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Abstract
Bone marrow (BM) suppression is the important dose-limiting side effect of chemotherapy and
radiotherapy for cancer. Although acute myelosuppression is an immediate concern for patients
undergoing cancer therapy, its management has been improved significantly in recent years by the
use of various hematopoietic growth factors. However, many patients receiving chemotherapy and/
or ionizing radiation (IR) also develop residual (or long-term) BM injury (a sustained decrease in
HSC reserves due to an impairment in HSC self-renewal) after the recovery from acute
myelosuppression. Unlike acute myelosuppression, residual BM injury is latent and long lasting and
shows little tendency for recovery. Following additional hematopoietic stress such as subsequent
cycles of consolidation cancer treatment or autologous BM transplantation, residual BM injury can
deteriorate to become a hypoplastic or myelodysplastic syndrome. This article review some of the
new developments in elucidating the cellular and molecular mechanisms whereby chemotherapy and
radiotherapy cause residual BM injury. Particularly, we discuss the role of induction of hematopoietic
stem cell (HSC) senescence via the p53-p21Cip1/Waf1 and/or p16Ink4a-RB pathways in the induction
of the injury and the therapeutic potential of molecularly targeting these pathways for amelioration
of chemotherapy- and radiotherapy-induced long-term BM toxicity.
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Myelosuppression is the most common dose-limiting side effect of conventional cancer
therapy, particularly with certain alkylating agents and/or ionizing radiation (IR). It can lead
to dose reductions and delays and adversely affect the quality of life of patients undergoing
cancer treatment. For example, a recent study by Lyman et al. revealed that about a third of
patients with potentially curable breast cancer received less than 85% of the minimum dose
considered optimal for treatment and a quarter of the patients had treatment delayed for more
than a week. Overall, this results in about 56% of the patients receiving less than 85% of the
targeted dose intensity [1]. In a large portion of these cases, the dose reductions and delays
may be attributable to the increased risks in developing neutropenia resulting from
chemotherapy-induced bone marrow (BM) suppression. A similar finding was observed in
aggressive non-Hodgkin’s lymphoma patients undergoing chemotherapy [2]. Dose reductions
and delays can compromise treatment outcomes and decrease overall survival and disease-free
survival. Therefore, alleviation of myelosuppression not only can improve the quality of cancer
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patients’ life but also has the potential to significantly increase the therapeutic efficacy of
chemotherapy and radiotherapy.

The Structure of the Hematopoietic System
The hematopoietic system is organized in a hierarchical manner, in which the rare
hematopoietic stem cells (HSCs) initiate the hierarchy and have the ability to self-renew,
proliferate and differentiate into different lineages of peripheral blood cells though
hematopoietic progenitor cells (HPCs) [3-5]. HSCs are quiescent under steady-state conditions
and serve as reserves to protect the hematopoietic system from exhaustion under various stress
conditions. In addition, they are more resistant to the cytotoxic effects of various
chemotherapeutic agents and IR than are HPCs. In contrast, HPCs are rapidly proliferating
cells with limited self-renewal ability. The proliferation and differentiation of HPCs satisfies
the need of normal hematopoiesis and also allows the hematopoietic system to react swiftly
and effectively to meet the demand for increasing the output of mature cells during
hematopoietic crisis, such as loss of blood, hemolysis or infection. If HPCs are depleted by
chemotherapy and/or IR during cancer therapy, acute myelosuppression occurs. Under this
circumstance, HSCs can undergo self-renewing proliferation and differentiation to repopulate
HPCs and to restore homeostasis. However, if the self-renewal ability of HSCs is impaired, a
long-term or permanent damage to the hematopoietic system occurs and BM failure and death
of the organism may ensue. This can occur when BM is exposed to chemotherapeutic agents
that are selectively toxic to HSCs and/or to a high dose of IR [6].

Cancer therapy-induced myelosuppression
The majority of chemotherapeutic agents can cause myelosuppression in a dose-dependent
manner. Among these compounds, alkylating agents, pyramidine analogs, anthracyclines,
anthraquinones, nitrosoureas, methotrexate, hydroxyurea and mitomycin C are highly
cytotoxic to BM [6,7]. In addition, exposure to a moderate or high dose of IR also suppresses
BM hematopoietic function [6]. Acute myelosuppression occurs shortly after chemotherapy
and/or IR and constitutes an immediate concern during cancer treatment. However, its
management has been improved significantly in recent years by the use of hematopoietic
growth factors (HGFs) such as granulocyte-colony stimulating factor (G-CSF), granulocyte/
macrophage-colony stimulating factor (GM-CSF) or erythropoietin (EPO) [8]. These HGFs
have the ability to promote the recovery of BM hematopoietic function primarily by stimulating
HPC proliferation and differentiation.

Although many patients recover rapidly from an acute myelosuppression after chemotherapy
and/or IR with or without HGF treatment, some will develop residual (or long-term) BM injury
manifested by a decrease in HSC reserves and an impairment in HSC self-renewal [6,9,10].
The occurrence of long-term BM injury is more prevalent in patients and experimental animals
receiving treatment with carboplatinum, busulfan (BU), bis-chloronitrosourea (BCNU) and/or
total body irradiation (TBI). It is less common after receiving a single injection of agents that
are relatively less cytotoxic to primitive HSCs, such as cytosine arabinoside (Ara-C), 5-
fluorouracil (5-FU) or cyclophosphamide (CTX) [9,11-13]. However, repeated administration
of some of these agents (such as 5-FU) can still cause significant long-term residual damage
to BM [9,11-13].

Unlike acute myelosuppression, residual BM damage is latent. Patients and animals with
residual BM injury usually have normal blood cell counts under normal homeostatic conditions
in spite of a decrease in HSC reserves [9,10,14]. Because of this latency, the clinical
implications of the 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 colony-forming units (CFUs) especially
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after the use of HGFs. In fact, the use of HGFs may worsen chemotherapy- and IR-induced
residual BM damage by promoting HSC and HPC proliferation and differentiation at the
expense of HSC self-renewal [12,15,16]. This could lead to an accelerated exhaustion of HSCs
and further compromise the long-term recovery of BM hematopoietic function. Although
residual BM damage is latent, it is long lasting and shows little tendency for recovery. It can
lead to the development of hypoplastic marrow or a myelodysplastic syndrome at later times
or following additional hematopoietic stress such as subsequent cycles of consolidation cancer
treatment or autologus BM transplantation [9,10,14].

Residual BM injury-Mechanisms of induction
Residual BM injury is best defined by a significant reduction in HSC reserves resulting from
a defect in HSC self-renewal. Early studies showed that the frequency of BM CFU-spleen
(CFU-S) were reduced to 15-30% of control values in mice that had apparently recovered from
acute myelosuppression long (weeks or months) after receiving TBI, BU or BCNU treatment
[13,17,18]. BM cells from these mice showed severe impairment in long-term engraftment
after BM transplantation as compared to the cells from control mice. In addition, BM cells
from BU-treated mice supported fewer rounds of serial BM transplantation than control cells.
Following mechanisms have been proposed to explain how chemotherapy and IR impair HSC
self-renewal function and reduce HSC reserves: (1) quantitative reduction in HSCs due to
induction of cell death or apoptosis; (2) qualitative changes in HSC replicative function
resulting from induction of HSC senescence; and/or (3) damage to BM stromal cells or HSC
niches that support HSC self-renewal [9,10,14,19].

(1) Induction of HSC Apoptosis
Apoptosis is an orderly and regulated form of cell death via a genetically controlled process
[20,21]. In coordination with cell proliferation and differentiation, apoptosis has been assumed
to contribute to the maintenance of hematopoietic homeostasis by regulating the size of
hematopoietic lineages [22]. Dysregulation of apoptosis in hematopoietic cells can result in
many pathological conditions [22]. Particularly, inappropriate and excessive spontaneous and
activation-induced apoptosis can lead to myelosuppression and result in myelodysplasia,
thrombocytopenia, leukopenia and lymphopenia. The induction of BM hematopoietic cell
apoptosis, particularly in the HPC compartment, is largely responsible for chemotherapy-and
IR-induced acute BM suppression [22-24]. However, the role of HSC apoptosis in
chemotherapy- and IR-induced residual BM injury remains controversial. First, HSCs are
quiescent cells that are relatively more resistant to the induction of apoptosis by chemotherapy
and/or IR than HPCs [17,25]. Secondly, we have found that incubation of HSCs with z-VAD,
a broad-spectrum caspase inhibitor, abrogates IR-induced apoptosis in HSCs, but only slightly
attenuates IR-induced inhibition of HSC hematopoietic function, indicating that induction of
HSC apoptosis per se is unlikely to be solely responsible for IR-induced residual BM injury
[26,27]. Finally, BU, a potent inducer of residual BM injury, does not induce significant HSC
apoptosis while severely diminishing HSC function, indicating that BU induces
myelosuppression in an apoptosis-independent manner [26,27].

(2) Induction of HSC senescence
Cells undergo senescence after extensive replication or exposure to a genotoxic or oncogenic
stress [28-30]. Although senescent cells remain metabolically active, they are no longer capable
of dividing and thus are considered as non-functioning cells from a reproductive view
[28-30]. It has been hypothesized that chemotherapy and IR cause residual BM injury primarily
by induction of HSC senescence which impairs HSC replication and self-renewal leading to
the reduction in HSC reserves [13,18,19]. Impairment in HSC self-renewal has been well
documented in patients and animals after exposure to TBI or treatment with various
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chemotherapeutic agents that can cause residual BM injury [9,10,14,18,19,31]. For example,
BM HSCs from carboplatinum-, BU-, BCNU- or IR-treated mice generated fewer CFU-S and
repopulating units in lethally irradiated recipients after BM transplantation [11,31-33]. Similar
impairments of HSC self-renewal capacity and long-term repopulating ability were observed
in patients undergoing dose-intensified chemotherapy and autologous transplantation
[34-36]. 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 have found that BU, a potent myelosuppressive chemotherapeutic agent that causes
severe long-term BM suppression, induces senescence but not apoptosis in BM hematopoietic
cells in vitro [26,27]. Induction of HSC senescence also occurs after exposure to IR, another
effector of residual BM injury [26,27]. The senescent HSCs induced by BU and IR have
diminished clonogenic activity and express increased levels of SA-β-gal, p16Ink4a and Arf.
SA-β-gal is the best-known biomaker of senescent cells and increased expression of p16Ink4a

and Arf has been implicated in the establishment and maintenance of cellular senescence
[30,37,38].

(3) Damage to BM stroma
A complex of cellular and molecular components constitutes the niches of BM stroma and is
crucial for the maintenance of HSC self-renewal capacity and reserves [39-41]. Damage to BM
stroma has been observed after exposure to IR or treatment with BU or CTX [42]. However,
compared to HSCs and HPCs, BM stroma cells are relatively more resistant to chemotherapy
and IR [19,19,43,44]. In particular, it has been shown that BM cells from normal mice
transplanted into BU-treated mice were capable of restoring hematopoietic function to near
normal levels, while transplantation of BM cells from BU-treated mice failed to do so [19,
44]. Similar results were also found in BM cells from irradiated animals, which were unable
to engraft as efficiently as un-irradiated cells after transplantation [19,44]. Therefore, this
finding suggests that an intrinsic damage to HSCs is primarily responsible for the induction of
residual BM injury by chemotherapy and IR and that the damage to BM stroma plays only a
minor role in this event.

In summary, the studies discussed above suggest that induction of HSC senescence may play
a key role in chemotherapy and IR-induced long-term BM injury. In contrast, damage to BM
stroma appears less important to the residual BM injury as compared to HSC damage by
chemotherapy and IR. However, the role of HSC apoptosis in chemotherapy- and/or IR-
induced residual BM injury has yet to be clarified.

HSC Senescence
(1) Cellular Senescence

In the early 1960s, Hayflick and Moorhead demonstrated that normal human diploid fibroblasts
(HDFs) have a finite growth potential [45]. After cells have undergone an intrinsically defined
number of cell doublings (about 50-70), they enter into an irreversible or permanent growth-
arrest state that is termed replicative senescence [28,29]. Senescent cells are incapable of
dividing yet remain metabolically active [28-30]. They exhibit some unique changes in cellular
morphology and biochemistry, including an enlarged and flattened appearance, increased SA-
β-gal activity and elevated expression of the proteins encoded by the Ink4a-Arf locus [28-30].
The intrinsic replicative lifespan of a cell appears to be determined by telomere length [28].
Telomeres are the repetitive DNA sequences that protect the ends of chromosomes and keep
them from being treated like a piece of broken DNA [28,46,47]. Without the expression of
telemorase, telomeric sequences shorten each time DNA replicates in most somatic cells
[28]. When the telomeres reach a critically short length (about 4kb) after a certain number of
cell doublings, cells stop dividing and are irreversibly arrested at the G1 phase of the cell cycle
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to enter replicative senescence [28,29]. Replicative senescence has been considered a tumor
suppressive mechanism. Alternatively, it has been regarded as an underlying cellular
mechanism of organismal aging. The occurrence of replicative senescence has been
demonstrated for most cell types, with a few exceptions including embryonic stem cells and
the majority of tumor-derived cell lines [28,29]. 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, since a deficiency in telomerase
activity can lead to telomere shortening and reduction in HSC transplantation 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 found in patients with telomerase
deficiency due to mutation in telomerase reverse transcriptase (TERT) or TERC [52]. However,
whether HSCs have a finite cell replicative ability and undergo replicative senescence after
extensive proliferation remains intensely debated [53,54].

In addition, many types of cells undergo senescence after exposure to a genotoxic stress that
causes DNA damage (such as IR, UV, free radicals, or a chemotherapeutic agent) [29,30]. This
also occurs when cells are subjected to an oncogenic stress that results in aberrant regulation
of cell proliferation [30]. Cells undergoing stress-induced 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 [28-30].
Moreover, premature and replicative senescence share common pathways for their induction
(discussed below) [29,30]. A variety of normal cells and various tumor cells exhibit a senescent
phenotype after exposure to IR or treatment with a chemotherapeutic agent in vitro and in
vivo, indicating that induction of premature senescence is a general cellular response to these
treatments [55-60].

(2) HSC senescence
HSCs are distinguished from other somatic cells by their ability to self-renew, proliferate and
differentiate into various lineages of blood cells. The potential of HSC self-renewal appears
enormous since HSCs have the capacity to sustain the lifelong production of mature blood cells
under steady-state conditions and repeatedly repopulate lethally irradiated recipients for up to
four rounds of serial BM transplantation. However, the self-renewing ability of HSCs may not
be unlimited, since HSCs eventually fail to engraft and repopulate lethally irradiated recipients
after the forth or fifth serial BM transplantation. Therefore, it has been hypothesized that HSCs
also have a finite cell replicative ability and can undergo replicative senescence or exhaustion
after forced extensive proliferation, such as that caused by serial transplantation [53,54].
However, whether HSCs have a finite replicative capacity and undergo replicative senescence
after serial BM transplantation remains intensely debated because several findings undermine
the notion. First, it has been shown that a single retrovirally marked stem cell clone is capable
of multiple lineage reconstitution of BM for over a year and that transplantation of a single
HSC is capable of long-term repopulation of the host’s ablated hematopoietic system. These
observations demonstrate a seemingly unlimited potential of HSC self-renewal [61,62].
Second, calculations of HSC self-renewal based on the competitive repopulating unit have
shown that serial transplantation does not reduce the ability of HSC self-renewal as previously
suggested, because the number of long-term repopulating HSCs increases constantly during
serial BM transplantation without any sign of lessening [63]. In addition, over expression of
TERT in HSCs maintains the length of HSC telomeres but fails to extend HSC transplantation
capacity [64]. Taken together, these findings imply that, at least in mice, the decline in HSC
reproductive capacity following serial BM transplantation is likely not a result of telomere
erosion and the induction of HSC replicative senescence, but rather attributable to HSC
premature senescence associated with excessive stress generated by multiple rounds of BM
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transplantation procedures. However, extrapolation of this finding from mice into humans
requires caution, because the telomeres of human cells are significantly shorter than those of
mouse cells [50].

Similarly, it has been hypothesized that long-term BM injury induced by IR and/or
chemotherapy is attributable to the induction of HSC replicative senescence resulting from
severe depletion of HSCs [32,33,65]. This hypothesis is inconsistent with the observations
discussed above which fail to demonstrate that HSCs have a finite ability to self-renew and
can undergo replicative senescence or exhaustion after extensive replication. Alternatively, the
residual effects of chemotherapy and IR on HSCs may be attributed to the induction of HSC
premature senescence. This hypothesis is supported by recent findings in our and other
laboratories, showing that HSCs undergo senescence after exposure to IR [27], but without
significant changes in telomere length [49]. In addition, a growing body of evidence
demonstrates that HSCs can lose their ability to self-renew by undergoing premature
senescence. For example, mice lacking the Bmi1 gene develop progressive BM hypoplasia and
die early (< 2 months) after birth [66]. Although Bmi1-/- mice have a normal pool of fetal liver
HSCs, transplantation of their fetal liver HSCs to a lethally irradiated recipient results only in
a transient reconstitution of the hematopoietic system [66]. This suggests that the mutated fetal
liver HSCs have the ability to proliferate and differentiate into HPCs for transient BM
reconstitution but cannot self-renew and generate HSCs to ensure long-term hematopoietic
engraftment. Deficiency in self-renewal was also found in neural and leukemia stem cells that
lack Bmi1, indicating that Bmi1 is a general regulator of stem cell self-renewal [67,68]. Bmi1
is a member of the Polycomb group of transcriptional repressors. Its downstream targets include
the gene products of the Ink4a/Arf locus, e.g. p16Ink4a and Arf. HSCs from Bmi1-/- mice express
increased levels of p16Ink4a and Arf [66]. Enforced expression of p16Ink4a and Arf in HSCs
induces cell cycle arrest and apoptosis, respectively, whereas p16Ink4a knockout partially
restores the ability of Bmi1-/- stem cells to self-renew [66,68]. These findings demonstrate that
Bmi1 promotes HSC self-renewal in part by preventing the cells from undergoing premature
senescence via inhibition of p16Ink4a expression. Similarly, it has been reported recently that
ATM-/- mice have a defect in HSC self-renewal and exhibit a progressive decline in HSCs with
age [69]. This defect is corrected by inhibition of reactive oxygen species (ROS) production
using an antioxidant, down-regulation of p16Ink4a expression with Bmi1, or suppression of the
p16Ink4a-Rb pathways by human papillomavirus (HPV) protein E7. However, overexpression
of TERT in ATM-/- HSCs could not correct the deficiency [69]. These findings indicate that
ATM regulates HSC self-renewal via a telomere-independent mechanism, probably by
inhibiting ROS production and p16Ink4a expression to prevent HSCs from undergoing
premature senescence.

Interestingly, a shortening of the intrinsic replicative capacity of HSCs or loss of HSC self-
renewal in all the conditions discussed above (including IR) does not affect HSC differentiation
to generate various HPCs and more mature progeny prior to their final exhaustion [66,69].
Moreover, HPCs from irradiated mice and Bmi1-/- or ATM-/- mice showed no abnormalities
nor did they exhibit any senescent changes [66,69]. These findings indicate that hematopoietic
cell senescence mainly occurs at the level of HSCs.

Pathways Leading to Senescence Induction
Two major pathways have been implicated in the induction of both replicative and premature
senescence (Fig. 1). These are (1) the p53-p21Cip1/Waf1 pathway triggered by DNA damage or
telomere shortening and (2) the p16Ink4a-Rb pathway activated by the Ras-Raf-MEK-Erk/p38
MAPK cascade [28-30,70]. Activation of either pathway is capable of inducing senescence.
However, extensive cross talk exists at multiple levels between these two pathways.
Frequently, the two pathways work in concert to induce replicative and premature senescence.
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(1) The p53-p21Cip1/Waf1 pathway
p53 is a tumor suppressor that functions as a universal sensor of genotoxic stress or DNA
damage (including telomere shortening) [28,71,72]. Normally, p53 is associated with its
negative regulator MDM2 which ubiquitinates p53 and then targets it for degradation by the
proteasomes. When DNA is damaged by UV, ROS, IR or chemotherapeutic agents, ATM/
ATR/DNA-PK/JNK are activated leading to p53 phosphorylation at its N-terminus by these
kinases [71,72]. In addition, critically shortened telomeres in replicatively senescent cells can
also be recognized as damaged DNA to cause p53 phosphorylation [28,29]. The
phosphorylation of p53 leads to its stabilization via disruption of the MDM2–p53 interaction
[71-74]. In addition, Arf can directly bind to MDM2 and cause the accumulation of p53 by
segregating MDM2 from p53 and inhibiting MDM2’s E3 ubiquitin protein ligase activity for
p53 [38,75,76]. Therefore, an increase in Arf expression also causes elevation of p53.
Activation of the transactivation activity of p53 is further facilitated through the
phosphorylation–acetylation cascade at the p53 C-terminus by CK2/TFII-H/p300/CBP [71,
72]. Phosphorylated and acetylated p53 induces the transcription of various down-stream
proteins, which leads to either cellular apoptosis or senescence depending on which down-
stream proteins are induced [71,72]. The transcription of Bax and/or other proapoptotic proteins
by p53 leads to apoptosis, while elevated p21Cip1/Waf1 expression induced by p53 causes cell
cycle arrest and senescence [71,72]. The role for p53-p21Cip1/Waf1 in senescence is well
established by numerous [28-30]. However, activation of p53 and p21Cip1/Waf1 in cells
undergoing senescence is transient [77,78]. Increased expression of p53 and p21Cip1/Waf1

usually occurs during the onset of senescence and then subsides when the expression of
p16Ink4a starts rising [77-79]. Before p16Ink4a up-regulation, inactivation of p53 can prevent
senescence induction in some cells. However, once p16Ink4a is highly expressed, cell cycle
arrest becomes irreversible simply by down regulation of p53 [79,80]. This suggests that p53
and p21Cip1/Waf1 play an important role in the initiation of senescence, but may not be required
for the maintenance of senescence.

In agreement with this suggestion, we showed that IR-induced activation of p53 and up-
regulation of p21Cip1/Waf1 occurred prior to the increased expression of p16Ink4a and Arf in
murine BM HSCs [27]. While p53 activation and p21Cip1/Waf1 up-regulation gradually
declined within a few weeks after IR, p16Ink4a and Arf expression remained elevated and the
cells became positive for SA-β-gal staining, indicating that they had become senescent.
Interestingly, the induction of premature senescence in HSCs by BU is not associated with
activation of p53 and up-regulation of p21Cip1/Waf1, suggesting that IR induces HSC
senescence in a p53-p21Cip1/Waf1-dependent manner while BU bypasses the p53-
p21Cip1/Waf1 pathway [27]. It has yet to be determined if other chemotherapeutic agents also
induce HSC senescence in an agent-specific manner via a p53-p21Cip1/Waf1-dependent or
independent mechanism and whether inactivation of p53 by a pharmacological agent can
prevent HSC senescence induced by IR and certain chemotherapeutic agents.

(2) The p16Ink4a-Rb pathway
The Ink4a-Arf locus encodes two tumor suppressors, p16Ink4a and Arf (p19Arf in mouse and
p14Arf in human) [38,75]. The transcripts for these proteins have different first exons (α for
p16Ink4a and β 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 [38,75]. The regulation of p16Ink4a and Arf transcription has not been well
established. Their expression is up-regulated by transfection with oncogenic Ras. Activation
of Erk/p38 MAPK appears to act downstream of Ras [38,75]. It was shown that high intensity
of Ras activation stimulates sustained and high levels of Erk activity, which in turn leads to
the activation of p38 MAPK and up-regulation of p16Ink4a [81]. Constitutive activation of p38
MAPK induces senescence via the p16Ink4a-Rb pathway, whereas inhibition of p38 MAPK
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activity attenuates Ras-induced cellular senescence [81,82]. Similarly, we have found that Erk
or p38 MAPK inhibitor can affectively attenuate BU-induced senescence in HDFs, while
inhibition of JNK has no significant effect (unpublished results). These results indicate that
Erk/p38 MAPKs play a key role in the induction of cellular senescence by oncogenic stress
and certain chemotherapeutic agents, such as BU. However, the signaling pathway through
which p38 up-regulates p16Ink4a has yet to be elucidated. The positive and negative
transcriptional factors that may be involved in p16Ink4a transcription include the Jun, Ets, Id,
and BMI families [60,75]. Ras-induced Arf expression may be attributed to an up-regulation
of the transcriptional factor DMP1 and/or down-regulation of JunD and TBX2 [60,75]. In
addition, increased expression of p16Ink4a and/or Arf occurs following the initiation of
senescence by activation of p53 in cells undergoing extensive replication or DNA damage
[30,60,75]. However, the mechanisms of p16Ink4a and/or Arf induction in these situations are
unknown.

p16Ink4a binds to cyclin-dependent kinases (CDK) 4/6 to prevent their interaction with cyclin
D and thus, inhibits CDK4/6 activity [75]. This leads to hypophosphorylation of Rb and the
formation of senescence-associated heterochromatic foci (SAHF), which in turn decreases the
expression of E2F-dependent genes and restricts G1/S cell cycle progression [83]. Once SAHF
are formed after the engagement of the p16Ink4a-Rb pathway, the growth arrest of senescent
cells becomes permanent and cannot be reversed by subsequent inactivation of p53 [80,83].
This indicates that diverse stimuli can induce cellular senescence via various up-stream signal
transduction cascades but eventually converge on the p16Ink4a-Rb pathway whose activation
provides an inescapable obstacle to prevent senescent cells from re-entering the cell cycle. The
observations supporting a key role for p16Ink4a in senescence are abundantly documented
[30,38,75,84,85].

In contrast, Arf functions as a cell cycle negative regulator and tumor suppressor mainly by
interacting with MDM2 and the p53-p21Cip1/Waf1 pathway [38,75,76]. Therefore, activation
of p53 by Arf can induce not only cellular senescence but also apoptosis, depending on which
gene down-stream of p53 is induced following p53 activation. In addition, Arf can also induce
cell growth arrest in a p53-independent manner, which is less clearly defined [86].

Since both p16Ink4a and Arf are involved in cellular senescence, their relative importance to
one another in the induction of senescence has generated some controversy [75,84,85,87,88].
For example, MEFs from Ink4a/Arf null mice which lack expression of both p16Ink4a and Arf
due to the deletion of Ink4a/Arf exons 2 and 3, are immortal and unable to undergo senescence
after exposure to oncogenic stress induced by Ras [84]. In contrast, MEFs from Ink4a null or
mutated mice are relatively normal as they undergo replicative senescence and resist
transformation by oncogonic Ras [85,88]. However, MEFs from Arf null mice exhibit the same
phenotype as those from Ink4a/Arf null mice, indicating that Arf plays a more important role
than p16Ink4a in induction of cellular senescence in MEFs [84,85,87]. In contrast, in HDFs,
p16Ink4a seems to have a more preeminent role than Arf in both replicative senescence and
Ras-induced premature senescence [30,75,85]. Moreover, even in the mouse, different cell
types may utilize either p16Ink4a or Arf for the induction of senescence. For instance, only Arf
is required to impose replicative arrest in mouse BM pre-B cells whereas both p16Ink4a and
Arf provide an effective barrier to the unlimited growth of mouse BM-derived macrophages
[89]. These results suggest that senescence is a tightly regulated process that may require
different proteins and pathways for its induction in a cell type-dependent manner.

Increased expression of p16Ink4a and Arf has been found in Bmi1-/- HSCs [66]. The expression
of p16Ink4a is important for the induction of Bmi1-/- HSC senescence, while the expression of
Arf contributes to the induction of Bmi1-/- HSC apoptosis via the p53-mediated apoptotic
machinery [66]. This suggests that the expression of both proteins can lead to the impairment
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of HSC self-renewal. Indeed, it was found that HSCs/HPCs from Ink4a/Arf null mice exhibited
a significant increase in clonal expansion in vitro but a modest increase in HSC self-renewal
in vivo [90,91]. However, lack of Arf alone did not provide any advantage for HSC/HPCs
expansion and self-renewal, indicating that p16Ink4a may play a more significant role in
regulation of HSC self-renewal than Arf [91]. This suggestion is in agreement with the findings
in ATM mutated mice [69,91]. It was shown that the mutation of the ATM gene also resulted
in up-regulation of p16Ink4a and Arf in HSCs. Inactivation of the p16Ink4a-Rb pathway by
retroviral transfection of HPV E7 proteins restored the reproductive function of ATM-/- HSCs,
while inhibition of the Arf-p53 pathway by E6 transfection had no such effect, indicating that
p16Ink4a may play a more important role than Arf in the loss of ATM-/- HSC self-renewal.
Increased expression of p16Ink4a and Arf has been found in senescent HSCs induced by IR and
BU [27]. However, it has yet to be determined which of these proteins is more important for
chemotherapy- and IR-induced HSC premature senescence.

Implication for cancer therapy
The cellular responses to chemotherapy and IR include apoptosis and senescence. In a
multicellular organism, these responses act synergistically to eliminate damaged cells and those
that are predisposed to becoming cancerous. However, these responses must be tightly
controlled to ensure optimal survival for the organism, e.g. eliminating cells with a high risk
of cancer while preserving a subset of stem cells necessary for adequate tissue repair. This is
of particular importance in the maintenance of hematopoietic homeostasis since failure to
eliminate damaged cells may lead to hematopoietic malignancy, while excessive cellular
destruction of HPCs and HSCs will lead to acute myelosuppression and residual BM injury.
In this regard, p53 and p16Ink4a may work as a “double-edged sword” at the center of this
regulation. If p53 activation is dysregulated or the cells are incapable of terminating p53
activation after DNA repair, it could be detrimental. For example, it has been found that “super”
p53 (p53+/m) mice which express a mutant but constitutively active form of p53, have a
shortened life span [92]. It has been suggested that this constitutive activation gradually
depletes adult tissue stem cells, leading to accelerated senescence or aging. Likewise, we
hypothesize that the inability to appropriately regulate and terminate p53 activation and its
down-stream events in HSCs may make these cells extremely sensitive to chemotherapy- and
IR-induced senescence and lead to residual BM injury. Similarly, the p16Ink4a-Rb pathway
functions as an alternative safeguard that inhibits tumorigenesis by induction of senescence in
cells affected by genotoxic or oncogenic stress. However, if this pathway is overly activated
or improperly regulated, it can also lead to stem cell exhaustion and premature aging [86]. As
such, we believe that the inability to properly regulate the activity of the p16Ink4a-Rb pathway
may be partially responsible for IR- and chemotherapy-induced HSC senescence and residual
BM injury. Therefore, targeted inhibition of the p53-p21Cip1/Waf1 and/or p16Ink4a-Rb pathways
may be exploitable as innovative strategies to reduce chemotherapy- and IR-induced BM
toxicity if the inhibition does not increase the risk of hematopoietic malignancy (Fig. 1). This
may be achievable by inhibiting p53 and p38 with α-PFT and SB203580, respectively.

Overall, this review summarizes some of the new developments in elucidating the cellular and
molecular mechanisms whereby chemotherapy and IR cause residual BM injury. A better
understanding of the mechanisms will allow us to develop new interventions to circumvent
chemotherapy- and IR-induced long-term BM toxicity. This will result in a significant
reduction in the potentially life threatening long-term effects of conventional cancer therapy
on the hematopoietic system, increase the compliance of cancer patients to subsequent
consolidation cancer treatments and facilitate long-term engraftment and recovery of
hematopoietic function following autologous and allogeneic BM transplantation.
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Fig. 1.
Hypothetic cellular and molecular mechanisms whereby IR and chemotherapy induce residual
BM injury and potential novel therapeutic strategies.
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