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Abstract The highly regulated process of blood produc-
tion is achieved through the hierarchical organization of
hematopoietic stem cell (HSC) subsets and their progenies,
which differ in self-renewal and differentiation potential.
Genetic studies in mice have demonstrated that cell cycle is
tightly controlled by the complex interplay between extrin-
sic cues and intrinsic regulatory pathways involved in HSC
self-renewal and differentiation. Deregulation of these cel-
lular programs may transform HSCs or hematopoietic pro-
genitor cells (HPCs) into disease-initiating stem cells, and
can result in hematopoietic malignancies such as leukemia.
While previous studies have shown roles for some cell
cycle regulators and related signaling pathways in HSCs
and HPCs, a more complete picture regarding the molecu-
lar mechanisms underlying cell cycle regulation in HSCs
or HPCs is lacking. Based on accumulated studies in this
field, the present review introduces the basic components
of the cell cycle machinery and discusses their major cel-
lular networks that regulate the dormancy and cell cycle
progression of HSCs. Knowledge on this topic would help
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researchers and clinicians to better understand the patho-
genesis of relevant blood disorders and to develop new
strategies for therapeutic manipulation of HSCs.
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Introduction

Normal hematopoiesis is a strictly regulated process that is
achieved through self-renewal of hematopoietic stem cells
(HSCs), proliferation of lineage-committed hematopoietic
progenitor cells (HPCs), and maturation of differentiated
cells [1]. HSCs must maintain themselves at a relatively
constant number throughout life by precisely balancing
self-renewal and differentiation [2-4]. Most HSCs cycle
infrequently and primarily reside in the GO phase in the
hypoxic bone marrow (BM) niche under homeostatic con-
ditions [2]. However, upon cell cycle entry, HSCs give rise
to progenitor populations undergoing massive proliferative
expansion to meet the needs of blood cell production on a
daily basis or in response to stress [5].

Cell cycle regulation of HSCs is vitally important dur-
ing the progression of hematopoiesis. Hematopoiesis
evolves from different anatomical sites during embryogen-
esis and operates through adulthood. Notably, cell cycle
generally becomes more frequent as HSCs are gradually
committed to lineage-restricted progenitor in adults [6,
71. Moreover, cell cycle regulators have been shown to be
important determinants of stem cell self-renewal [8, 9].
The core molecular machinery governing the mammalian
cell cycle consists of a family of serine/threonine protein
kinases called cyclin-dependent kinases (CDKs) [10]. Acti-
vation of CDKs requires binding with cyclin regulatory
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Fig. 1 The core molecular
machinery on cell cycle regula-
tion. The cell cycle processes
are achieved mainly through the
regulation of cyclins and cyclin-
dependent kinases (CDKs).
CDKSs activation requires bind-
ing with the cyclin regulatory
subunits, which are expressed
in different combinations dur-
ing specific phases of the cell

p16 INK4a
p15 INK4b
p18 INK4c

cycle. CDK—cyclin complexes
is further regulated by CDK
inhibitors (CKlIs), which belong
to either the INK4 or CIP/KIP
families, play an important

role in arresting the cell cycle
in G1 phase upon a variety of
stimuli. Cyclin-D-CDK4/6 and
cyclin E-CDK2 cooperatively
phosphorylate RB family pro-
teins, derepressing E2F to allow
transcription of E2F-target
genes, thereby promoting the
G1/S transition

Cyclin B

CDK1

subunits. The activity of CDK/cyclin complexes is further
regulated by CDK inhibitors (CKIs), which belong to either
the INK4 or CIP/KIP families [11] (Fig. 1). Gene knockout
mouse models have significantly contributed to our under-
standing of the physiological functions of CDKs, cyclins
and CKIs in hematopoiesis. This process is also regulated
by signals from the surrounding microenvironment of dif-
ferent organs in which hematopoiesis occurs [12]. Thus,
characterization of how the microenvironmental elements,
such as cytokines, and extracellular matrix (ECM), regulate
HSC activity is also essential for developing new strategies
for therapeutic manipulations of the stem cells.

Although the cell cycle regulation of HSCs have been
reviewed previously [13—17], knowledge of the molecular
mechanisms that underlies the cycling or quiescent proper-
ties of HSCs remains incomplete. The present review sum-
marizes recent findings on this topic and focuses particu-
larly on the impact of classical cell cycle regulators, as well
as a few non-classical cell cycle regulators on hematopoi-
etic stem and progenitor cells (HSPCs). Given the impor-
tance of proper growth control of HSCs under physiologi-
cal conditions, this review may also help researchers and
clinicians to better understand the pathophysiology of rel-
evant blood disorders.
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Late G1

An overview of hematopoiesis and cell cycle
characteristics of HSCs

The earliest hematopoiesis, referred to as “primitive”
hematopoiesis, originates in the yolk sac at around embry-
onic day E7.5 in mice [18, 19]. The primitive wave is
transitory, and at this stage erythroid progenitors are not
pluripotent and do not self-renew. The subsequent wave,
“definitive” hematopoiesis, occurs later in development, at
different time points at different sites [1]. Definitive HSCs
are found in the aorta—gonad—mesonephros (AGM) region
and the placenta by E8.5 and E10, respectively, then shift
to the fetal liver (FL) at E11.5, and finally the bone mar-
row (BM) at E16.5. The BM remains the major hematopoi-
etic organ after birth and in adult mice [19]. During fetal
life, between 95 and 100 % of HSCs are actively cycling
in the mouse FL, with a cell cycle transit time between 10
and 14 h [20]. Thus, the cell cycle of HSCs is active during
embryogenesis to ensure expansion of the stem cell pool.
In contrast, the ability of adult HSCs to reside in the qui-
escent state has been thought to be pivotal for maintaining
the “stemness” of HSC. Irving L. Weissman’s group first
analyzed the proliferation and cell cycle kinetics of long-
term self-renewing HSC (LT-HSC) in normal adult mice.
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They reported that approximately 5 % of LT-HSCs were in
S/G2/M phases of the cell cycle at any one time point and
99 % of LT-HSCs divide on average every 57 days [21]. This
conclusion was further supported from Trumpp group’s work
[8, 22]. Computational modeling combined with functional
assays suggests that dormant HSCs divide about five times
over the course of a lifetime. Extrapolation of the cycling
kinetics of dormant mouse HSCs to humans indicates that
some human HSCs only divide about once every 18 years.
Thus, quiescence or a low proliferation rate is necessary for
the maintenance and self-renewal of primitive stem cells,
while a high cycling rate is required for efficient generation
of progenitors, and withdrawal from the cell cycle is associ-
ated with terminally differentiated cells [6, 7].

Classical cell cycle regulators for HSC
CDKs

Cyclin-dependent kinases, which are the master regulators
of cell cycle, are activated by binding to cyclin regulatory
subunits, which are expressed in different combinations
during specific phases of the cell cycle.

CDK4 and CDK6

Binding to cyclin D and function in early to middle Gl
phase, and this process is followed by the activation of
CDK2 in complex with cyclin E during late G1. Mice
deficient in CDK6 are viable and display mild defects in
defined hematopoietic cell populations. In the FL of mice
deficient in CDK4 or CDK6, numbers of HSCs, common
lymphoid progenitors (CLPs), common myeloid progeni-
tors (CMPs) and granulocyte—-macrophage progenitors
(GMPs) are all reduced, whereas double-mutant embryos
undergo normal organogenesis [23]. CDK4/6~'~ dou-
ble knockout (DKO) mice display similar phenotypes to
cyclinD1/2/37/~/= triple knockout (TKO) mice, showing
late embryonic lethality caused by a defect in fetal hemat-
opoiesis, and severe dysfunction of erythropoiesis [23].
These findings indicate important roles for the cyclin D—
CDK4/6 complex in the cell cycle progression of fetal
HSCs. Whether the cyclin D-CDK4/6 complex is involved
in proliferation and maintenance of adult HSCs remains
incompletely defined. John Dick’s group recently reported
that differential expression of CDK6 may underlie the het-
erogeneity of stem cell quiescence (GO) [6].

CDK?2

CDK2 together with cyclin E can drive cells through
the G1-S transition, and with cyclin A through S phase.

CDK2-deficient mice are viable and have a life span of
more than 2 years, suggesting that CDK?2 is dispensable
for the proliferation and survival of most somatic cell
types. However, while CDK2 mutant mice are overtly
normal, they are sterile, as CDK2 has been shown to be
essential for the completion of prophase I during meiotic
cell division in male germ cells [24]. Notably, no evident
abnormalities were observed in HSCs from CDK2-defi-
cient mice, indicating that other molecules (such as the
CDK1-cyclin E complex as reasoned in the following sec-
tion) may compensate for the loss of CDK2 [25]. Although
mice lacking either CDK2 or CDK4 are viable, double
knockout mutants for these two molecules are embryoni-
cally lethal at around E15 due to heart defects, indicating
that CDK2 and CDK4 play synergistic roles during devel-
opment [24, 26].

CDK1

CDKI1 drives the cell cycle through G2 and M phases in
association with cyclin A and cyclin B, respectively. CDK1
is the founding member of the CDK family and the only
essential cell cycle CDK subfamily that drives cell mito-
sis [27]. In embryos lacking all interphase CDKs (CDK2,
CDK3, CDK4, and CDK6), CDK1 was found to be able
to bind to all cyclins (cyclin A, B, D and E), resulting in
phosphorylation of retinoblastoma (Rb) protein and the
expression of genes that are regulated by the E2F transcrip-
tion factors [28]. Conditional CDK1 knockout mice are not
viable, and the resulting embryonic fibroblasts arrest in G2
subsequent to the induction of CDKI1 loss, frequently hav-
ing undergone DNA re-replication as a result of elevated
CDK2-cyclin A activity. In contrast, embryos lacking
CDK1 fail to develop to the morula and blastocyst stages
[28].

Cyclins
Cyclin D

The D-cyclin family includes cyclin D1 (CCND1), cyc-
lin D2 (CCND?2) and cyclin D3 (CCND3), all of which
expressed in HSCs [9]. D-type cyclins are thought to be
the sensors of extracellular environment that link mito-
genic signaling pathways to the core machinery of the
cell cycle. It has been reported that mice lacking all
three D-type cyclins manifest a significant reduction of
HSPC number accompanied by a loss of reconstitution
capacity, and die in late embryogenesis with severe ane-
mia [29]. In contrast, mice deficient in a single cyclin
D show few hematopoietic defects, likely due to func-
tional redundancy of the cyclin D family in hematopoie-
sis [30].
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Cyclin A

Two A-type cyclins, Al and A2, are expressed in mam-
mals [31]. Using conditional knockout mice, Kalaszczyn-
ska et al. found that cyclin A function was essential for
cell cycle progression of HSCs and embryonic stem cells
[32]. Conditional inactivation of the cyclin A2 gene in mice
reduced numbers of HSCs and CMPs, and significantly
impaired the reconstitution ability of cyclin A2-deficient
BM cells [32]. Cyclin A was shown to be expressed at high
levels whereas cyclin E was nearly absent in the hemat-
opoietic lineage, thereby suggesting that cyclin A-CDK
complex may play a more crucial role than cyclin E-CDK
complex in HSCs.

Cyclin E

Proliferating cells express two types of cyclin E, cyclin El
(CCNE1) and cyclinE2 (CCNE2). Mice lacking cyclin E1
or cyclin E2 have a normal life span without overt abnor-
malities. Although cyclin E2-deficient mice were viable,
the mutant male’s fertility was reduced. Double mutants
of cyclins El and E2 showed severely impaired endorep-
lication of megakaryocytes and trophoblast giant cells, and
died around midgestation during embryogenesis [33, 34].
As discussed above, hematopoiesis in cyclin E-deficient
mice appears relatively normal, which may be due to the
complementary effect of other CDKs [35].

Cyclin B

There are three B-type cyclins, cyclins B1, B2 and B3 in
mammalian cells. HSCs of mice lacking cyclin B1 remain
largely uncharacterized, but these animals die in utero at an
early stage. In contrast, cyclin B2-deficient mice develop
normally and do not manifest notable abnormalities [36].
Since cyclin B3-null mice have not been generated, the
functions of this cyclin in hematopoiesis remain to be
defined.

CKIs

CKIs are proteins that interact with cyclin-CDK complex
to block kinase activity, play an important role in arrest-
ing the cell cycle in G1 phase upon a variety of stimuli.
Given their vital roles in cell cycle control of HSPCs, they
are involved in homeostasis of normal hematopoiesis as
well as disordered hematopoiesis [15, 16]. There are two
major CKI families: the INK4 (Inhibitor of CDK4) family
and the CIP/KIP (CDK?2 interacting protein/kinase inhibi-
tion protein) family. The INK4 family consisted of CKIs
pleMNKda ] 5INKdb (51 gINKde “and p19™NK4d, Biochemically,
they all play roles as antagonists of the cyclin D-CDK4/6
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complex, thereby blocking phosphorylation of Rb family
members and subsequent entry into S phase. The CIP/KIP
family includes p21€™F, p27%IP! and p57¥P2, which controls
entry into S phase by inhibiting the activity of the cyclin
E-CDK2 complex. Interestingly, p21 and p27 can also
facilitate the activation of cyclin D-CDKs, and are shown
to control the pool size of HSPCs by maintaining the quies-
cence [37, 38].

p]6INK4a

pl6 is expressed at a higher level in CD34% cells than
CD34" cells, and its expression is progressively decreased
during the commitment of HSC into progenitors [39], thus
it may play a role in mitotic quiescence (or dormancy)
of HSCs. However, since pl6~'~ mice do not exhibit any
apparent abnormality in hematopoiesis, it is believed that
pl6 is dispensable for the maintenance of HSC quiescence,
at least in young mice [40]. Interestingly, the expression of
pl6 increases with age or in response to stresses, such as
reactive oxygen production. Absence of p16 can ameliorate
the defects in repopulating activity and apoptosis in HSCs
that are associated with aging [41]. Furthermore, activation
of the pl16-CDK4/CDK6-Rb signaling pathway has been
shown to contribute to defective maintenance of stem cells
in response to elevated intracellular reactive oxygen species
(ROS), a situation associated with aging [42]. In summary,
the physiological impact of aging on stem cells can be alle-
viated by inhibition of p16 in aged cells.

p Ji 5]NK4/7

Unlike the expression of p16, p15 is undetected in CD34%
cells and its expression does not increase during myeloid
differentiation [43]. p15_/ ~ mice are viable and exhibit no
apparent defects in HSCs function, except for an enhance-
ment of the proliferation of CMPs [44]. However, it has
been reported that p15 is induced by TGF-B1 [45]; thus, the
role of p15 in HSCs remains to be further defined.

p 1 8INK4C

p18 is expressed in hematopoietic cells including quiescent
HSCs [9]. p18 null mice develop organomegaly owing to
increased cellularity, with an increased incidence of tumo-
rigenesis, especially after exposure to carcinogens [46].
Deficiency of p18 results in an expansion of stem and pro-
genitor cells, which show a competitive advantage in serial
bone marrow transplantation assays compared with that of
normal controls [47, 48]. Among all the CKIs, p18 appears
to have the strongest impact on HSC self-renewal in mice
[49]. Regarding its mechanism, it has been proposed that
HSCs have a shorter G1 phase due to a lower cyclin D/
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CDK4 threshold activity. According to this model, mutant
cells transit more rapidly through late G1, and thus would
be less exposed to differentiation-inducing cytokine stim-
uli, resulting in an increased capacity for self-renewal [50].
However, the significant effect of p18 absence on HSC can-
not be solely explained by its classical role in cell cycle
regulation, as deletion of pl8 did not significantly affect
the cell cycle profile of HSCs despite its profound effect
on HSC engraftment and reconstitution in recipient mice
[49]. Interestingly, our recent work demonstrated a specific
role of small molecule inhibitors for p18 protein on HSC
expansion, indicating the potential value of targeting p18
for therapeutic expansion of HSC [49, 51].

p Ji 91NK4d

p19-deficient mice survive with a normal life span and
do not show increased susceptibility to the spontaneous
tumors. It has been reported that p19 regulates the matura-
tion of megakaryocytes in humans and mice [52]. However,
the potential involvement of p19 in HSC regulation still
needs to be studied [53].

p2]CIP

p21 was the first CKI whose deletion was reported to result
in the exhaustion of HSCs. It was initially indicated to be a
key molecule that restricts the entry of HSCs into the cell
cycle in mice with the 129/sv background, imposing lim-
its on their pool size and preventing their exhaustion under
prolonged stress [37]. However, other studies [54] have
suggested that the expression level of p21 was not very high
in CD34% cells, and p21-null mice do not seem to exhibit
an altered hematologic profile under homeostatic condi-
tions in the mice with the C57/B6 background. However,
when BM cells were transplanted after 2 Gy of irradiation,
p21 deficiency resulted in a more than fourfold reduction in
competitive repopulation index. More recent data suggest
that the role of p21 is mainly restricted to genotoxically
stressed HSCs. Unlike other members of the CKI families,
p21 is a p53 target gene and is a key mediator of p53-medi-
ated G1 arrest [55]. In response to DNA damage provoked
by telomerase dysfunction, CD34 KLSHSCs are shown to
up-regulate p21, detrimentally affecting their function. In
this setting, HSC self-renewal is rescued by p21 deletion
[56]. The significance of p21 in regulating HSC cell cycle
activity may thus be more evident under stress.

p2 7KIP1

p27 interacts with similar CDKs as p21. Unlike p21, the
expression of p27 is independent of p53. Mice lacking p27
have different phenotypes compared with p21-deficient

mice, such as increased body sizes, and hyperplasia of
most organs including hematopoietic organs. In striking
contrast to p21’/’ mice, p27’/’ mice do not have altered
number, cycling or self-renewal of HSCs, but show a sig-
nificant increase in the proliferation rate and pool size of
the progenitor compartments [57]. These progenitor cells in
p27~'~ mice are more proliferative than p27+"* progenitor
cells. As a result, progenitor cells from p27~'~ mice have
the ability to expand and regenerate after serial transplanta-
tion, thereby establishing an intriguing paradigm in which
stem cell repopulation efficiency can be increased with-
out increased stem cell number [38]. Thus, p27 negatively
regulates the hematopoietic progenitor pool without a sig-
nificant impact on HSC abundance. However, given the
presence of p27 in both HSC and HPC compartments, a
role for this factor in HSCs cannot be ruled out. It has been
reported that p27 was able to interact not only with p57,
but also with the Myc—Max—Mad transcription factors, and
p27/Madl double mutants display increased HSC number
[8, 58, 59]. More details regarding the role of p27 in HSCs
are discussed in the following section.

p57KIP2

pS7 transcripts and protein are highly expressed in the
Thyl.1™FIk2"LSK [9] and CD34 MPL*LSK primi-
tive, quiescent HSCs [60]. This expression progressively
declines during differentiation toward less self-renewing
multipotent progenitors (MMPs) [9, 61, 62]. Matsumoto
and colleagues reported that p57-deficient mice die imme-
diately after birth due to severe developmental defects,
with a significant reduction in numbers of hematopoi-
etic progenitors (CD34TLSK, CD150"CD48 LSK) and
primitive CD347LSK HSCs, size of the quiescent HSC
pool and reconstitution ability of HSCs after transplanta-
tion [63]. The dependency of HSCs on p57 was specific
to this CKI because mutants of the other two CIP/KIP
members, p21 and p27, did not show defective repopulat-
ing potential, which has been confirmed in earlier reports
[38, 64]. Additional ablation of p27 in p57-deficient HSCs
results in pronounced defects in maintenance of HSC qui-
escence. Interestingly, knock-in of p27 at p57 locus cor-
rects the abnormalities of HSCs in p57-deficient mice [63].
Moreover, Zou et al. reported that p57 contributes to the
maintenance of HSC quiescence, and p27 compensates for
p57 function in HSCs with a p57 deletion. An association
between p57, p27, and Hsc70 was found to maintain the
cytoplasmic localization of the Hsc70/cyclin D1 complex
and regulate the cell cycle entry of HSCs. Their findings
provide new insights into the physiological function of
p57 and p27 in HSCs and have implications for the roles
of CDK inhibitors in the maintenance of tissue homeostasis
[59].
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Fig. 2 Hematopoietic stem
cells maintained by the CDK
inhibitors. Hematopoietic stem
cells (HSCs) maintain them-
selves with a relatively constant
number by precisely balancing
self-renewal and differentiation.
CDK inhibitors (CKIs) play
distinct roles in HSPCs. Of all

the CKIs, p18 appears to have p18

the strongest inhibitory effect
on HSC self-renewal. Whereas,
p21 could prevent exhaus-

tion of HSCs, p57 contributes

> | Self-renewal —l>

p27

—_— Differentiation

cascade

pl6

Senescence

v

to the maintenance of HSC
quiescence. Unlike p21, p27
alone does not overly affect
self-renewal of HSCs, but its

HSC

absence results in a significant p21

increase in the pool size of the
progenitor compartments. p16

Aging or stress

appears to be more critical for ————> | Apoptosis
the maintenance of HSC func-
tion during aging

p57

CKIs thus play distinct roles in HSPCs. Of all the CKIs,
p18 appears to have the strongest inhibitory effect on HSC
self-renewal whereas p21 could prevent exhaustion of
HSCs. p57 contributes to the maintenance of HSC quies-
cence. Unlike p21, p27 alone does not overtly affect self-
renewal of HSCs, but its absence results in a significant
increase in the pool size of the progenitor compartments.
p16 appears to be more critical for the maintenance of HSC
function during aging (Fig. 2).

The transcription factors affecting HSC cell cycle

The HSC cell cycle is also regulated by many transcription
factors, such as c-Myb, GATA-2, Gli-1 and the Hox family.
We provide few examples here.

c-Myb

c-Myb is a DNA binding transcription factor that controls
differentiation and proliferation in hematopoietic and other
cell types, and is latent in regulation during the cell cycle.
c-Myb interacts with cyclin D1 and CDK4/CDK®6 [65, 66].
In addition, c-Myb has been shown to regulate the CCNB1
and CCNEI1 genes, which encode Cyclin B1 and Cyclin
El, respectively [67, 68]. c-Myb is highly expressed in
immature and proliferative cellular stages, and its expres-
sion is switched off during maturation of the hematopoietic
lineage. It is thus considered a critical regulator of prolif-
eration and differentiation of HSCs. c-Myb-deficient mice
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are embryonic lethal by around E15.5 due to an abnormal
definitive hematopoiesis. Conditional disruption of c-Myb
resulted in dramatic reductions in CMP, GMP and MEP,
leading to a reduction of neutrophils, basophils, mono-
cytes and platelets in peripheral blood [69]. c-Myb pro-
motes the growth of HSCs, probably through the induction
of c-Myc and up-regulating expression of c-kit and FIt3.
Scott A. Ness reported that c-Myb could actively reposi-
tion, binding to different gene promoters during the spe-
cific cell cycle phases. Liu D et al. confirmed the critical
role of c-Myb in promoting Erbin transcription in G2/M
phase and also predict the function of Erbin in cell cycle
progression [70].

GATA-2

Transcriptional profiling has shown high expression of
GATA-2 in quiescent hematopoietic cells, but no causal
relationship between GATA-2 level and quiescence has
been clearly defined. GATA-2~/~ mice die at E11.5 with
defects in the development and/or maintenance of HSCs
[71]. However, the specific functional roles of GATA-2
in HSC growth are still controversial. It is reported that
GATA-2 suppresses the growth of HSCs using a ligand-
inducible chimeric form of GATA-2(GATA-2/ER) [72]. In
contrast, another group shows that GATA-2 promotes the
growth of HSCs and the conflicting data could result from
a biologically significant difference between wild-type
GATA-2 and GATA-2/ER [73]. In addition, Persons et al.
report that wild-type GATA-2 can inhibit the growth of
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HSCs [74]. Thus, whether GATA-2 suppresses or promotes
growth of HSCs remains unclear.

Gfi-1

Growth factor independent 1 (Gfi-1) is a zinc finger tran-
scriptional repressor, which plays a role in the regulation
of development of adult HSPCs. Orkin’s group showed
that although Gfi-1 and Bmi-1 had similar functions in
lymphomagenesis, which promotes the proliferation of
lymphoid cells, their roles in HSCs differ. Different from
the impaired proliferation and maintenance of HSCs in
Bmi-1~"~ mice, the LT-HSCs in bone marrow of Gfi~'~
mice were increased. Their study also suggested that the
p21°™! may be one mediator of Gfi-1 in HSCs given the
observation that p21°™! was markedly down-regulated in
Gfi-17/"HSCs [75]. Both Orkin’s and Zeng’s groups found
significant decreases of the short-term HSCs (ST-HSCs)
and MPPs in Gfi-1~'~ bone marrow, while they showed
differences regarding the total HSCs and LT-HSCs. Spe-
cifically, Zeng et al. [76] noted a decrease of LSK and LT-
HSCs in Gfi-1-null mice, which was opposite to the result
from Orkin’s group [75]. These differences may be caused
by different genetic backgrounds of the mice they used or
by biases in fluorescence-activated cell sorting (FACS) and
cell counts in defining these cell populations. Nevertheless,
both groups observed the same functional consequences
such as compromised short-term radioprotection capacity,
indicating defects in the ST-HSC, MPP and CMP popula-
tions, and decreased long-term and competitive reconstitu-
tion capacity of HSCs in the absence of Gfi-1.

HOX family

Several homeobox transcription factors, such as HOXB3
and HOXB4, have been reported in regulation of hemat-
opoiesis. In support of this, studies have showed that over-
expression of HOXB4 strongly enhances HSCs expan-
sion [77], and both HOXB4 and HOXB7 were reported
to induce expansion of HSCs in vitro [78, 79]. Double
HOXB3 and HOXB4 mutant mice have defects in endog-
enous hematopoiesis with reduced cellularity in hemat-
opoietic organs and a diminished number of hematopoietic
progenitors without perturbing their lineage commitment.
This study demonstrated that both HOXB4 and HOXB3
are required for the maximal proliferative response of
HSCs [80]. Weissman’s group recently identified a single
gene, HOXBS, the expression of which is limited to long-
term HSC(LT-HSC), and showed the long-term reconstitu-
tion capacity after primary and secondary transplantation.
Notably, only 7-35 % of various previously defined immu-
nophenotypic HSCs are LT-HSCs [81].

The cytokines regulating HSC cell cycle
TPO

Signaling by TPO and its receptor Mpl has been shown to be
crucial for maintaining quiescence and self-renewal capac-
ity of HSCs since the loss of TPO signaling was associated
with bone marrow failure and thrombocytopenia [82]. It was
thought that TPO’s role in the regulation of HSCs only begin
postnatally, as Mpl~~ and TPO ™'~ fetal livers are found to
have the same numbers of E12.5 progenitor cells as found in
wild-type mice, and an equivalent ability to repopulate the
bone marrow with E14.5 fetal liver cells after transplant [83,
84]. Quiescent HSCs express Mpl and reside in the niche that
is close to TPO-producing osteoblastic cells. It was reported
that Mpl-deficient mice manifest reduced number of HSCs
with severely impaired activity in competitive reconstitu-
tion assays [85]. Activation of TPO-Mpl signaling results in
up-regulation of p57 expression in HSCs, whereas elimina-
tion of TPO or Mpl activation results in the opposite effects
[60, 84]. The TPO-Mpl pathway works in adult HSCs but
not in embryonic HSCs, and the TPO-Mpl-p57 axis, there-
fore, may be a crucial signaling pathway for regulation of
stemness and quiescence of adult HSCs. The link between
this pathway and the cell cycle machinery of HSCs appears
to be mediated, at least in part, by the regulation of cell cycle
inhibitors p57 in HSCs [60, 84].

TGF-B

Transforming growth factor B (TGF-B) is one of the best
known negative regulators of hematopoiesis [86, 87]. Tar-
geting TGF-f signaling resulted in embryonic lethality in
mice [88]. Using the conditional knockout strategy, defi-
ciency in TGF- receptor I caused no defect in HSC qui-
escence or in maintenance of the HSC pool [89]. How-
ever, mice deficient in TGF-g type II receptor showed
reduced repopulating activity. Interestingly, TGF-81
is able to stimulate myeloid-biased HSCs (My-HSCs)
to proliferate whereas exerts its inhibitory role on lym-
phoid-biased HSCs (Ly-HSCs) [90]. One of the molec-
ular mechanisms governing the proliferative response
of My-HSCs to TGF-f1 appears to be down-regulation
of p18 and p19 [90]. Recently, Li L group reported that
ablation of megakaryocytes (MK) led to activation of
quiescent HSCs and increased HSC proliferation, due
to reduced levels of biologically active TGF-B1 protein.
TGF-B1 injection restored HSC quiescence, and TGF-B1
knockout in MK also resulted in a decrease in quiescent
HSCs [91]. These findings indicate that the TGF-$ sign-
aling pathway plays an important role in the maintenance
of quiescent HSCs.
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Other non-classical regulators for HSC cell cycle
MicroRNAs

MicroRNAs (miRNAs) are a class of noncoding RNAs
interfering with gene regulation, which can regulate hemat-

opoiesis by interactions with multiple target genes. Micro-
RNAs may in fact be powerful HSC regulators, but their

Table 1 Cell cycle regulators on HSPCs

functions are poorly understood. It has been reported that
miR-29a is highly expressed in HSCs and down-regulated
in hematopoietic progenitors, which can promote progeni-
tor proliferation by expediting G1 to S/G2 cell cycle transi-
tions. As a result, ectopic expression of miR-29a can induce
aberrant self-renewal capacity in hematopoietic progeni-
tors, biased myeloid development, and acute myeloid leu-
kemia (AML) [92]. Hu and colleagues observed decreased

Genes Phenotypes References
The classical cell cycle regulators
CDKs CDK6™'~ Reduction of CLP, CMP and GMP [23]
CDK4/6 DKO Defect in fetal hematopoiesis [23]
CDK27'~ Viable, but sterile (24, 25]
CDK2/4DKO Embryonically lethal [24, 26]
CDKI1™~ Not viable [28]
Cyclins Cyclin D1/2/3 TKO Reduction of HSPC, die at late embryogenesis with severe anemia [29]
Cyclin D1~ Little hematopoietic defects [30]
CyclinA*/ - Reduction of HSCs and CMPs [32]
Cyclin E27/~ Viable, but reduced fertility [33]
Cyclin E1/2 DKO Embryonically lethal [33, 34]
Cyclin B17/~ Embryonically lethal [36]
Cyclin B2/~ Normal [36]
CKIs pleNKda—/= Defects in HSC with age and stress [40, 41]
INK4 family pl15MNKad=/— Enhanced proliferation of CMPs [44]
pl gINKde—/— Increased HSC self-renewal [47, 48]
CKls p21€P—/= Exhaustion of HSC activity [37]
CIP/KIP family p27XIP1—/= Enlarged progenitor pool [57]
p57XIP2=/= Decreased HSC quiescence [63]
The non-classical cell cycle regulators
Transcription factors c-Myb ™/~ Embryonically lethal [69]
Dramatic reductions in CMP, GMP and MEP
GATA-27/~ Embryonically lethal [71]
Suppressed growth of HSC [72]
Enhanced growth of HSC [73]
Gfi-17~ Increased LT-HSC [75]
Decreased ST-HSC and MPP [75, 76]
Decreased LT-HSC [76]
HoxB4 Enhanced HSC expansion [77, 78]
HoxB7 Enhanced HSC expansion [79]
HoxB3 Decreased HSC proliferation [80]
HoxB5 Enhanced LT-HSC [81]
Cytokines Mpl /= Reduced number of HSC [85]
TGF-B Embryonically lethal [88]
TGF-8 RI~ No defects in HSC [89]
MicroRNAs miR-29a Enhanced proliferation of HSPC [92, 93]
miR-33 Enhanced HSCs self-renewal [94]
miR-126 Decreased HSC proliferation [95, 96]

DKO double knockout, TKO triple knockout

@ Springer



Cell cycle regulation of hematopoietic stem or progenitor cells

495

numbers of HSPCs, decreased HSC self-renewal, and
increased HSC cell cycling and apoptosis using homozy-
gous deletion of the miR-29a/b-1, mainly due to loss of
miR-29a. Their work also suggested that Dnmt3a may be
a target gene of miR-29, thus contributing to the phenotype
of miR-29a/b-1-null HSPCs through negative regulation
[93]. What is more, other microRNAs can work through
different ways, such as miR-33 can control HSCs self-
renewal by mediating the down-regulation of p53 [94], and
miR-126 can arrest cell cycle progression of HSC in vitro
and in vivo by PI3 K/AKT/GSK3 pathway, increasing HSC
proliferation without inducing exhaustion [95, 96].

ECM

HSCs receive critical signals for proliferation and dif-
ferentiation from stromal cells and extracellular matrix
(ECM) in bone marrow (BM) niche. ECM is composed of
a variety of molecules such as fibronectin (FN), collagens,
laminin, and proteoglycans [97]. In which, FN, collagens,
and laminin are ligands for integrins that not only control
the anchorage and migration of HSCs, but also activate sig-
nal transduction pathways in these cells. The interaction of
HSCs with FN was also reported to enhance the growth and
survival of HSCs. In long-term BM cultures, HSCs prefer-
entially reside in the adherent cell layers. Blood cell forma-
tion in these cultures is completely blocked by the inhibi-
tion or specific modulation of interactions between stromal
and hematopoietic cells, suggesting the importance of these
interactions. As an example of one mechanism responsi-
ble for this effect, Bernstein et al. showed that the Notch
transmembrane receptors on HSCs were activated by their
ligands (Jagged 1 or Jagged 2) on stromal cells, promot-
ing self-renewal of HSCs [98]. A recent study showed that
Notch receptor ligand engagement maintains hematopoietic
stem cell quiescence and niche retention [99].

Concluding remarks

Precise cell cycle regulation of HSCs is an essential
aspect of normal development and adult homeostasis,
and dysregulation of this process is one of the hallmarks
of HSC-derived diseases. Understanding how to distin-
guish the self-renewal property of normal HSC versus
their malignant counterpart represents a key challenge in
HSC biology, as well as in relevant clinical issues. While
the relationship between cell cycle regulation and HSC
self-renewal has been elucidated in part, as reviewed
here (Figs. 1, 2; Table 1), much work remains to be done
to fully understand how the regulatory networks control
cell cycle activity of HSC in both normal and diseased
conditions through the development to a lifespan of an

organism, how multiple signaling pathways cooperate to
precisely regulate the proper function of HSC, and more
importantly how to manipulate these mechanisms to
develop novel therapeutics of HSC for the treatment of rel-
evant diseases.
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