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Abstract Hematopoietic stem cells (HSCs) are respon-
sible for sustaining hematopoietic homeostasis and regen-
eration after injury for the entire lifespan of an organism
through self-renewal, proliferation, differentiation, and
mobilization. Their functions can be affected by reactive
oxygen species (ROS) that are produced endogenously
through cellular metabolism or after exposure to exogenous
stress. At physiological levels, ROS function as signal
molecules which can regulate a variety of cellular func-
tions, including HSC proliferation, differentiation, and
mobilization. However, an abnormal increase in ROS
production occurs under various pathological conditions,
which can inhibit HSC self-renewal and induce HSC
senescence, resulting in premature exhaustion of HSCs and
hematopoietic dysfunction. This review aims to provide a
summary of a number of recent findings regarding the
cellular sources of ROS in HSCs and the mechanisms of
action whereby ROS induce HSC senescence. In particular,
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we highlight the roles of the p38 mitogen-activated protein
kinase (p38)-pl6™** (p16) pathway in mediating ROS-
induced HSC senescence.
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1 Introduction

More than 50 years ago, Denham Harman [1] proposed the
free radical or oxidative stress theory of aging. He
hypothesized that free radicals and/or reactive oxygen
species (ROS) can be produced endogenously from normal
cellular metabolic processes. In this theory, imbalances
between ROS and antioxidants can lead to oxidative stress
that damages various macromolecules. Accumulation of
oxidatively damaged macromolecules with age can result
in a progressive loss of cellular function, which eventually
shortens the lifespan. Although it remains controversial
whether age-associated increases in oxidative stress shorten
the normal lifespan of an organism, a growing body of
evidence demonstrates that increased production of ROS
does play an important role in the development of various
age-related diseases [2, 3]. However, the cellular mecha-
nisms by which oxidative stress exerts its impacts on aging
are not well defined, as not all cells in an organism are
equally sensitive to oxidative stress, and oxidative damage
to a cell can result in different consequences. This is best
illustrated by several recent studies in the hematopoietic
system, which demonstrate that an increase in oxidative
stress can occur selectively in hematopoietic stem cells
(HSCs) under various pathological conditions and after
exposure to exogenous stress; HSCs are more sensitive to
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oxidative stress than their progeny, and oxidative damage
to HSCs can lead to shortened lifespans in mice, at least in
part via induction of HSC senescence and premature
exhaustion [4—11]. The review below aims to provide more
insight into the role of ROS in the induction of HSC
senescence and the impact of HSC senescence on the
hematopoietic system.

2 The hierarchy of the hematopoietic
system and HSC niche

The hematopoietic system is organized in a hierarchical
manner, in which 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 though multipotent progenitors (MPPs) and hemato-
poietic progenitor cells (HPCs) [12, 13]. HSCs are quies-
cent under steady-state conditions, and serve as a reserve
that protects the hematopoietic system from exhaustion
under various stress conditions [14]. In contrast, MPPs and
HPCs are proliferating cells with limited and no self-
renewal ability, respectively. The proliferation and differ-
entiation of MPPs and HPCs satisfy 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 infection. If MPPs and
HPCs are depleted by an exogenous stressor, such as
chemotherapy and/or IR, acute myelosuppression occurs.
Under such circumstances, HSCs can undergo self-renew-
ing proliferation and differentiation to repopulate MPPs
and HPCs and restore homeostasis. However, if HSCs are
injured or their self-renewing ability is impaired, long-term
or permanent damage to the hematopoietic system occurs
and bone marrow (BM) failure and death of the organism
may occur [15].

Normally, the quiescent HSCs representing the long-
term repopulating and the most primitive HSCs reside in
the osteoblastic niche, which is adjacent to the endosteal
bone surface [16-18]. 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, BMP, TPO, IL-3, and IL-6;
various adhesion molecules, including CXCL12-CXCR4
and N-cadherin; and different signaling pathways, e.g.
SCF/c-Kit, Jagged/Notch, and angiopoietin-1/Tie2 (Ang-1/
Tie2). These intricate interactions promote HSC self-
renewal not only by increasing HSC survival, but also by
keeping them quiescent. Quiescent HSCs exhibit low
metabolic rates and presumably produce less ROS capable
of causing oxidative damage [19]. In addition, most

endosteal osteoblastic niches are considered hypoxic, as
they are relatively remote from blood flow [20-22]. It is
estimated that the concentration of oxygen in these niches
is below 1%. By residing in a hypoxic environment, qui-
escent HSCs show lower blood perfusion as determined by
low Hoechst 33342 (Hoe) staining after dye injection, and
express higher levels of HIF-lo [22-24]. Increased
expression of HIF-1a alters the metabolism of HSCs by
upregulating glycolysis while downregulating mitochon-
drial oxidative phosphorylation, leading to reduced pro-
duction of ROS [23, 24]. By residing in a hypoxic
environment and a quiescent state, HSCs are presumably
subjected to a lower level of oxidative stress and thus better
maintain their ability to self-renew. Indeed, it has been
shown recently that Hoe-negative HSCs (CD41 CD48™
CD150"Lin~Scal Tc-kit™ cells) from mouse BM cycle
slowly and are capable of serial transplantation, whereas
Hoe positive HSCs cycle more frequently and cannot
reconstitute the recipients after secondary transplantation
[22]. In addition, the low ROS producing population of
HSCs (CD34 Lin~ Scal tc-kit™ cells) isolated from mouse
BM exhibits greater self-renewal potential, and expresses
higher levels of niche interacting molecules, such as cal-
cium receptor, N-cadherin, and Notchl, than does the ROS
high population [25]. The self-renewal ability of ROS high
HSCs can be restored to a level similar to that of ROS low
HSCs by treatment with the antioxidant N-acetyl-L-cysteine
(NAC). Furthermore, the number of human SCID-
repopulating cells expanded when human BM HSCs
(Lin”CD347CD38™ cells) were cultured in a hypoxic
environment, whereas the number of human SCID-repop-
ulating cells reduced after the cells were cultured in
normoxic conditions [26]. These findings suggest that the
production of ROS plays an important role in regulation of
HSC self-renewal.

3 Okxidative stress in HSCs

The first evidence to demonstrate that HSCs are sensitive to
oxidative stress was found in ATM ™~ mice (Fig. 1) [5].
ATM ™"~ mice exhibit progressive failure of hematopoietic
function with aging. The failure is attributed primarily to
HSC premature exhaustion resulting from an increased
production of ROS, as treatment of ATM ™~ mice with
NAC can restore the function of HSCs and prevent the
development of BM failure. However, the mechanism by
which ATM regulates ROS production in HSCs remains to
be elucidated. It was subsequently reported that triple-
FoxO (FoxOl, FoxO3, and FoxO4) knockout mice also
developed hematopoietic abnormalities [6]. The number of
HSCs and their long-term repopulating activity were
markedly reduced after the deletion of FoxOs. These
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defects were associated with increased production of ROS
in HSCs (Fig. 1). Treatment of FoxOs knockout mice with
NAC reversed the defects of HSCs and hematopoietic
abnormalities. It appears that FoxO3 is the primary regu-
lator of HSCs, because deletion of FoxO3 alone in mice
can recapitulate most of the phenotypes observed in the
triple-FoxO knockout mice [10, 11]. The molecular basis
for FoxOs to regulate ROS production in HSCs is mainly
attributed to their transcriptional regulation of the expres-
sion of superoxide dismutase and catalase [6]. In addition,
there is a mechanistic link between ATM and FoxO3 in
regulation of ROS production in HSCs as FoxO3 is
essential for ATM expression [11].

Increased production of ROS in association with HSC
defect has been observed in several other pathological
conditions, such as deletion of Bmil [27, 28], MDM?2 [29],
and tuberous sclerosis complex I (TSCI) [30], Fanconi
anemia mutation [31], aging [4], and after exposure to
genotoxic stress (Fig. 1) [7]. For example, we showed that
exposure of mice to a sublethal dose of total body irradi-
ation (TBI) induced a persistent increase in ROS produc-
tion in HSCs [7]. The induction of chronic oxidative stress
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Fig. 1 A hypothetic model for reactive oxygen species (ROS) to
mediate the induction of hematopoietic stem cell (HSC) senescence
under various pathophysiological conditions. Increased levels of ROS
are produced by mitochondria and/or NADPH oxidases (NOXs) in
HSCs when HSCs are exposed to stress, a high concentration of
oxygen or after deletion of ATM, FoxOs, Bmil, TSC1, and HIF]o.
ROS can induce HSC senescence by activating the ATM-Chk2-p53-
p21 pathway via induction of DNA double strand breaks (DSBs) and/
or stimulating the p38 pathway. Both pathways converge at p16 for
the induction of HSC senescence. In addition, activation of p53 can
also induce the expression of various pro-apoptotic proteins to cause
HSC apoptosis. ROS may induce HSC senescence and apoptosis in a
dose-dependent manner. Both of them can be prevented by treatment
with an antioxidant, such as N-acetyl-L-cysteine (NAC)
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was associated with sustained increases in oxidative DNA
damage in HSCs, inhibition of HSC clonogenic function,
and induction of HSC senescence. Treatment of the irra-
diated mice with NAC after TBI significantly attenuated
IR-induced inhibition of HSC clonogenic function and
reduction of HSC long-term engraftment after transplan-
tation. These findings provide the foremost direct evidence
demonstrating that TBI induces long-term BM suppression,
at least in part via induction of oxidative stress in HSCs.

4 Cellular sources of ROS in HSCs

Production of ROS is one of the by-products of mito-
chondrial respiration, and mitochondria have frequently
been considered to be the main source of cellular-derived
ROS (Fig. 1) [32]. It has been shown that cells, including
HSCs, from Bmil ~~ mice exhibit abnormal mitochondrial
function resulting in increased production of ROS [9]. In
addition, increased production of ROS in HSCs from
TSCI™~ mice has been attributed to the elevation of
mitochondrial biogenesis and oxidative activities [30].
However, compared to their progeny, HSCs are dormant
and have fewer mitochondria [33, 34]. It has also been
shown that HSCs primarily utilize glycolysis rather than
mitochondrial oxidative phosphorylation for ATP produc-
tion [23], and it has yet to be determined whether mito-
chondria play a major role in contributing 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) [35,
36]. ROS produced by NOXs participate in 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
functions and mechanisms of regulation in a tissue- or cell-
specific manner [35, 36]. The expression of NOX1, 2 and 4
and various regulatory subunits of NOXs has been detected
in human HSCs [33, 34]. It was estimated that NOX-
mediated  extra-mitochondrial oxygen consumption
accounts for about half of the endogenous cell respiration
in human HSCs [33]. Interestingly, our recent studies
showed that NOX1, 2, and 4 are also expressed in mouse
BM HSC-enriched Lin~Scal "c-kit™ cells, whereas HPCs,
Lin~ cells and mononuclear cells from mouse BM express
NOXI1 and 2, but not NOX4, suggesting that the expression
of NOX4 is downregulated upon HSC differentiation and
that NOX4 may play an important role in regulation of
HSC function [7]. More importantly, it was found that the
expression of NOX4 was upregulated, whereas the
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expression of NOXI1 and 2 was unchanged in HSCs after
TBI. Because NOX4 is a constitutively active NOX and
ROS production by NOX4 is regulated at the transcrip-
tional level [35, 36], the finding that IR upregulates NOX4
in HSCs implies that NOX4 may primarily mediate the IR-
induced increase in ROS production in HSCs. This is
supported by the finding that DPI, but not apocynin,
inhibits IR-induced elevation of ROS production in HSCs,
because NOX4 is not sensitive to apocynin inhibition,
whereas other NOXs are [7, 35-37]. However, additional
experiments will be required to confirm the role of NOX4
in IR-induced chronic oxidative stress in HSCs utilizing a
more specific approach, such as genetically knocking out
NOX4 in HSCs. In addition, in a preliminary study, we
observed that the increase in ROS production by HSCs
with aging was also associated with upregulation of NOX4
(unpublished results) [4]. It has yet to be determined
whether upregulation of NOX4 is a common mechanism
for the induction of oxidative stress in HSCs not only by IR
and aging, but also in other pathophysiological conditions
associated with increased production of ROS by HSCs,
such as deficiency in ATM, Bmil, MDM?2, TSCI, or FoxOs,
and Fanconi anemia [5, 6, 9-11, 29-31].

In addition, cyclooxygenases and lipoxygenases can also
produce ROS. It has recently been reported that HSCs from
12/15-lipoxygenase (12/15-LOX) deficient mice are highly
deficient in hematopoietic reconstitution after transplanta-
tion due to a decrease in canonical Wnt signaling activated
by 12/15-LOX-derived ROS and bioactive lipids [38].
However, it has yet to be determined whether 12/15-LOX
and other lipoxygenase and cyclooxygenase contribute to
increased production of ROS in HSCs under pathological
conditions.

5 Mechanisms of action of ROS

ROS can regulate HSC function in a concentration-
dependent manner. It is well documented that ROS at
physiological concentrations can function as signal mole-
cules that regulate a variety of cellular functions. Low and
moderate levels of ROS appear to be required for HSC
proliferation, differentiation, and mobilization [38—41]. For
example, it was reported recently that HSCs from AKT1/2
double knockout mice exhibit a defect in long-term
hematopoietic reconstitution after transplantation [39]. The
defect is attributable to the reduced production of ROS, as
moderate elevation of ROS in HSCs by incubation of the
cells from the knockout mice with low doses of the pro-
oxidant L-buthionine-S,R-sulfoximine (BSO) increased
their clonogenicity. This is in agreement with another
recent observation that ROS-dependent proliferation of
HSCs also plays an important role in the early steps of

hematopoietic reconstitution after HSC transplantation
[40].

However, high levels of ROS are toxic to HSCs. This
has been demonstrated both in vitro and in vivo [4-7, 9-11,
29, 30]. As discussed above, deletion of ATM and FoxOs
and exposure to TBI cause an increase in ROS production
in HSCs, which in turn leads to HSC senescence and pre-
mature exhaustion [5-7, 10, 11]. In addition, incubation of
HSCs with BSO, which induces oxidative stress by
depleting intracellular reduced glutathione, resulted in a
dramatic reduction in HSC clonogenicity [4, 39]. The
mechanisms of action by which ROS induces HSC damage
are emerging from several recent studies (Fig. 1). A
moderate increase in ROS production after deletion of
ATM and FoxOs can disrupt HSC quiescence by stimu-
lating HSC cycling, which comprises the ability of HSCs to
self-renewal and leads to HSC premature exhaustion [4-6,
10, 11]. Further increases in ROS production can induce
HSC senescence and/or apoptosis. The induction of HSC
senescence/apoptosis may result from an increase in oxi-
dative DNA damage. As shown in our recent studies and
those of others, HSCs from TBI mice not only produced
higher levels of ROS, but also accumulated more oxidative
DNA damage and double strand breaks (DSBs) analyzed
by 8-hydroxy-2'-deoxyguanosine (8-OH-dG) immuno-
staining and YH2AX foci assay, respectively [7, 42]. It is
well established that DSBs can initiate DNA damage
response by sequential activation of ATM, Chk2, and p53
[43, 44]. Activation of p53 induces p53 downstream tar-
gets, including the cell cycle inhibitors p21<PYVal (p21)
and p16™** (p16), and pro-apoptotic proteins Puma and
Bax. p21 and p16 inhibit cyclin-dependent kinase (CDK) 2
and CDK4/6, respectively, to induce cell cycle arrest and
senescence; whereas Puma and Bax can disrupt mito-
chondrial integrity to induce apoptosis. Alternatively, ROS
can activate p38 mitogen-activated protein kinase (p38),
which in turn induces HSC senescence by upregulating p16
and/or Arf as discussed below (Fig. 1) [4].

6 HSC senescence

In the early 1960s, Hayflick and Moorhead [45] demon-
strated that normal human diploid fibroblasts (HDFs) have
finite growth potential. The intrinsic replicative lifespan of
a cell appears to be determined by telomere length [46].
Without the expression of telomerase, telomeric sequences
shorten each time when DNA replicates. When the telo-
meres reach a critically short length (~4 kb) after a certain
number of cell doublings, known as the Hayflick limit,
cells stop dividing and are irreversibly arrested at the G,
phase, entering replicative senescence [46, 47]. The occur-
rence of replicative senescence has been demonstrated for
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most cell types. Exceptions include embryonic stem cells
and the majority of tumor-derived cell lines [46, 47]. This
is because these cells express high levels of telomerase. A
moderate level of telomerase activity is detectable in HSCs
[48-51]. 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 [51]. In addition, the
development of aplastic anemia or marrow failure has been
observed in patients with telomerase deficiency, due to
mutations in telomerase reverse transcriptase (TERT) or
TERC [52]. However, overexpression of TERT in HSCs
maintains the length of HSC telomeres, but fails to extend
HSC lifespan in a serial BM transplantation setting [53]. It
is, therefore, the subject of intense debate whether HSCs
are characterized by finite cell replicative ability and
undergo replicative senescence after extensive proliferation
[54, 55].

In addition, many types of human and animal cells
undergo senescence after exposure to oxidative and geno-
toxic stress (including IR) in a species-independent manner
[56]. This also occurs when cells are subjected to an
oncogenic stress and/or aberrant activation of the p38
pathway [56]. The senescence induced by oxidative,
genotoxic, and oncogenic stress is also referred to as pre-
mature senescence in order to differentiate it from repli-
cative senescence [47, 56]. This is because cells
undergoing stress-induced premature senescence 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 [46,
47, 56]. These changes include an enlarged and flattened
appearance, increased senescence-associated [5-galactosi-
dase (SA-p-gal) activity, and elevated expression of pl16
[46, 47, 56]. Moreover, premature and replicative senes-
cence share common induction pathways [46, 47, 56].
Therefore, senescence has been frequently used as a gen-
eral term to describe cells undergoing either premature or
replicative senescence.

The first evidence that HSCs can undergo senescence was
observed in Bmil '~ mice. It was found that mice lacking the
Bmil gene developed progressive BM hypoplasia and die
early (<2 months) after birth [27, 57]. Although Bmil ™~
mice had anormal pool of fetal liver HSCs, transplantation of
their fetal liver HSCs to a lethally irradiated recipient
resulted only in a transient reconstitution of the hematopoi-
etic system [27, 57]. 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
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hematopoietic engraftment. Deficiency in self-renewal was
also found in neural and leukemia stem cells lacking Bmil,
indicating that Bmil is a general regulator of stem cell self-
renewal [27, 57, 58]. Bmil is a member of the Polycomb
group of transcriptional repressors. Its downstream targets
include the gene products of the Ink4a/Arflocus, e.g. p16 and
Arf. HSCs from Bmil '~ mice express increased levels of
pl6 and Arf[27, 57, 58]. Enforced expression of p16 and Arf
in HSCs induces cell cycle arrest and apoptosis, respectively,
whereas pl6 knockout partially restores the ability of
Bmil ™"~ stem cells to self-renew [27, 57, 58]. In addition,
Bmil also regulates mitochondrial production of ROS [9].
HSCs from Bmil ~/~ mice produce increased levels of ROS,
which can also contribute to the induction of p16 and HSC
senescence, probably through the p38 pathways. These
findings demonstrate that Bmil promotes HSC self-renewal
at least in part by inhibiting ROS production and pl6
expression to prevent the cells from undergoing premature
senescence [9,27,57,58]. Similarly, it has been reported that
ATM ™"~ mice have a defect in HSC self-renewal and exhibit
aprogressive decline in HSCs with age [4, 5]. This defect can
be corrected by downregulation of p16 expression with Bmil
or suppression of the p16-Rb pathways by human papillo-
mavirus (HPV) protein E7. However, overexpression of
TERT in ATM "~ HSCs did not correct the deficiency [5].
These findings indicate that ATM regulates HSC self-
renewal via a telomere-independent mechanism, probably
by inhibiting ROS production and p16 expression to prevent
HSCs from undergoing premature senescence. Induction of
HSC senescence also occurs after exposure to IR [7, 59].
Senescent HSCs induced by IR produce elevated levels of
ROS, express increased levels of SA-f-gal and p16, and
exhibit diminished clonogenicity [7, 59]. All these findings
suggest that induction of HSC senescence may have a
common etiology, e.g. increased production of ROS and
expression of p16 (Fig. 1). Interestingly, a shortening of the
intrinsic replicative capacity of HSCs or loss of HSC self-
renewal in the conditions discussed above (including IR)
does not affect HSC differentiation to generate various HPCs
and more mature progeny prior to their final exhaustion [5, 7,
27, 59]. Moreover, HPCs from irradiated, Bmil ~/~ or
ATM ™"~ mice showed neither abnormalities nor did they
exhibit signs of senescence. These findings indicate that
hematopoietic cell senescence mainly occurs at the level of
HSCs.

7 Role of p16 in induction of HSC senescence

The Ink4a-Arf locus encodes two tumor suppressors, pl6
and Arf [60, 61]. The transcripts for these proteins have
different first exons (a for pl6 and f for Arf), but share
exons 2 and 3. However, there is no amino acid sequence
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similarity between these two proteins due to the use of
alternative reading frames for their translation. pl6 is a
potent CDK4/6 inhibitor. By inhibiting CDK4/6 activity,
pl6 causes Rb hypophosphorylation and suppresses the
expression of E2F-dependent genes, resulting in restriction
of G1/S cell cycle progression and formation of senes-
cence-associated heterochromatic foci (SAHF) [60-62].
Once SAHF are formed after the engagement of the pl16-
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 p53-p21 path-
way) that converge on the pl16-Rb pathway, whose acti-
vation provides an inescapable barrier preventing senescent
cells from re-entering the cell cycle. This suggestion is
supported by the finding that activation of p53 and induc-
tion of p21 in cells undergoing senescence are transient
events that occur during the onset of senescence and then
subside when the expression of pl6 starts rising [63—-65].
Inactivation of p53 prior to upregulation of p16 can prevent
senescence induction. However, once pl6 is highly
expressed, cell cycle arrest becomes irreversible by
downregulation of p53, indicating that activation of the
p53-p21 pathway plays an important role in the initiation of
senescence, but induction of pl6 is required for the
maintenance of senescence [63, 66]. In agreement with this
suggestion, we found that IR induces p53 activation and
p21 expression in HSCs prior to the induction of p16 [59,
67]. While p53 activation and p21 upregulation gradually
declined within a few weeks after IR, pl6 expression in
irradiated HSCs remained elevated and the cells subse-
quently became senescent, exhibiting positive SA-f-gal
staining. 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
MDM?2 from p53 and by inhibiting MDM2’s E3 ubiquitin
protein ligase activity for p53 [60, 61, 68]. Therefore,
activation of p53 by Arf can induce not only cellular
senescence, but also apoptosis, depending on which gene
downstream of p53 is induced following its activation.
Although increased expression of p16 and Arf has been
found in Bmil~~ HSCs, the expression of p16, but not that
of Arf, appears to be important for the induction of
Bmil~~ HSC senescence [27]. In addition, it has been
found that knockout of both the p/6 and Arf genes in mice
significantly increases the clonal expansion of HSCs in
vitro but modestly promotes HSC self-renewal in vivo [69,
70]. However, knockout of the Arf gene alone does not
provide any advantage for HSC/HPC expansion and self-
renewal [70]. In contrast, knockout of p/6 increases the
lifespan of HSCs by promoting HSC self-renewal [70, 71].
Furthermore, mutation of the ATM gene also results in
upregulation of pl6 and Arf in HSCs [5, 70]. Inactivation

of the pl6-Rb pathway by retroviral transfection of HPV
E7 proteins restores the reproductive function of ATM 7~
HSCs, while inhibition of the Arf-p53 pathway by E6
transfection has no such effect. These findings suggest that
p16 plays a more significant role than that of Arf (and p53/
p21) in the regulation of HSC self-renewal and induction of
HSC senescence, even though both proteins are overex-
pressed in senescent HSCs (Fig. 1).

8 Role of p38 in induction of HSC senescence

p38 belongs to the MAPK family of signal transduction
kinases [70, 72]. It is activated in a sequential cascade, e.g.
mitogen-activated or extracellular signal-regulated kinase
kinase [MEKK]-MAPK kinase 3/6 [MKK3/6]-p38, after
exposure to a variety of stress, including oxidative stress. It
regulates a variety of cellular processes such as inflam-
mation, cell cycle arrest, and apoptosis. In addition, it also
plays a critical role in the induction of senescence via
upregulation of pl6. For example, a high level of Ras or
Raf activation induces senescence by stimulating the sus-
tained activation of p38, which in turn upregulates the
expression of pl6 [70, 73-75]. Activation of the p38
pathway also contributes to the induction of pl6 and cel-
lular senescence in response to other stimuli, including
DNA damage resulting from exposure to genotoxic and
oxidative stress, and telomere shortening due to extensive
replication [76]. Furthermore, activation of p38 by ectopic
transfection of MKK3 and/or MKKG6 increases pl6
expression and induces senescence [77, 78]. In contrast,
inhibition of p38 activity or downregulation of p38
expression attenuates the induction of pl6 and cellular
senescence by oncogenic stress, DNA damage, and telo-
mere shortening [73, 76-78]. These findings suggest that
p38 functions as a key molecule that mediates upregulation
of pl16 induced by diverse stimuli and cellular senescence.

Activation of p38 has been implicated in BM suppres-
sion in various pathological conditions, including aplastic
anemia and myelodysplastic syndromes [79, 80]. Further-
more, oxidative stress, mutation of the ATM gene and serial
BM transplantation can activate p38 selectively in HSCs
through ROS, which leads to increased expression of pl6
and premature exhaustion of HSCs [4]. These defects can
be corrected by inhibition of ROS production or p38
inactivation, suggesting that p38 acts downstream of ROS
but upstream of pl6 in the induction of HSC senescence
(Fig. 1).

The mechanisms by which p38 upregulates pl6 and
induces senescence have yet to be elucidated. The positive
and negative transcriptional factors that are involved in
regulation of p16 transcription include the Jun, Ets, Id and
Bmil families [60, 61]. p38 may regulate the transcription of
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pl6  mRNA through these transcriptional factors [81].
However, there is a growing body of evidence indicating that
the expression of pl6 can also be regulated at the post-
transcriptional level [82, 83]. It is well established that p38
primarily regulates the expression of various genes by sta-
bilizing mRNA [84]. Activated p38 can phosphorylate the
downstream substrate-MAPK-activated protein kinase 2
(MK2) which in turn phosphorylates various targets
including adenylate/uridylate-rich element (ARE)-binding
proteins (ARE-BPs) to regulate the stability of mRNA via
their interaction with ARE [84, 85]. Several ARE-BPs have
been implicated in regulation of mRNA stability through the
p38-MK2 pathway [84]. Genes regulated by p38 through
MK2-mediated stabilization of mRNA include various
inflammatory cytokines, transcription factors, cyclins, and
CDK inhibitors [84]. It has been found that p16 mRNA is
highly stable in senescent cells [82]. The pl6 mRNA 3’
untranslated region (3’'UTR) contains an ARE which acts as
an mRNA destabilizing determinant [83]. One of the ARE-
binding proteins (ARE-BPs), AUF-1, can interact with the
ARE presented in the 3'-UTR of pl6 mRNA, resulting in
destabilization of pl6 mRNA [83]. The increase in pl6
expression in senescent cells is in part attributable to
downregulation of AUF-1 [83]. It will be interesting to
determine whether a major role of p38 in regulation of p16
expression is to stabilize pl6 mRNA via its ARE, which
leads to increased expression of pl6 and induction of
senescence.

9 Conclusion

In this review, we have summarized a number of recent
findings regarding the role of ROS in regulation of HSCs,
with an emphasis on the induction of HSC senescence.
These findings provide new insights into HSC defects.
First, they show that HSCs are susceptible to the induction
of imbalance of reduction/oxidation (redox) reactions
under various pathological conditions, leading to a persis-
tent and prolonged increase in ROS production. Second,
HSCs are more sensitive to ROS-induced oxidative damage
than are their progeny. Moreover, it appears that ROS
injure HSCs not by a nonspecific cytotoxic effect as pre-
viously hypothesized. Instead, the damage is at least par-
tially mediated by induction of cellular senescence through
redox-dependent activation of the p38-pl6 pathway
(Fig. 1). These findings also provide new opportunities for
intervention of BM suppression resulting from an increased
production of ROS in HSCs in patients with ataxia-telan-
giectasia or after exposure to ionizing radiation by target-
ing ROS with a potent antioxidant or the p38 pathway with
a specific p38 inhibitor.
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