable to increased
production of ROS because a large body of evidence suggests
that ROS plays an important role in mediating the induction
of HSC senescence under various pathological conditions (69,
112, 127, 149, 167). For example, it was found that ATM - / -

mice exhibit progressive failure of hematopoietic function
with aging (69). The failure is attributed primarily to HSC
premature exhaustion or senescence resulting from an in-
creased production of ROS, as treatment of ATM - / - mice
with N-acetyl-cysteine (NAC) can restore the function of
HSCs and prevent the development of BM failure. It
was subsequently reported that triple-FoxO (FoxO1, FoxO3,
and FoxO4) knockout mice also developed hematopoietic

abnormalities (149). The number of HSCs and their long-term
repopulating activity were markedly reduced after the dele-
tion of FoxOs. These defects were associated with increased
production of ROS in HSCs. Treatment of FoxOs knockout
mice with NAC reversed the defects of HSCs and hemato-
poietic abnormalities. It appears that FoxO3 is the primary
regulator of HSCs because the deletion of FoxO3 alone in mice
can recapitulate most of the phenotypes observed in the triple-
FoxO knockout mice (112, 167). The molecular basis for FoxOs
to regulate ROS production in HSCs is mainly attributed to
their transcriptional regulation of the expression of superox-
ide dismutase and catalase (149). In addition, there is a
mechanistic link between ATM and FoxO3 in the regulation of
ROS production in HSCs as FoxO3 is essential for ATM ex-
pression (167). Increased production of ROS in association
with HSC defect has been observed in several other patho-
logical conditions, such as deletion of Bmi1 (127, 136), MDM2
(1) and TSC1 (23), Fanconi anemia mutation (38), and aging
(68). Similarly, we showed that exposure of mice to a sublethal
dose of TBI induced a persistent increase in ROS production in
HSCs (157). The induction of chronic oxidative stress was
associated with sustained increases in oxidative DNA dam-
age in HSCs, inhibition of HSC clonogenic function, and in-
duction of HSC senescence (32, 90, 157). Treatment of the
irradiated mice with NAC after TBI significantly attenuated
IR-induced inhibition of HSC clonogenic function and re-
duction of HSC long-term engraftment after transplantation
(157). These findings provide the foremost direct evidence
demonstrating that TBI induces long-term BM suppression
and HSC senescence, at least in part via induction of oxidative
stress in HSCs. In addition, it suggests that antioxidants such
as NAC may be used as an effective strategy to mitigate
IR-induced residual BM injury.

Production of ROS is one of the by-products of mitochon-
drial respiration, and mitochondria have frequently been
considered to be the main source of cellular-derived ROS (12).
It has been shown that cells, including HSCs, from Bmi1 - / -

mice exhibit abnormal mitochondrial function resulting in
increased production of ROS (94). In addition, increased
production of ROS in HSCs from TSC1 - / - mice has been at-
tributed to the elevation of mitochondrial biogenesis and ox-
idative activities (23). However, compared to their progeny,
HSCs are dormant and have fewer mitochondria (129, 130). It
has also been shown that HSCs primarily utilize glycolysis
rather than mitochondrial oxidative phosphorylation for
adenosine triphosphate production (5). Thus, it has yet to be
determined whether mitochondria play a major role in con-
tributing to the increased production of ROS in HSCs under
various pathological conditions. Recently, an increasing body
of evidence demonstrates that cells can also actively produce
ROS through a family of tightly regulated NADPH oxidases
(NOXs) that are homologues of the phagocyte oxidase (Phox
or NOX2) (16, 85). ROS produced by NOXs participate in the
regulation of many cell functions and have been implicated in
the pathogenesis of different diseases. Five different NOXs are
expressed in different tissues or cells with distinctive func-
tions and mechanisms of regulation in a tissue- or cell-specific
manner (16, 85). The expression of NOX1, 2, and 4 and various
regulatory subunits of NOXs has been detected in human
HSCs (129, 130). It was estimated that NOX-mediated extra-
mitochondrial oxygen consumption accounts for about half
of the endogenous cell respiration in human HSCs (130).
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Interestingly, our recent studies showed that NOX1, 2, and 4
are also expressed in mouse BM HSC-enriched Lin - Sca1 +

c-kit + cells, whereas HPCs, Lin - cells, and mononuclear cells
from mouse BM express NOX1 and 2, but not NOX4, sug-
gesting that the expression of NOX4 is downregulated upon
HSC differentiation and that NOX4 may play an important
role in the regulation of HSC function (157). More impor-
tantly, it was found that the expression of NOX4 was upre-
gulated, whereas the expression NOX1 and 2 was unchanged
in HSCs after TBI. Because NOX4 is a constitutively active
NOX and ROS production by NOX4 is regulated at the tran-
scriptional level (16, 85), the finding that IR upregulates NOX4
in HSCs implies that NOX4 may primarily mediate the IR-
induced increase in ROS production in HSCs (Fig. 7). This
suggestion is supported by the finding that diphenyleneio-
donium, but not apocynin, inhibits IR-induced elevation of
ROS production in HSCs because NOX4 is not sensitive to
apocynin inhibition, whereas other NOXs are (16, 85, 137,
157). In addition, our recent study showed that resveratrol, a
potent antioxidant and a putative activator of Sirtuin 1, can
ameliorate TBI-induced long-term BM injury by inhibiting
radiation-induced chronic oxidative stress and senescence in
HSCs in part by the downregulation of NOX4 expression
(173). However, additional experiments will be required to
confirm the role of NOX4 in IR-induced chronic oxidative
stress and senescence in HSCs by utilizing a more specific
approach, such as genetically knocking out NOX4 in HSCs.

The specific species of ROS induced by IR in HSCs have yet
to be determined but may include superoxide and hydrogen
peroxide, because both of them can be produced by IR-
induced dysfunctional mitochondria and NOX4. In addition,
it has been shown that IR can increase the production of nitric
oxide (NO) in BM stromal cells via NO synthases 1 and 2 (40,
51). However, whether NO also plays a role in mediating IR-

induced damage to HSCs remains to be investigated. The
mechanisms by which IR increases mitochondrial production
of ROS have been extensively studied (11, 48), which may
include increases in mitochondrial electron transport chain
complex II activity due to mutations in succinate dehydro-
genase subunit C (10) and cell cycle arrest (169) and Drp1-
dependent mitochondrial fission (80). In contrast, little is
known about how IR upregulates NOX4 expression at the
present. Furthermore, an increasing body of literatures has
shown that many of the DDR elements are also involved in
sensing oxidative stress and regulating ROS production. For
example, it has been shown that ATM can be directly acti-
vated by oxidation, which in turn can modulate oxidative
stress by regulating mitochondrial function and metabolism
via p53, AMP-activated protein kinase, mammalian target of
rapamycin, and hypoxia-inducible factor 1 (33, 93). Therefore,
it will be of a great interest to determine whether the activa-
tion of DDR by IR also contributes to the persistent increase in
ROS production in HSCs via perturbation of mitochondrial
function and/or upregulation of NOX4.

p38

An increasing body of evidence suggests that ROS cause
damage to HSCs not by a nonspecific cytotoxic effect as pre-
viously hypothesized, but at least in part via the activation of
p38 (139). p38 is a member of the MAPK family of signal
transduction kinases, which can be activated in a sequential
order (mitogen-activated or extracellular signal-regulated ki-
nase kinase [MEKK]-MAPK kinase 3/6 [MKK3/6]-p38) after
exposure to stress (83). In addition, oxidative stress can also
activate p38 via the activation of apoptosis signal-regulating
kinase 1 (ASK1) (103) and/or inactivation of protein tyrosine
phosphatases (PTPs), such as MAPK phosphatases (77, 128).
Normally, ASK-1 forms an inactive complex with the re-
pressor protein thioredoxin in a cell. The formation of this
complex is dependent on the presence of a reduced form of an
intramolecular disulfide bridge between two cysteine resi-
dues of thioredoxin. Oxidation of thioredoxin by ROS causes
the dissociation of ASK-1 from thioredoxin, resulting in the
activation of ASK1 by oligomerization, interaction with TNF
receptor-associated factor-2/6, and threonine autopho-
sphorylation (103). It has been shown that ROS production
from Nox4 can activate p38 via the activation of ASK-1 (24). In
addition, oxidation of the catalytic cysteine of PTPs by ROS
can reversibly inactivate PTPs (125), which in turn can in-
crease p38 activity. It remains to be determined whether ROS
can activate p38 in HSCs through which of these mechanisms.

Activation of p38 regulates a variety of cellular processes
such as inflammation, cell cycle arrest, and apoptosis in a cell
type-specific manner. There is an increasing body of evidence
demonstrating that p38 plays a critical role in the induction of
senescence in response to a variety of stimuli via upregulating
p16 (6, 46). For example, it was shown that a high level of Ras
or Raf activation in human normal fibroblasts induced se-
nescence by stimulating a sustained activation of p38, which
in turn upregulated the expression of p16 (6). Activation of
the p38 pathway also contributes to the induction of p16
and cellular senescence after DNA damage resulting from
exposure to genotoxic and oxidative stress and telomere
shortening due to extensive replication (79, 99, 154) (Fig. 7).
Furthermore, activation of p38 by ectopic transfection of

FIG. 7. Hypothetic mechanisms of IR-induced HSC se-
nescence. IR may increase the production of ROS by mito-
chondria and/or NADPH oxidases (NOXs) in HSCs. ROS
can induce HSC senescence by stimulating the p38 pathway
and/or activating the ATM-CHK2-p53-p21 pathway via in-
duction of DSBs. Both pathways could converge at p16 for
the induction of HSC senescence.
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MKK3 and/or MKK6 increases p16 expression and induces
senescence. In contrast, inhibition of p38 activity or down-
regulation of p38 expression attenuates the induction of p16
and cellular senescence by oncogenic stress, DNA damage,
and telomere shortening (70, 79, 99, 154).

In addition, activation of p38 has been implicated in BM
suppression in various pathological conditions, including
aplastic anemia and myelodysplastic syndromes (118, 175).
Furthermore, recently, it was shown that mutation of the
ATM gene and knockout of the FoxO3 gene induced prema-
ture senescence/exhaustion of HSCs (69, 112, 149). The in-
duction of HSC senescence/exhaustion was associated with
an elevated production of ROS, a selective activation of p38,
and an upregulation of p16 in HSCs. Pharmacological inhi-
bition of p38 activity rescued the defects of HSCs from ATM
mutants and FoxO3 knockout mice (69, 112, 149). These
findings indicate that p38 plays an important role in the reg-
ulation of HSC self-renewal and its activation by oxidative
stress can mediate the induction of HSC senescence via reg-
ulation of p16 (68). Therefore, we recently examined whether
IR causes hematopoietic suppression in part by inducing he-
matopoietic cell senescence through the activation of the p38
pathway and whether pharmacological inhibition of p38 can
attenuate IR-induced residual BM injury (89, 156). In this
study, we found that p38 was selectively activated in irradi-
ated hematopoietic cells and this activation sustained up to 5
weeks after IR in a long-term BM cell culture assay. Inhibition
of p38 activity with a specific inhibitor, for example,
SB203580, attenuated IR-induced suppression of BM hema-
topoietic cell function in association with a significant re-
duction in p16 expression and SA-b-gal activity. Moreover,
our in vivo data show that inhibition of p38 attenuated IR-
induced residual BM suppression. These results suggest that
p38 activation plays a role in mediating IR-induced hemato-
poietic cell senescence and BM suppression and that phar-
macological inhibition of the p38 pathway with a specific
inhibitor can be further exploited for amelioration of IR-
induced residual BM injury (89, 156).

Ink4a and Arf

The Ink4a-Arf locus encodes two tumor suppressors, p16
and Arf (97, 141). The transcripts for these proteins have dif-
ferent first exons (a for p16 and b for Arf ) but share exons 2
and 3. However, there is no amino acid sequence similarity
between these two proteins due to the use of alternative
reading frames for their translation. p16 is a potent cyclin-
dependent kinase (CDK) 4/6 inhibitor. By inhibiting CDK4/6
activity, p16 causes Rb hypophosphorylation and suppresses
the expression of E2F-dependent genes, resulting in the re-
striction of G1/S cell cycle progression and the formation of
senescence-associated heterochromatic foci (SAHF) (97, 117,
141). Once SAHF are formed after the engagement of the p16-
Rb pathway, the cells become permanently growth arrested
and senescent. It has therefore been suggested that diverse
stimuli can induce cellular senescence via various upstream
signal transduction cascades, including the p38 and p53-p21
pathways, that converge on the p16-Rb pathway, whose ac-
tivation provides an inescapable barrier preventing senescent
cells from re-entering the cell cycle. This suggestion is sup-
ported by the finding that the activation of p53 and induction
of p21 in cells undergoing senescence are transient events that

occur during the onset of senescence and then subside when
the expression of p16 starts rising (19, 132, 146). Inactivation of
p53 before upregulation of p16 can prevent senescence in-
duction. However, once p16 is highly expressed, cell cycle
arrest becomes irreversible by the downregulation of p53,
indicating that the activation of the p53-p21 pathway plays an
important role in the initiation of senescence, but induction of
p16 is required for the maintenance of senescence (14, 19). In
agreement with this suggestion, we found that IR induced p53
activation and p21 expression in HSCs before the induction of
p16 (109, 160). Whereas p53 activation and p21 upregulation
gradually declined within a few weeks after IR, p16 expres-
sion in irradiated HSCs remained elevated and the cells sub-
sequently became senescent, exhibiting positive SA-b-gal
staining (Fig. 7). In contrast, the biological action of Arf relies
on the p53 pathway. This is because Arf can directly bind to
MDM2 and cause the accumulation of p53 by segregating
MDM2 from p53 and by inhibiting MDM2’s E3 ubiquitin
protein ligase activity for p53 (97, 141, 142). Therefore, the
activation of p53 by Arf can induce not only cellular senes-
cence but also apoptosis, depending on which gene down-
stream of p53 is induced following its activation.

Upregulation of p16 and Arf has been implicated in me-
diating the induction of cellular senescence in a variety of cells
including HSCs. For example, increased expression of p16
and Arf was found in HSCs from Bmi1 - / - mice (127). How-
ever, it appears that p16 but not Arf plays an important role in
mediating the induction of Bmi1 - / - HSC senescence (127). In
addition, it has been found that knockout of both the p16 and
Arf genes in mice significantly increases the clonal expansion
of HSCs in vitro but modestly promotes HSC self-renewal
in vivo (87, 113). However, knockout of the Arf gene alone does
not provide any advantage for HSC/HPC expansion and self-
renewal (113). In contrast, knockout p16 increases the lifespan
of HSCs by promoting HSC self-renewal (74, 144). Further-
more, mutation of the ATM gene also results in upregulation
of p16 and Arf in HSCs (69, 113). Inactivation of the p16-Rb
pathway by retroviral transfection of HPV E7 proteins re-
stores the reproductive function of ATM - / - HSCs, whereas
inhibition of the Arf-p53 pathway by E6 transfection has no
such effect (67). These findings suggest that p16 plays a more
significant role than Arf in regulation of HSC self-renewal and
induction of HSC senescence, even though both proteins are
overexpressed in senescent HSCs. Increased expression of
p16 and Arf has been found in IR-induced senescent LSK
cells (160). However, their roles in mediating IR-induced HSC
senescence and long-term BM suppression remain to be
investigated.

IR-Induced Damage to the HSC Niche

As discussed earlier in the review, a complex of cellular and
molecular components constitutes the HSC niche in BM
stroma and the HSC niche is crucial for the maintenance of
HSC self-renewal capacity and reserves (7, 91, 165). IR-
induced damage to various components of the HSC niche not
only contributes to HSC injury but also affects the recovery
of HSCs after IR. There is a large body of literature dem-
onstrating that IR induces BM stroma injury in a dose- and
time-dependent manner, which was extensively reviewed in
previous publications (17, 53, 60, 104). IR-induced BM stromal
cell damage is at least in part attributable to the induction of
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senescence because Carbonneau et al. (21) reported recently
that exposure of mice to IR induced senescence in BM stromal
cells in a p16/Arf-dependent manner. The induction of BM
stromal cell senescence contributes to IR-induced residual
damage to BM environment that can influence hematopoiesis.

However, IR damage to specific components of the HSC
niche and the impact of the damage on HSCs were not known
until recently. Hooper et al. (64) reported that BM SECs are
highly sensitive to IR. They showed that exposure of mice to a
sublethal dose of TBI resulted in regression of SECs while
exposure to a lethal dose of TBI induced severe damage to
SECs and required BM transplantation to regenerate. SEC
damage induced by IR may be mediated in part by the acti-
vation of acid sphingomyelinase (aSMase), which induces
endothelial cell apoptosis via increased production of cer-
amide (135). Inhibition of SECs regeneration via blocking
vascular endothelial growth factor receptor 2 signaling in ir-
radiated mice prevented hematopoietic reconstitution (Fig. 8).
In contrast, transplantation of endothelial cells into lethally
irradiated mice improved their survival by promoting HSC
regeneration and hematopoietic recovery (28, 88). Similarly,
infusion of endothelial progenitor cells into irradiated mice
not only accelerated the recovery of the vascular niche but
also promoted HSC reconstitution (133). The mechanisms by
which SECs promote HSC reconstitution after IR remain to be
elucidated but may be partially attributable to their expres-
sion of angiopoietin-like protein 3 (28, 174) and pleiotrophin
(61, 62). Compared to BM SECs, endosteal osteoblasts, a
major component of the osteoblastic niche, are relatively
radioresistant. After BM radioablation, endosteal osteoblasts
underwent rapid expansion in response to megakaryocyte-
derived mesenchymal growth factors such as platelet-derived
growth factor-b and basic fibroblast growth factor to promote
HSC engraftment and hematopoietic reconstitution after
BM transplantation by restoring the damaged HSC niche
(37). However, it is not known whether the stimulation of

osteoblast proliferation by IR can result in induction of rep-
licative senescence as reported by Carbonneau et al. (21). In
addition, whether IR can also cause damage to other cells in
the HSC niche has yet to be determined.

Conclusion

Exposure to IR as the result of nuclear accidents or terrorist
attacks is a significant threat and a major medical concern.
When such an event occurs, many victims may receive a
moderate or high dose of TBI that can cause significant civil-
ian casualties due to IR-induced normal tissue damage.
Among various tissues and organs, BM is the most radio-
sensitive tissue in the body. Acute and transient BM sup-
pression typically results from exposure to a moderate dose of
TBI, which primarily damages HPCs and to a lesser degree
HSCs. In this circumstance, HSCs can undergo self-renewing
proliferation and differentiation to repopulate HPCs and re-
store hematopoietic homeostasis. However, if the dose of TBI
is too high, IR also severely damages HSCs and impairs their
ability to self-renew by induction of HSC apoptosis, differ-
entiation, and senescence and damage to the HSC niche,
which may eventually lead to BM failure and organism death.
Because HSC injury is the primary cause of death after acci-
dental or intentional exposure to a moderate or high dose of
IR, protecting HSCs from IR should be a primary goal in the
development of novel medical countermeasures against ra-
diation. This development depends on a better understanding
of the mechanisms by which IR causes HSC damage. There-
fore, in this review, we have focused our discussions on a
number of recent findings that provide new insights into the
mechanisms whereby IR damages HSCs. These findings will
provide new opportunities for developing a mechanism-
based strategy to prevent and mitigate IR-induced BM
suppression.
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Abbreviations Used

ARS¼ acute radiation syndrome
ASK1¼ apoptosis signal-regulating kinase 1
ATM¼ ataxia telangiectasia mutated

BM¼ bone marrow
CDK¼ cyclin-dependent kinase

CFU-S¼ colony-forming unit-spleen
CLPs¼ common lymphoid progenitors
DDR¼DNA damage response
DSB¼double-strand break
ESC¼ embryonic stem cell

G-CSF¼ granulocyte colony-stimulating factor
HPC¼hematopoietic progenitor cell
HSC¼hematopoietic stem cell

IR¼ ionizing radiation
LSK¼Lin-sca1+c-kit+ cells

MAPK¼mitogen-activated protein kinase
MPP¼multipotent progenitor
MSC¼melanocyte stem cell
NAC¼N-acetyl-cysteine

NO¼nitric oxide
NOX¼NADPH oxidase
NSC¼neuronal stem cell
PTP¼protein tyrosine phosphatases
ROS¼ reactive oxygen species

SA-b-gal¼ senescence-associated b-galactosidase
SAHF¼ senescence-associated heterochromatic foci

SEC¼ sinusoidal endothelial cell
TBI¼ total body irradiation

TERC¼ telomerase RNA component
TERT¼ telomerase reverse transcriptase
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