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a b s t r a c t

The hematopoietic stem cell (HSC) forms all types of blood cells of the hematopoietic system. In the
adult, HSC are mainly quiescent, being mostly in G0/G1 phase of cell cycle during steady-state condi-
tions. However, during hematopoietic stress, the stem cells respond quickly to regenerate the damaged
hematopoietic system. To understand how environmental signals affect HSC and its progeny, it is essential
to know the lineage relationships and transcriptional mechanisms controlling self-renewal, proliferation
and differentiation. Because of the high possible output of blood cells from a single HSC, a tight regulation
of these processes is extremely important. An essential component for this control is the marrow microen-
vironment, in this context also referred to as the HSC niche. The niche is heterogeneous and regulates
stem cell metabolism through both surface-bound and soluble factors. Several signaling pathways have

been shown to take part in these regulation processes, with Notch and especially Wnt signaling being
the best studied ones. Dysregulation of the niche, for instance by environmental exposure, has recently
been shown to lead to hematopoietic abnormalities. Thus, to understand the effect of the environment
on hematopoiesis, it is of importance to study both HSC, its direct progeny and the cellular components of
the niche. Detailed knowledge of the regulatory mechanisms operating between hematopoietic cells and
their direct surroundings facilitates the study of how such signaling may be disrupted by environmental

exposure.

© 2009 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

The hematopoietic system is what makes up all of the blood cells
in the body, be it white leuko- and lymphocytes or red blood cells.
regulates hematopoietic stem cells, Chem. Biol. Interact. (2009),

These cells are required for a multitude of tasks, such as protection
from infections, removal of damaged tissue, but also to transport
vital molecules such as oxygen to where it is needed throughout
the body. Most of these hematopoietic cells have a limited life span
and since there is a continuous need of cells to perform these tasks

dx.doi.org/10.1016/j.cbi.2009.11.012
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hroughout life, a system to continuously replenish their numbers
s required for the organism to survive.

At the centre of this complex developmental process sits the
ematopoietic stem cell (HSC), which, in the adult mammalian, pri-
arily resides in the bone marrow (BM). This cell is unique among

ematopoietic cells by having the potential to give rise to all the
ells in the hematopoietic system and at the same time be capable
f self-renewal. Self-renewal is an important cellular event, which
eans a cell can divide while maintaining at least one daughter

ell in the undifferentiated stem cell-like state. Due to this capac-
ty, HSC can generate an entire hematopoietic system from just a
ingle cell and maintain hematopoiesis for the lifetime of the indi-
idual [1]. Since HSC reside in the bone marrow, the current idea is
hat the bone marrow microenvironment, or so-called niche, plays
n important role in the regulation of self-renewal and differenti-
tion of HSC. The microenvironment is the collective concept for
he different types of cells and structures surrounding the bone,
hich regulates the fate of hematopoietic cells through direct or

ndirect means, facilitating a stable generation of all the blood cells
eeded in a steady-state situation. But, the microenvironment also
dapts in times of hematopoietic stress. A failure to maintain a
trict regulation of the hematopoietic cells can lead to a variety of
alignancies such as different types of leukemia, the most common

orms of cancer in humans.
In this review, we will not directly involve ourselves with the

oxicology of the hematopoietic system. Rather, we will give an
verview of which processes might be sensitive to environmental
xposure to toxic substances during hematopoietic development
s well as provide some mechanistic background information. In
articular, we will focus on the hematopoietic niche and how dys-
egulation of this niche may affect hematopoiesis.

. Hematopoietic development

.1. Embryonic hematopoiesis

In the mouse, the earliest hematopoietic cells found are the
rimitive, nucleus bearing erythrocytes in the yolk sac at embryonic
ay 7.5 (E7.5) [2]. At this early stage of development the prim-

tive hematopoietic cells are organized in “blood islands”, which
lso contain blood vessels. These blood vessels are believed to
riginate from primitive hemangioblasts, which are capable of pro-
ucing both hematopoietic and endothelial cells [3]. The molecular
echanisms of blood island formation are, as yet, not elucidated

ntirely. The basic helix–loop–helix transcription factor Scl (Tal1)
s essential for both primitive and later definitive hematopoiesis,
nd deficiency in either GATA-box-binding transcription factors
ata1 or Gata2 also impairs formation of functional blood islands

reviewed by [4]). Since vascularisation is important for heman-
ioblasts to develop, molecules involved in vascular development,
uch as Kdr (also known as Flk1, Vegfr2), are required in the devel-
ping embryo for this early hematopoietic differentiation to occur
5]. After the emergence of primitive hematopoiesis in the yolk
ac, a second wave of definitive hematopoiesis can be detected
round the stage where circulation starts (E8.25). There is now
vidence supporting the notion that precursors of definitive cells
merge in the yolk sac, which subsequently seed the embryo proper
6]. The first definitive HSC that can regenerate hematopoiesis in
dult recipients can be detected in the aorta–gonads–mesonephros
AGM) region [7]. The role of core-binding transcription factor
Please cite this article in press as: J. Renström, et al., How the niche
doi:10.1016/j.cbi.2009.11.012

unx1 in the emergence of the definitive HSC has been firmly estab-
ished [8]. These first HSCs appear in the aorta subregion of the
entral AGM [9], possibly as a product of hemogenic endothelium
10–12]. Only slightly later in development, HSC are also detectable
n the placenta [13,14], circulation and yolk sac of the embryo and
 PRESS
Interactions xxx (2009) xxx–xxx

subsequently the number of HSC in the fetal liver starts to rise [15].
Besides Runx1, other transcription factors may play additional roles
in the development of definitive hematopoiesis. For instance, the
mixed leukemia gene (Mll) [16], Meis1 [17], and the Notch pathway
factor Rbpj [18], all frequently found to be involved in dysregula-
tion of adult leukemias, may be important as well. Until birth, the
fetal liver is the main hematopoietic organ. From the fetal liver, HSC
migrate and colonize the bone marrow (BM) just prior to birth.
From birth and onwards, the bone marrow is the primary site of
adult hematopoiesis.

Recently, it was demonstrated that besides the transition from
primitive to definitive hematopoiesis, a second event is the switch
from fetal to adult hematopoiesis: the fetal program (high prolifer-
ative capacity) remained until about 3–4 weeks after birth, and then
switched to the adult program where HSC are quiescent and mainly
in G0/G1 of cell cycle [19]. Another study revealed a possible candi-
date to identify the switch from embryonic to adult hematopoiesis;
the transcriptional regulator Sox17, which is clearly expressed in
fetal HSC but not in adult HSC more than 4 weeks after birth in mice
[20]. Indeed, a conditional knockout of Sox17 has severe effects
on fetal, actively cycling HSC but does not seem to affect adult,
quiescent HSC [20].

2.2. The adult mouse hematopoietic hierarchy

After the switch to the adult hematopoietic program, the HSC
mainly resides in the bone marrow. Since the number of HSC is rela-
tively small to the vast number of cells needed each day in the living
organism, the entire proliferation and hematopoietic maturation
process is tightly regulated. To understand these mechanisms, and
to understand how these mechanisms can be disturbed by envi-
ronmental cues, the precise description of all cell types involved
and their lineage relationships facilitates the exact pinpointing of
changes in the regulation of their proliferation and differentia-
tion.

The adult definitive hematopoietic hierarchy consists of a chain
of progressively maturing hematopoietic cells culminating with the
mature red and white blood cells mainly found in the circulation,
but also in other hematopoietic tissues: spleen, thymus, and lymph
nodes. In the mouse, this hierarchy has been described in such
detail that single stem cells can be isolated and their behavior stud-
ied. Thus, the hematopoietic system is an excellent model to study
changes in stem cell regulation caused by environmental cues.

The characterization and isolation of different hematopoietic
subsets is usually performed using flow cytometry. HSC have been
phenotypically described by the absence of surface expression of
lineage markers (Lin−) and the presence of both Ly-6A/E (Sca-1)
and Kit [21]. Further improvements of this phenotype facilitate
the isolation of single true HSC transplanted. Among those are the
recognition that HSC do not express Cd34 [22], Flk2/Flt3 [23], or
Cd48 (Slamf2), but do express Cd150 (Slamf1) [24] (Fig. 1A), and
the EPC receptor (Procr) [25,26]. A summary of markers used to
distinguish the earliest HSC from their more mature counterparts
is given in Table 1. These HSC divide and mature into different cell
subsets which first become positive for Cd34, Flk2 and Cd48, and
after a number of further differentiation steps then form the two
basic mature blood cell types: myeloid and lymphoid cells. The
differentiation of these two major lineages is thought to separate
quite early in the maturation hierarchy at the multipotent pro-
genitor (MPP) stage into interleukin 7 receptor (Il7r)-expressing
common lymphoid progenitors (CLP) [27] and common myeloid
regulates hematopoietic stem cells, Chem. Biol. Interact. (2009),

progenitors (CMP) [28] (reviewed in [29]). These CMP will then fur-
ther differentiate into granulocyte–monocyte progenitors (GMP)
and megakaryocyte–erythroid progenitors (MEP). This hypothesis
of the hematopoietic hierarchy assumes that the lymphoid system
is completely separated from the myeloid system (Fig. 1B). How-

dx.doi.org/10.1016/j.cbi.2009.11.012
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ig. 1. The hematopoietic hierarchy in the adult mouse. The figure shows the diffe
ytometry. In A, the breakdown of different subpopulations is shown as described i
n a small diagram. Abbreviations: HSC: hematopoietic stem cell (LT: long-term; ST:
MP: common myeloid progenitor; CLP: common lymphoid progenitor; GMP: gran

ver, recent evidence suggests that this separation may not be as
Please cite this article in press as: J. Renström, et al., How the niche
doi:10.1016/j.cbi.2009.11.012

bsolute as thought earlier, since under some special conditions,
arly lymphoid cells retain their ability to give rise to myeloid lin-
age cells. This has been observed both for B lymphoid cells [30]
s well as T lymphoid cells [31,32]. Such early lineage infidelity

able 1
ummary of antibodies used to distinguish different subsets of hematopoietic cells.

Marker Alternative name Expressed by

Cd3 Most T cells
Cd4 Subsets of T cells
Cd5 Ly-1 Most T cells
Cd8 Subsets of T cells
Cd11b Mac1 Mostly myeloid cells but also

lymphoid
Cd16/32 FcgrII/III

Cd34 Mucosialin Endothelial cells, some hema
progenitor cells

Cd45R B220 Mostly B cells
Cd48 Slamf2 Many hematopoietic cells, m

marker
Cd71 Transferrin receptor Erythroid cell subpopulation

dividing cells
Cd90 Thy1.1 Hematopoietic stem cells and
Cd117 Kit tyrosine kinase receptor Hematopoietic stem/progeni

mast cells
Cd127 Il7r Variations of B and T cells

Cd135 Flk2/Flt3 tyrosine kinase receptor Hematopoietic progenitors la
erythroid and megakaryocyti

Cd150 Slamf1 B and T cells

Cd161 NK1.1, Klrb1c Natural killer cell lineage
Cd201 Epcr, Procr Endothelial cells and early he

cells
Gr1 Ly-6G Granulocytes and monocytes
Ter119 Ly76 Erythroid cells
Sca1 Ly6A/E Hematopoietic stem/progeni

some myeloid and lymphoid
ot plots obtained by phenotypical analysis of whole bone marrow cells using flow
il in [98]. In B, the most likely lineage relationships between the cells in A is shown
term); MPP: multipotent progenitor; LMPP: lympho-myeloid potential progenitor;
te–monocyte progenitor; and MEP: megakaryocyte–erythrocyte progenitor.

may have clinical significance, since it has been shown that early
regulates hematopoietic stem cells, Chem. Biol. Interact. (2009),

B cell precursors can give rise to myeloid leukemia in CALM-AF10
(Picalm–Mllt10) transformed marrow cells [33].

Despite the uncertainties in early lineage diversification, tran-
scriptional regulation of HSC self-renewal and lineage specification

Comments References

Used in lineage cocktail [111]
[112]

Used in lineage cocktail [113]
[112]

some Used in lineage cocktail [112]

Used to distinguish different myeloid
progenitor subpopulations

[28]

topoietic HSCs are negative or low in expression [22]

Used in lineage cocktail [114]
ultilineage HSCs are negative or low in expression [24]

separation, Used for erythoid cell subpopulations [115]

thymocytes HSC are “low” in expression [112,116]
tor cells and HSCs are positive [21]

HSCs are negative, used to sort out
CLPs from Lin-cells

[28]

cking
c potential

HSCs are negative [117]

Upregulated when cells are activated.
HSC are positive

[24,116]

[118]
matopoietic HSC are positive [25]

Used in lineage cocktail [112]
Used in lineage cocktail [119]

tor cells and
cells

HSCs are positive [112]

dx.doi.org/10.1016/j.cbi.2009.11.012
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re slowly being uncovered. The previously mentioned transcrip-
ion factors Runx1 and Scl (Tal1) are both important to maintain
he number of HSC, whereas other factors, like Sfpi1 (Pu.1) and
ata1 may be involved in lineage specification [34,35]. One thing

hat is clear is that HSC reside in the bone marrow as quiescent
ells and lineage specification largely takes place within this tissue
s well.

. The hematopoietic stem cell niche

In adults, normal hematopoiesis takes place in the bone mar-
ow. Schofield was the first to formulate that “the stem cell is seen
n association with other cells which determine its behaviour” [36].
his notion, that the stem cells fate is determined by surrounding
ell structures, is nowadays referred to as the stem cell microenvi-
onment, or the stem cell niche [37–39]. In other organisms, such
s Drosophila fruit flies [40], the existence of germ cell niches have
een well-established. In these germ cell niches, stem cells are
ropagated by asymmetric cell divisions, where a dividing stem
ell gives rise to a niche-attached stem cell and a progenitor cell
41]. The attractiveness of the idea that in the adult hematopoi-
tic system, similar niches exist where stem cells self-renew has
purned many investigators to find the exact location of the niche
nd define its cellular components.

What is now known is that the most immature HSCs reside
ost likely near the endosteal region of trabecular bone [42,43].
owever, the search for the exact location of the niche and the
ell types involved is still not resolved completely. The endosteal
egion is actively recruiting HSC, probably by secreting factors like
he chemokine Sdf1. Within hours after intravenous transplanta-
ion, HSC localize within microns of the endosteal surface, though
nly a small percentage of cells will localize directly adjacent to
he osteoblasts [44,45]. Two types of niches have been described:
he endosteal niche, where the HSC remain close to osteoblasts of
rabecular bone and a perivascular niche, where the stem cells are
loser to vascular endothelium in marrow sinuses [46]. Whether
hese are factually different niches, or whether the two niches are
ne and the same, remains subject to speculation [39].

Another area of intense investigation revolves about the ques-
ion how the niche directs self-renewal and differentiation of HSC.

ost studies have focused on integral parts of the niche, the
steoblasts and bone marrow stromal cells. It has already been
hown that these cells can secrete factors such as G-CSF, GM-CSF,
itl (stem cell factor, SCF), IL-6 and SDF1 (CXCL12) which influ-
nces hematopoietic cell fate both in vitro and in vivo [47–50].
sing the knowledge of which secreted factors are generated by

tromal cells, have so far not led to stroma-free culture condi-
ions of HSC expansion. The reason for that might be that stromal
ctivation after environmental insult may be required for short-
erm HSC expansion. However, the factors governing a return
o G0/G1, a prerequisite for long-term maintenance of HSC, are
nknown at present. Also, after insult, HSC may be released from
he “maintenance niche” and move closer to the “expansion niche”
here proliferation and differentiation takes place [44,45]. The

dea that HSC are, in fact, subject to the influence of different cel-
ular environments, each with different functional relevance, has
eceived impetus by observations that activated (leukemic) cells,
an displace quiescent HSC, thereby dysregulating their prolifera-
ive behavior [51].

Thus, in vivo imaging suggests that HSC may occupy several dif-
Please cite this article in press as: J. Renström, et al., How the niche
doi:10.1016/j.cbi.2009.11.012

erent niches in the bone marrow, depending on the activity of the
SC or its direct progeny at a given time. The picture of the niche,
s first formulated by Schofield, has now become focused on the
ndosteal surface of trabecular bone, where both endosteal and
ascular niches may exist.
 PRESS
Interactions xxx (2009) xxx–xxx

3.1. Microenvironment-dependent signals which regulate
hematopoiesis

It has been shown that most HSC remain quiescent (i.e. in
G0/G1 phase of the cell cycle) at any given time [52]. But, HSC
will rapidly respond to hematopoietic stress induced by distur-
bances of the hematopoietic system. Homeostasis thus depends on
a tightly regulated balance between self-renewal, proliferation, and
differentiation of HSC and its daughter cells. In order to keep this
homeostasis, mechanisms have to be in place to insure that HSC
return to quiescence with the help of several signaling molecules
from a number of different biological pathways. Several pathways
have, in fact, been studied for their role in niche–HSC in these
activating and de-activating regulatory mechanisms, including the
Tie2/Ang1–Cdh2/Myc axis, Bmp/Tgf signaling, Cxcl12/Cxcr4 sig-
naling, hedgehog and Notch signaling, as well as Wingless (Wnt)
signaling.

Examples of gene products involved in niche–HSC interaction
are Tie2 and its ligand Ang1, which are both required to main-
tain quiescence of HSC at the endosteal interface [53]. One target
of Tie2 signaling, Cdh2 (N-cadherin), has also been implicated in
niche–HSC interactions and seemed to be involved in possible
asymmetric cell divisions [54]. The central role of N-cadherin could,
however, not be confirmed in mice deficient in N-cadherin, since
bone marrow cellularity, progenitor activity, HSC function or num-
bers are unchanged by the absence of N-cadherin [55]. A second
pathway involved in stem cell regulation is the Bmp–Tgf path-
way. It has been long since known that Bmp4 is not only involved
in the hematopoietic specification of embryonic stem cells [56].
But, Bmp4 has also been implicated in stromal cell regulation of
embryonic definitive HSC [57] as well as adult HSC in vivo [58].
The responsible Bmp receptor has not yet been identified, but a
good candidate is Bmpr1a which has now been found to be strongly
expressed by osteoblasts, and its deficiency decreases the number
of transplantable HSC [43]. A third pathway of niche–HSC regu-
lation may include stromal derived factor 1 (Sdf1, Cxcl12) and its
receptor Cxcr4 [59]. Cxcl12 (Sdf1) is produced by stromal cells in the
niche and Cxcr4 is strongly expressed on the earliest HSC. Sdf1 is a
chemokine which is thought to be involved in regulating the num-
ber of HSC in the circulation [60,61], primarily by regulating the
attachment of HSC to the niche through Mmp9- and Kit-dependent
proteolytic release [62]. By releasing Cxcr4 expressing cells, not
only is their trafficking disturbed, but the released HSC also change
their cell cycling activity, suggesting that Cxcr4 may be involved in
maintaining HSC quiescence [63]. A fourth pathway is the hedge-
hog (Hh) signaling pathway, which is governed by the signaling
intermediate smoothened (Smo). Like in the case of N-cadherin,
however, hedgehog signaling does not seem to be involved in the
maintenance of HSC in Smo-deficient mice [64,65]. Two pathways
we will discuss in more detail: the Notch and Wnt pathways. Cur-
rent evidence suggests, that these two pathways find themselves
very often collaborating with the other mechanisms described pre-
viously as well as with each other. The Notch and Wnt pathways
may therefore form a possible interface in niche-mediated regula-
tion of early hematopoiesis.

3.1.1. Notch signaling
In experiments designed to find out the role of Notch signal-

ing in hematopoiesis, it was shown that overexpression of the
active intracellular Notch1 domain increased self-renewal of LSK
(lineageneg Sca1pos c-Kitpos) cells [66]. Furthermore, the interaction
regulates hematopoietic stem cells, Chem. Biol. Interact. (2009),

between the Notch ligand Jagged1 and Notch1 impairs differen-
tiation both in vitro [67,68], and in vivo [68]. Similarly, ectopic
expression of Dll4 in stromal cells will increase human progenitor
cell maintenance in vitro [69] It was later also shown that Notch1
is expressed by HSC. Interestingly, Notch signaling intermediates,

dx.doi.org/10.1016/j.cbi.2009.11.012
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ike Notch1, Notch3, and its ligands Jagged1 and Dll1, are expressed
y osteoblasts [42,70], suggesting Notch-mediated HSC–niche
rosstalk. Experiments with conditional knockout mouse models
sing floxed Jagged1 or Notch1 mice or deficiency of Notch sig-
aling through overexpression of a dominant-negative variant of
he central Notch intermediate mastermind-like 1 (Maml1) indi-
ate, however, that signaling through this receptor–ligand pair is
ot necessary for maintenance of HSC and hematopoiesis under
teady-state conditions [71,72]. Thus, the exact role of Notch1 sig-
aling, or the role of other Notch receptors (particularly Notch3)

n microenvironmental regulation of HSC remains unclear. What
s clear, is that Notch signaling cooperates with other signaling
athways during hematopoietic regeneration [73]. In particular,
rosstalk between Notch and Wnt signaling was shown to occur.
nterestingly, though most studies have concentrated on intrinsic
SC signaling, recent evidence shows that Wnt and Notch crosstalk
ay occur in an extrinsic manner [74], where stroma cells contain-

ng activated �-catenin (Ctnnb1) upregulated Notch signaling in
ematopoietic cells during stress conditions such as myeloablation.
hus, it seems likely that Notch signaling is important in niche–HSC
nteractions, particularly during hematopoietic regeneration.

.1.2. Wnt signaling
Members of the Wingless (Wnt) family of lipid-modified pro-

eins have been investigated best in hematopoiesis [73,75]. The
rizzled (Fzd) receptors act as Wnt receptors which activate
ownstream signaling in the Ctnnb1-dependent canonical and
on-canonical pathways. Canonical Fzd receptors associate with
he Lrp5/6 co-receptors, and propagate signals through catenins,
o activate Tcf/Lef transcription complexes. This transcriptional
omplex targets transcription of specific genes, including Myc,
pp1, Socs2, P2ry14 and Ccnd1 [76]. The level of Ctnnb1 is regu-
ated through the proteome. In non-canonical Wnt signaling Fzds
nd non-related Ryk or Ror receptor tyrosine kinases activate
almodulin/Ca2+- or Rho-dependent responses. These pathways
egulate a different set of Wnt targets, such as Pparg and Pcdh8
77]. Also, there is interaction between non-canonical and canon-
cal pathways, as non-canonical Ca2+-dependent signals inhibits
atenin stability through Camk2-mediated activation of Nemo-like
inase (Nlk) and subsequent phosphorylation of Ctnnb1, which is
hen degraded [78].

Several components of the Wnt signaling machinery have been
hown to play a role in HSC self-renewal. Both canonical as well
s non-canonical pathways seem to be involved, since the canon-
cal ligand Wnt3a intrinsically promotes self-renewal [79]. On the
ther hand, the non-canonical ligand Wnt5a has been shown to
xtrinsically promote self-renewal, but, paradoxically enough, by
nhibiting canonical signaling [80,81]. The mechanistic basis for the
alance between canonical or non-canonical pathways is not fully
nderstood. It is likely that the numerous Wnt-signaling inhibitors
Dickkopf homolog (Dkk), Wnt inhibitory factor (Wif) or secreted
rizzled-related protein (Sfrp), or other Wnt antagonists, such as
remen, Ctgf, Cyr61, Sost and Sostdc1) are modulating Wnt signal-

ng. Interestingly, some of these also directly stimulate certain Fzds
ndependent of Wnt factors. For example, Sfrp1 directly activates
zd2 [82], as well as Fzd4, and Fzd7 [83] but can also interact with
nt5a [84].
This balance and feedback mechanisms between canonical and

on-canonical Wnt signaling, suggests that Ctnnb1 is the primary
egulatory target of Wnt signaling. However, overexpression or
tabilization of Ctnnb1 results in expansion of the HSC pool, but,
Please cite this article in press as: J. Renström, et al., How the niche
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t the same time, the loss of myelopoiesis is due to a differentia-
ion block [85,86], suggesting that Ctnnb1 promotes self-renewal
nd/or inhibits differentiation. Surprisingly, conditional deletion of
tnnb1 or both Ctnnb1 and plakoglobin (�-catenin, Jup) does not
ffect the repopulating ability of HSC [87–89]. Thus, it appears that
 PRESS
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�-catenin does not have intrinsic effects on HSC maintenance and
engraftment.

The role of catenin suggests different levels of hematopoietic
regulation. Although the above indicates that both �- and �-catenin
are dispensible for normal hematopoiesis, this appears not to be
true for leukemic stem cells. Ctnnb1 and other Wnt intermediates
are frequently overexpressed in leukemic patient samples [90]. The
importance of Ctnnb1 in leukemia is also highlighted by the obser-
vations that missplice mutations of its upstream kinase Gsk3b [91],
or overexpression of its downstreams mediator Lef1 [92] cause
myeloproliferation. In addition, Bcr-Abl1 leukemia requires Ctnnb1
expression [93], probably by conferring self-renewal ability to the
mature GMP population [94]. Taken together, current reports sug-
gests that Ctnnb1, and perhaps other catenins, may play different
roles in normal as compared to leukemic HSC, where Ctnnb1 is dis-
pensible or redundant for normal HSC but required for leukemic
HSC behavior.

The above findings all deal with the possibility of Wnt signals
within the stem cells (intrinsic signals). However, there is also data
showing that Wnt signaling is important in bone formation and
enlarging endosteal surfaces (reviewed by [60]). Several lines of
evidence suggests that Wnt signaling in endosteal stromal cells
may affect HSC maintenance, not by intrinsic signals, but by signals
from the stromal cells (extrinsic signaling). For instance, increased
expression of Ctnnb1 in marrow stroma improves HSC main-
tenance and concomittantly increases HSC engraftment [73,95].
Although the precise mechanism of this effect has not been iden-
tified, increased Notch signaling was demonstrated in the HSC
cocultured on Ctnnb1-overexpressing stromal cells [73]. Moreover,
further evidence comes from mice overexpressing the canonical
inhibitor Dkk1 in stromal cells of the niche, the HSC pool is gradually
lost [96]. Also, stroma cells from mice deficient in the non-canonical
Wnt mediator Nlk were shown to be defective in maintaining
hematopoietic progenitors due to extrinsic effects [97]. Finally,
our own work indicates that secreted frizzled-related protein 1
(Sfrp1), regulates hemostasis as well as HSC self-renewal in an
extrinsic manner. Interestingly, the loss of Sfrp1 in stromal cells
was accompanied with a decrease in intracellular beta-catenin
levels. Gene-expression studies of these mice showed decreased
levels of the Tcf/Lef canonical targets Ccnd1 and Dkk1 HSC and
increased expression of Pparg, Hes1, and Runx1 in the more mature
MPP [98].

Taken together, Wnt signaling may not be intrinsically involved
in the maintenance of normal HSC during hemostasis or self-
renewal. However, there is data suggesting that changes of
Wnt signaling in endosteal stromal cells affect HSC mainte-
nance through extrinsical mechanisms. Future studies should more
clearly define the spider web of interactions that operate in stromal
cells and HSC and which, together, are involved in HSC regulation.

4. Dysregulation of the niche may cause hematopoietic
abnormalities

Myeloproliferative disease has been shown to be primarily
caused by the faulty expression of mutated growth factor recep-
tors or the formation of fusion oncogenes, which cause an intrinsic
gain of self-renewal and proliferative capacity. Yet, there are also
myeloproliferative conditions where no apparent changes in HSC
can be found, such as in myelodysplastic syndromes. Indeed, only
recently has it been recognized that changes in the niche may,
in fact, cause myeloproliferation. For instance, loss of the NF-�B
regulates hematopoietic stem cells, Chem. Biol. Interact. (2009),

signaling intermediate Nfkbia (Ikba) causes a stroma-dependent
increase in myeloproliferation, which is partly due to increased
stromal Jagged1 expression and Notch1 signaling in myelocytes
[99]. Another study which points to the Notch pathway are con-
ditional knockouts for the Notch pathway mediator mindbomb

dx.doi.org/10.1016/j.cbi.2009.11.012
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omolog 1 (Mib1). In these animals, though, suppression of Notch
ignaling in the microenvironment causes a change in extrinsic cues
ulminating in myeloproliferation [100], suggesting that upreg-
lating Notch in either HSC or stromal cells may have opposite
ffects.

Unanticipated was also that deficiency of the cell cycle reg-
lators Rb [101] and Rarg [102] causes a niche-dependent
yeloproliferation. In these models, Rb impairs lodgement and

oming of HSC, whereas, Rarg disturbs Tnf-mediated signaling.
Lineage decisions are also suspected to be directed by microen-

ironmental cues. A recent study elegantly showed that certain
ytokines direct CMP towards either granulocytes or monocytes
103]. It has been shown that mice deficient in the telomere com-
onent Terc show increased stromal production of G-CSF and an

ncreased proportion of Gr1-expressing myelocytes [104], confirm-
ng that the niche directs cell fate decisions in the myeloid lineage.
t is of interest to note that in disease, the niche may similarly direct
he phenotype of myeloproliferative disease. This has been shown
o occur in MLL-AF9 expressing cells which form either mixed
ymphoid–myeloid leukemia, or myeloid leukemia, depending on
he growth factors expressed by the microenvironment [105].

Taken together, these studies show that disruption of the
xpression of certain genes in the niche may not only cause myelo-
roliferative disease, but may also direct the lineage fate of HSC
evelopment, thereby determining the phenotype of the disease
ormed from the leukemic stem cell.

. Summary and conclusions

The regulation of hematopoietic stem cell activity through its
Please cite this article in press as: J. Renström, et al., How the niche
doi:10.1016/j.cbi.2009.11.012

urroundings, or niche, is a concept, first proposed in the 70s by
chofield [36]. Investigations into how the components of the niche
nfluence HSC are unravelling the mechanisms involved. The iden-
ification of single HSC by their surface phenotype, has facilitated
pecific studies in lineage relationships and self-renewal of sin-

ig. 2. Different theories of how hematopoietic stem cells could be deregulated
fter intrinsic (A) or extrinsic damage (B). Damaging factors could for instance be:
rradiation, cytotoxic agents, or environmental pollutants (like benzene). In A, these
amaging conditions cause intrinsic damage, for instance by inducing DNA breaks
r other damage, which results in an intrinsically changed hematopoietic cell. This
hanged cell does not respond correctly to quiescence-inducing signals from the
iche. As a result, the changed HSC will continuously proliferate, which may lead
o myeloproliferative disease. In B, the damaging conditions affect the stromal cells.
n this scenario the stromal cells are changed and cannot give the HSC the correct
ignals to keep them quiescent. As in scenario A, the HSC will start to proliferate,
hich could ultimately result in myeloproliferative disease. Thus, two fundamen-

ally different scenarios lead to the same end-result.
 PRESS
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gle HSC. It has become clear that the HSC can be found near the
endosteal region of the bone possibly in the vicinity of blood ves-
sels. Whether there is a need for direct cell to cell contact between
the HCS and its surrounding niche cells, possibly through inte-
grin alpha 4 and alpha 9 mediated interactions [106,107] has still
not been resolved decisively. In order to investigate the intricate
interplay between niche and HSC, many researchers use cell lines,
capable of maintaining HSC activity in vitro, which mimick the
niche and serve as homogenous models which can be taken apart
in more detail [108–110]. These studies are uncovering possible
mechanisms by which the niche regulates self-renewal, quiescence
and proliferation of HSC. Furthermore, these studies now allow a
modified hypothesis of the cause of myeloproliferation. Whereas it
has long since been recognized that intrinsic changes of HSC may
cause myeloproliferation (Fig. 2A), it has also become clear that
changes induced in the stromal compartment of the niche may also
lead to myeloproliferative disease (Fig. 2B). With regard to tox-
icological research, for instance with regard to benzene toxicity,
the mechanisms described above may be involved in exposure-
related leukemia. It is of interest to note that enzymes, such as
Nqo1, which are involved in benzene detoxification and bioacti-
vation, are, in fact, expressed by bone marrow stromal cells [120].
Whether benzene is, in fact metabolized by marrow stromal cells,
or whether stromal cell function is dysregulated by toxic agents
such as benzene has, to date, not been investigated. Thus, a deeper
understanding of how niche–HSC regulation works, may be of great
benefit of uncovering the signaling mechanisms involved in, and
design specific therapies for pathological environmental exposure.

Conflict of interest

None.

Acknowledgements

The work in this paper was funded by the Clinical Research Com-
mittee of the Medical Faculty of the Technical University Munich
(KKF 24-01) and the German Research Foundation (DFG grants
OO8/2-1, -2, OO8/5-1 and SFB456, B2).

References

[1] H. Ema, Y. Morita, S. Yamazaki, A. Matsubara, J. Seita, Y. Tadokoro, H. Kondo,
H. Takano, H. Nakauchi, Adult mouse hematopoietic stem cells: purification
and single-cell assays, Nat. Protoc. 1 (6) (2006) 2979–2987.

[2] M.A. Moore, D. Metcalf, Ontogeny of the haemopoietic system: yolk sac origin
of in vivo and in vitro colony forming cells in the developing mouse embryo,
Br. J. Haematol. 18 (3) (1970) 279–296.

[3] J. Palis, M.C. Yoder, Yolk-sac hematopoiesis: the first blood cells of mouse and
man, Exp. Hematol. 29 (8) (2001) 927–936.

[4] M.J. Ferkowicz, M.C. Yoder, Blood island formation: longstanding observa-
tions and modern interpretations, Exp. Hematol. 33 (9) (2005) 1041–1047.

[5] F. Shalaby, J. Rossant, T.P. Yamaguchi, M. Gertsenstein, X.F. Wu, M.L. Breitman,
A.C. Schuh, Failure of blood-island formation and vasculogenesis in Flk-1-
deficient mice, Nature 376 (6535) (1995) 62–66.

[6] C.T. Lux, M. Yoshimoto, K. McGrath, S.J. Conway, J. Palis, M.C. Yoder, All primi-
tive and definitive hematopoietic progenitor cells emerging before E10 in the
mouse embryo are products of the yolk sac, Blood 111 (7) (2008) 3435–3438.

[7] A. Medvinsky, E. Dzierzak, Definitive hematopoiesis is autonomously initiated
by the AGM region, Cell 86 (6) (1996) 897–906.

[8] T. North, T.L. Gu, T. Stacy, Q. Wang, L. Howard, M. Binder, M. Marin-Padilla,
N.A. Speck, Cbfa2 is required for the formation of intra-aortic hematopoietic
clusters, Development 126 (11) (1999) 2563–2575.

[9] M.F. de Bruijn, N.A. Speck, M.C. Peeters, E. Dzierzak, Definitive hematopoietic
stem cells first develop within the major arterial regions of the mouse embryo,
EMBO J. 19 (11) (2000) 2465–2474.
regulates hematopoietic stem cells, Chem. Biol. Interact. (2009),

[10] T. Jaffredo, K. Bollerot, D. Sugiyama, R. Gautier, C. Drevon, Tracing the
hemangioblast during embryogenesis: developmental relationships between
endothelial and hematopoietic cells, Int. J. Dev. Biol. 49 (2–3) (2005) 269–277.

[11] D. Sugiyama, M. Ogawa, I. Hirose, T. Jaffredo, K. Arai, K. Tsuji, Erythropoiesis
from acetyl LDL incorporating endothelial cells at the preliver stage, Blood
101 (12) (2003) 4733–4738.

dx.doi.org/10.1016/j.cbi.2009.11.012


 ING

C

gical
ARTICLEModel

BI-6055; No. of Pages 9

J. Renström et al. / Chemico-Biolo

[12] T.E. North, W. Goessling, M. Peeters, P. Li, C. Ceol, A.M. Lord, G.J. Weber, J.
Harris, C.C. Cutting, P. Huang, E. Dzierzak, L.I. Zon, Hematopoietic stem cell
development is dependent on blood flow, Cell 137 (4) (2009) 736–748.

[13] C. Gekas, F. Dieterlen-Lievre, S.H. Orkin, H.K. Mikkola, The placenta is a niche
for hematopoietic stem cells, Dev. Cell 8 (3) (2005) 365–375.

[14] K. Ottersbach, E. Dzierzak, The murine placenta contains hematopoietic stem
cells within the vascular labyrinth region, Dev. Cell 8 (3) (2005) 377–387.

[15] P. Kumaravelu, L. Hook, A.M. Morrison, J. Ure, S. Zhao, S. Zuyev, J.
Ansell, A. Medvinsky, Quantitative developmental anatomy of definitive
haematopoietic stem cells/long-term repopulating units (HSC/RUs): role of
the aorta–gonad–mesonephros (AGM) region and the yolk sac in colonisation
of the mouse embryonic liver, Development 129 (21) (2002) 4891–4899.

[16] P. Ernst, J.K. Fisher, W. Avery, S. Wade, D. Foy, S.J. Korsmeyer, Definitive
hematopoiesis requires the mixed-lineage leukemia gene, Dev. Cell 6 (3)
(2004) 437–443.

[17] V. Azcoitia, M. Aracil, A.C. Martinez, M. Torres, The homeodomain protein
Meis1 is essential for definitive hematopoiesis and vascular patterning in the
mouse embryo, Dev. Biol. 280 (2) (2005) 307–320.

[18] A. Robert-Moreno, L. Espinosa, J.L. de la Pompa, A. Bigas, RBPjkappa-
dependent Notch function regulates Gata2 and is essential for the formation
of intra-embryonic hematopoietic cells, Development 132 (5) (2005)
1117–1126.

[19] M.B. Bowie, K.D. McKnight, D.G. Kent, L. McCaffrey, P.A. Hoodless, C.J. Eaves,
Hematopoietic stem cells proliferate until after birth and show a reversible
phase-specific engraftment defect, J. Clin. Invest. 116 (10) (2006) 2808–2816.

[20] I. Kim, T.L. Saunders, S.J. Morrison, Sox17 dependence distinguishes the tran-
scriptional regulation of fetal from adult hematopoietic stem cells, Cell 130
(3) (2007) 470–483.

[21] K. Ikuta, I.L. Weissman, Evidence that hematopoietic stem cells express mouse
c-kit but do not depend on steel factor for their generation, Proc. Natl. Acad.
Sci. U.S.A. 89 (4) (1992) 1502–1506.

[22] M. Osawa, K. Hanada, H. Hamada, H. Nakauchi, Long-term lymphohematopoi-
etic reconstitution by a single CD34-low/negative hematopoietic stem cell,
Science 273 (5272) (1996) 242–245.

[23] J.L. Christensen, I.L. Weissman, Flk-2 is a marker in hematopoietic stem cell
differentiation: a simple method to isolate long-term stem cells, Proc. Natl.
Acad. Sci. U.S.A. 98 (25) (2001) 14541–14546.

[24] M.J. Kiel, O.H. Yilmaz, T. Iwashita, C. Terhorst, S.J. Morrison, SLAM family
receptors distinguish hematopoietic stem and progenitor cells and reveal
endothelial niches for stem cells, Cell 121 (7) (2005) 1109–1121.

[25] A.B. Balazs, A.J. Fabian, C.T. Esmon, R.C. Mulligan, Endothelial protein C recep-
tor (CD201) explicitly identifies hematopoietic stem cells in murine bone
marrow, Blood 107 (6) (2006) 2317–2321.

[26] D.G. Kent, M.R. Copley, C. Benz, S. Wohrer, B.J. Dykstra, E. Ma, J. Cheyne, Y.
Zhao, M.B. Bowie, M. Gasparetto, A. Delaney, C. Smith, M. Marra, C.J. Eaves,
Prospective isolation and molecular characterization of hematopoietic stem
cells with durable self-renewal potential, Blood 113 (25) (2009) 6342–6350.

[27] M. Kondo, I.L. Weissman, K. Akashi, Identification of clonogenic common
lymphoid progenitors in mouse bone marrow, Cell 91 (5) (1997) 661–672.

[28] K. Akashi, D. Traver, T. Miyamoto, I.L. Weissman, A clonogenic common
myeloid progenitor that gives rise to all myeloid lineages, Nature 404 (6774)
(2000) 193–197.

[29] A.Y. Lai, M. Kondo, T and B lymphocyte differentiation from hematopoietic
stem cell, Semin. Immunol. 20 (4) (2008) 207–212.

[30] C. Schaniel, M. Gottar, E. Roosnek, F. Melchers, A.G. Rolink, Extensive in
vivo self-renewal, long-term reconstitution capacity, and hematopoietic mul-
tipotency of Pax5-deficient precursor B-cell clones, Blood 99 (8) (2002)
2760–2766.

[31] H. Wada, K. Masuda, R. Satoh, K. Kakugawa, T. Ikawa, Y. Katsura, H. Kawamoto,
Adult T-cell progenitors retain myeloid potential, Nature 452 (7188) (2008)
768–772.

[32] J.J. Bell, A. Bhandoola, The earliest thymic progenitors for T cells possess
myeloid lineage potential, Nature 452 (7188) (2008) 764–767.

[33] A.J. Deshpande, M. Cusan, V.P. Rawat, H. Reuter, A. Krause, C. Pott, L.
Quintanilla-Martinez, P. Kakadia, F. Kuchenbauer, F. Ahmed, E. Delabesse, M.
Hahn, P. Lichter, M. Kneba, W. Hiddemann, E. Macintyre, C. Mecucci, W.D.
Ludwig, R.K. Humphries, S.K. Bohlander, M. Feuring-Buske, C. Buske, Acute
myeloid leukemia is propagated by a leukemic stem cell with lymphoid char-
acteristics in a mouse model of CALM/AF10-positive leukemia, Cancer Cell 10
(5) (2006) 363–374.

[34] F. Rosenbauer, D.G. Tenen, Transcription factors in myeloid development:
balancing differentiation with transformation, Nat. Rev. Immunol. 7 (2) (2007)
105–117.

[35] P. Laslo, J.M. Pongubala, D.W. Lancki, H. Singh, Gene regulatory networks
directing myeloid and lymphoid cell fates within the immune system, Semin.
Immunol. 20 (4) (2008) 228–235.

[36] R. Schofield, The relationship between the spleen colony-forming cell and the
haemopoietic stem cell, Blood Cells 4 (1–2) (1978) 7–25.

[37] E. Fuchs, T. Tumbar, G. Guasch, Socializing with the neighbors: stem cells and
their niche, Cell 116 (6) (2004) 769–778.
Please cite this article in press as: J. Renström, et al., How the niche
doi:10.1016/j.cbi.2009.11.012

[38] S.J. Morrison, A.C. Spradling, Stem cells and niches: mechanisms that promote
stem cell maintenance throughout life, Cell 132 (4) (2008) 598–611.

[39] R.W. Garrett, S.G. Emerson, Bone and blood vessels: the hard and the soft of
hematopoietic stem cell niches, Cell Stem Cell 4 (6) (2009) 503–506.

[40] T. Nystul, A. Spradling, An epithelial niche in the Drosophila ovary undergoes
long-range stem cell replacement, Cell Stem Cell 1 (3) (2007) 277–285.
 PRESS
Interactions xxx (2009) xxx–xxx 7

[41] Y.M. Yamashita, M.T. Fuller, D.L. Jones, Signaling in stem cell niches: lessons
from the Drosophila germline, J. Cell Sci. 118 (Pt 4) (2005) 665–672.

[42] L.M. Calvi, G.B. Adams, K.W. Weibrecht, J.M. Weber, D.P. Olson, M.C. Knight,
R.P. Martin, E. Schipani, P. Divieti, F.R. Bringhurst, L.A. Milner, H.M. Kronen-
berg, D.T. Scadden, Osteoblastic cells regulate the haematopoietic stem cell
niche, Nature 425 (6960) (2003) 841–846.

[43] J. Zhang, C. Niu, L. Ye, H. Huang, X. He, W.G. Tong, J. Ross, J. Haug, T. John-
son, J.Q. Feng, S. Harris, L.M. Wiedemann, Y. Mishina, L. Li, Identification of
the haematopoietic stem cell niche and control of the niche size, Nature 425
(6960) (2003) 836–841.

[44] Y. Xie, T. Yin, W. Wiegraebe, X.C. He, D. Miller, D. Stark, K. Perko, R. Alexan-
der, J. Schwartz, J.C. Grindley, J. Park, J.S. Haug, J.P. Wunderlich, H. Li, S.
Zhang, T. Johnson, R.A. Feldman, L. Li, Detection of functional haematopoi-
etic stem cell niche using real-time imaging, Nature 457 (7225) (2009)
97–101.

[45] C. Lo Celso, H.E. Fleming, J.W. Wu, C.X. Zhao, S. Miake-Lye, J. Fujisaki, D.
Cote, D.W. Rowe, C.P. Lin, D.T. Scadden, Live-animal tracking of individual
haematopoietic stem/progenitor cells in their niche, Nature 457 (7225) (2009)
92–96.

[46] M.J. Kiel, S.J. Morrison, Uncertainty in the niches that maintain haematopoi-
etic stem cells, Nat. Rev. Immunol. 8 (4) (2008) 290–301.

[47] R.S. Taichman, S.G. Emerson, Human osteoblasts support hematopoiesis
through the production of granulocyte colony-stimulating factor, J. Exp. Med.
179 (5) (1994) 1677–1682.

[48] J. Zhu, R. Garrett, Y. Jung, Y. Zhang, N. Kim, J. Wang, G.J. Joe, E. Hexner, Y.
Choi, R.S. Taichman, S.G. Emerson, Osteoblasts support B-lymphocyte com-
mitment and differentiation from hematopoietic stem cells, Blood 109 (9)
(2007) 3706–3712.

[49] R.S. Taichman, M.J. Reilly, R.S. Verma, S.G. Emerson, Augmented production of
interleukin-6 by normal human osteoblasts in response to CD34+ hematopoi-
etic bone marrow cells in vitro, Blood 89 (4) (1997) 1165–1172.

[50] Y. Jung, J. Song, Y. Shiozawa, J. Wang, Z. Wang, B. Williams, A. Havens, A.
Schneider, C. Ge, R.T. Franceschi, L.K. McCauley, P.H. Krebsbach, R.S. Taichman,
Hematopoietic stem cells regulate mesenchymal stromal cell induction into
osteoblasts thereby participating in the formation of the stem cell niche, Stem
Cells 26 (8) (2008) 2042–2051.

[51] A. Colmone, M. Amorim, A.L. Pontier, S. Wang, E. Jablonski, D.A. Sipkins,
Leukemic cells create bone marrow niches that disrupt the behavior of normal
hematopoietic progenitor cells, Science 322 (5909) (2008) 1861–1865.

[52] W.H. Fleming, E.J. Alpern, N. Uchida, K. Ikuta, G.J. Spangrude, I.L. Weissman,
Functional heterogeneity is associated with the cell cycle status of murine
hematopoietic stem cells, J. Cell Biol. 122 (4) (1993) 897–902.

[53] F. Arai, A. Hirao, M. Ohmura, H. Sato, S. Matsuoka, K. Takubo, K. Ito, G.Y.
Koh, T. Suda, Tie2/angiopoietin-1 signaling regulates hematopoietic stem cell
quiescence in the bone marrow niche, Cell 118 (2) (2004) 149–161.

[54] A. Wilson, M.J. Murphy, T. Oskarsson, K. Kaloulis, M.D. Bettess, G.M. Oser,
A.C. Pasche, C. Knabenhans, H.R. Macdonald, A. Trumpp, c-Myc controls the
balance between hematopoietic stem cell self-renewal and differentiation,
Genes Dev. 18 (22) (2004) 2747–2763.

[55] M.J. Kiel, M. Acar, G.L. Radice, S.J. Morrison, Hematopoietic stem cells do not
depend on N-cadherin to regulate their maintenance, Cell Stem Cell 4 (2)
(2009) 170–179.

[56] K. Chadwick, L. Wang, L. Li, P. Menendez, B. Murdoch, A. Rouleau, M. Bhatia,
Cytokines, BMP-4 promote hematopoietic differentiation of human embry-
onic stem cells, Blood 102 (3) (2003) 906–915.

[57] C. Durand, C. Robin, K. Bollerot, M.H. Baron, K. Ottersbach, E. Dzierzak,
Embryonic stromal clones reveal developmental regulators of definitive
hematopoietic stem cells, Proc. Natl. Acad. Sci. U.S.A. 104 (52) (2007)
20838–20843.

[58] D.C. Goldman, A.S. Bailey, D.L. Pfaffle, A. Al Masri, J.L. Christian, W.H. Fleming,
BMP4 regulates the hematopoietic stem cell niche, Blood 114 (20) (2009)
4393–4401.

[59] H.G. Kopp, S.T. Avecilla, A.T. Hooper, S. Rafii, The bone marrow vascular
niche: home of HSC differentiation and mobilization, Physiology (Bethesda)
20 (2005) 349–356.

[60] T. Yin, L. Li, The stem cell niches in bone, J. Clin. Invest. 116 (5) (2006)
1195–1201.

[61] S.D. Lyman, L. James, T. Vanden Bos, P. de Vries, K. Brasel, B. Gliniak, L.T.
Hollingsworth, K.S. Picha, H.J. McKenna, R.R. Splett, et al., Molecular cloning
of a ligand for the flt3/flk-2 tyrosine kinase receptor: a proliferative factor for
primitive hematopoietic cells, Cell 75 (6) (1993) 1157–1167.

[62] B. Heissig, K. Hattori, S. Dias, M. Friedrich, B. Ferris, N.R. Hackett, R.G. Crys-
tal, P. Besmer, D. Lyden, M.A. Moore, Z. Werb, S. Rafii, Recruitment of stem
and progenitor cells from the bone marrow niche requires MMP-9 mediated
release of kit-ligand, Cell 109 (5) (2002) 625–637.

[63] Y. Nie, Y.C. Han, Y.R. Zou, CXCR4 is required for the quiescence of primitive
hematopoietic cells, J. Exp. Med. 205 (4) (2008) 777–783.

[64] J. Gao, S. Graves, U. Koch, S. Liu, V. Jankovic, S. Buonamici, A. El Andaloussi,
S.D. Nimer, B.L. Kee, R. Taichman, F. Radtke, I. Aifantis, Hedgehog signaling is
dispensable for adult hematopoietic stem cell function, Cell Stem Cell 4 (6)
regulates hematopoietic stem cells, Chem. Biol. Interact. (2009),

(2009) 548–558.
[65] I. Hofmann, E.H. Stover, D.E. Cullen, J. Mao, K.J. Morgan, B.H. Lee, M.G. Kharas,

P.G. Miller, M.G. Cornejo, R. Okabe, S.A. Armstrong, N. Ghilardi, S. Gould, F.J.
de Sauvage, A.P. McMahon, D.G. Gilliland, Hedgehog signaling is dispensable
for adult murine hematopoietic stem cell function and hematopoiesis, Cell
Stem Cell 4 (6) (2009) 559–567.

dx.doi.org/10.1016/j.cbi.2009.11.012


 ING

C

8 ogical
ARTICLEModel

BI-6055; No. of Pages 9

J. Renström et al. / Chemico-Biol

[66] B. Varnum-Finney, L. Xu, C. Brashem-Stein, C. Nourigat, D. Flowers, S. Bakkour,
W.S. Pear, I.D. Bernstein, Pluripotent, cytokine-dependent, hematopoietic
stem cells are immortalized by constitutive Notch1 signaling, Nat. Med. 6
(11) (2000) 1278–1281.

[67] L. Li, L.A. Milner, Y. Deng, M. Iwata, A. Banta, L. Graf, S. Marcovina, C. Fried-
man, B.J. Trask, L. Hood, B. Torok-Storb, The human homolog of rat Jagged1
expressed by marrow stroma inhibits differentiation of 32D cells through
interaction with Notch1, Immunity 8 (1) (1998) 43–55.

[68] S. Stier, T. Cheng, D. Dombkowski, N. Carlesso, D.T. Scadden, Notch1 activation
increases hematopoietic stem cell self-renewal in vivo and favors lymphoid
over myeloid lineage outcome, Blood 99 (7) (2002) 2369–2378.

[69] J.S. Dando, M. Tavian, C. Catelain, S. Poirault, A. Bennaceur-Griscelli, F. Sain-
teny, W. Vainchenker, B. Peault, E. Lauret, Notch/Delta4 interaction in human
embryonic liver CD34+ CD38− cells: positive influence on BFU-E production
and LTC-IC potential maintenance, Stem Cells 23 (4) (2005) 550–560.

[70] M. Nobta, T. Tsukazaki, Y. Shibata, C. Xin, T. Moriishi, S. Sakano, H. Shindo,
A. Yamaguchi, Critical regulation of bone morphogenetic protein-induced
osteoblastic differentiation by Delta1/Jagged1-activated Notch1 signaling, J.
Biol. Chem. 280 (16) (2005) 15842–15848.

[71] S.J. Mancini, N. Mantei, A. Dumortier, U. Suter, H.R. MacDonald, F. Radtke,
Jagged1-dependent Notch signaling is dispensable for hematopoietic stem
cell self-renewal and differentiation, Blood 105 (6) (2005) 2340–2342.

[72] I. Maillard, U. Koch, A. Dumortier, O. Shestova, L. Xu, H. Sai, S.E. Pross, J.C. Aster,
A. Bhandoola, F. Radtke, W.S. Pear, Canonical notch signaling is dispensable
for the maintenance of adult hematopoietic stem cells, Cell Stem Cell 2 (4)
(2008) 356–366.

[73] J.A. Kim, Y.J. Kang, G. Park, M. Kim, Y.O. Park, H. Kim, S.H. Leem, I.S. Chu, J.S.
Lee, E.H. Jho, I.H. Oh, Identification of a stroma-mediated Wnt/beta-catenin
signal promoting self-renewal of hematopoietic stem cells in the stem cell
niche, Stem Cells 27 (6) (2009) 1318–1329.

[74] T. Yamane, T. Kunisada, H. Tsukamoto, H. Yamazaki, H. Niwa, S. Takada,
S.I. Hayashi, Wnt signaling regulates hemopoiesis through stromal cells, J.
Immunol. 167 (2) (2001) 765–772.

[75] K.D. Hausler, N.J. Horwood, Y. Chuman, J.L. Fisher, J. Ellis, T.J. Martin, J.S. Rubin,
M.T. Gillespie, Secreted frizzled-related protein-1 inhibits RANKL-dependent
osteoclast formation, J. Bone Miner. Res. 19 (11) (2004) 1873–1881.

[76] M.K. Nygren, G. Dosen, M.E. Hystad, H. Stubberud, S. Funderud, E. Rian, Wnt3A
activates canonical Wnt signalling in acute lymphoblastic leukaemia (ALL)
cells and inhibits the proliferation of B-ALL cell lines, Br. J. Haematol. 136 (3)
(2007) 400–413.

[77] I. Takada, M. Suzawa, K. Matsumoto, S. Kato, Suppression of PPAR transac-
tivation switches cell fate of bone marrow stem cells from adipocytes into
osteoblasts, Ann. N.Y. Acad. Sci. 1116 (2007) 182–195.

[78] T. Ishitani, S. Kishida, J. Hyodo-Miura, N. Ueno, J. Yasuda, M. Waterman, H.
Shibuya, R.T. Moon, J. Ninomiya-Tsuji, K. Matsumoto, The TAK1-NLK mitogen-
activated protein kinase cascade functions in the Wnt-5a/Ca(2+) pathway to
antagonize Wnt/beta-catenin signaling, Mol. Cell. Biol. 23 (1) (2003) 131–139.

[79] T.C. Luis, F. Weerkamp, B.A. Naber, M.R. Baert, E.F. de Haas, T. Nikolic, S.
Heuvelmans, R.R. De Krijger, J.J. van Dongen, F.J. Staal, Wnt3a deficiency irre-
versibly impairs hematopoietic stem cell self-renewal and leads to defects in
progenitor cell differentiation, Blood 113 (3) (2009) 546–554.

[80] B. Murdoch, K. Chadwick, M. Martin, F. Shojaei, K.V. Shah, L. Gallacher, R.T.
Moon, M. Bhatia, Wnt-5A augments repopulating capacity and primitive
hematopoietic development of human blood stem cells in vivo, Proc. Natl.
Acad. Sci. U.S.A. 100 (6) (2003) 3422–3427.

[81] M.J. Nemeth, L. Topol, S.M. Anderson, Y. Yang, D.M. Bodine, Wnt5a inhibits
canonical Wnt signaling in hematopoietic stem cells and enhances repopula-
tion, Proc. Natl. Acad. Sci. U.S.A. 104 (39) (2007) 15436–15441.

[82] J. Rodriguez, P. Esteve, C. Weinl, J.M. Ruiz, Y. Fermin, F. Trousse, A. Dwivedy, C.
Holt, P. Bovolenta, SFRP1 regulates the growth of retinal ganglion cell axons
through the Fz2 receptor, Nat. Neurosci. 8 (10) (2005) 1301–1309.

[83] P. Dufourcq, B. Descamps, N.F. Tojais, L. Leroux, P. Oses, D. Daret, C. Moreau,
J.M. Lamaziere, T. Couffinhal, C. Duplaa, Secreted frizzled-related protein-1
enhances mesenchymal stem cell function in angiogenesis and contributes
to neovessel maturation, Stem Cells 26 (11) (2008) 2991–3001.

[84] M. Matsuyama, S. Aizawa, A. Shimono, Sfrp controls apicobasal polarity and
oriented cell division in developing gut epithelium, PLoS Genet. 5 (3) (2009)
e1000427.

[85] P. Kirstetter, K. Anderson, B.T. Porse, S.E. Jacobsen, C. Nerlov, Activation of
the canonical Wnt pathway leads to loss of hematopoietic stem cell repop-
ulation and multilineage differentiation block, Nat. Immunol. 7 (10) (2006)
1048–1056.

[86] M. Scheller, J. Huelsken, F. Rosenbauer, M.M. Taketo, W. Birchmeier, D.G.
Tenen, A. Leutz, Hematopoietic stem cell and multilineage defects gener-
ated by constitutive beta-catenin activation, Nat. Immunol. 7 (10) (2006)
1037–1047.

[87] M. Cobas, A. Wilson, B. Ernst, S.J. Mancini, H.R. MacDonald, R. Kemler, F.
Radtke, Beta-catenin is dispensable for hematopoiesis and lymphopoiesis, J.
Exp. Med. 199 (2) (2004) 221–229.

[88] U. Koch, A. Wilson, M. Cobas, R. Kemler, H.R. Macdonald, F. Radtke, Simulta-
Please cite this article in press as: J. Renström, et al., How the niche
doi:10.1016/j.cbi.2009.11.012

neous loss of beta- and gamma-catenin does not perturb hematopoiesis or
lymphopoiesis, Blood 111 (1) (2008) 160–164.

[89] G. Jeannet, M. Scheller, L. Scarpellino, S. Duboux, N. Gardiol, J. Back, F. Kuttler,
I. Malanchi, W. Birchmeier, A. Leutz, J. Huelsken, W. Held, Long-term, multi-
lineage hematopoiesis occurs in the combined absence of beta-catenin and
gamma-catenin, Blood 111 (1) (2008) 142–149.
 PRESS
Interactions xxx (2009) xxx–xxx

[90] C Muller-Tidow, B. Steffen, T. Cauvet, L. Tickenbrock, P. Ji, S. Diederichs, B.
Sargin, G. Kohler, M. Stelljes, E. Puccetti, M. Ruthardt, S. deVos, S.W. Hiebert,
H.P. Koeffler, W.E. Berdel, H. Serve, Translocation products in acute myeloid
leukemia activate the Wnt signaling pathway in hematopoietic cells, Mol.
Cell. Biol. 24 (7) (2004) 2890–2904.

[91] A.E. Abrahamsson, I. Geron, J. Gotlib, K.H. Dao, C.F. Barroga, I.G. Newton, F.J.
Giles, J. Durocher, R.S. Creusot, M. Karimi, C. Jones, J.L. Zehnder, A. Keating,
R.S. Negrin, I.L. Weissman, C.H. Jamieson, Glycogen synthase kinase 3beta
missplicing contributes to leukemia stem cell generation, Proc. Natl. Acad.
Sci. U.S.A. 106 (10) (2009) 3925–3929.

[92] K. Petropoulos, N. Arseni, C. Schessl, C.R. Stadler, V.P. Rawat, A.J. Deshpande,
B. Heilmeier, W. Hiddemann, L. Quintanilla-Martinez, S.K. Bohlander, M.
Feuring-Buske, C. Buske, A novel role for Lef-1, a central transcription media-
tor of Wnt signaling, in leukemogenesis, J. Exp. Med. 205 (3) (2008) 515–522.

[93] C. Zhao, J. Blum, A. Chen, H.Y. Kwon, S.H. Jung, J.M. Cook, A. Lagoo, T. Reya,
Loss of beta-catenin impairs the renewal of normal and CML stem cells in
vivo, Cancer Cell 12 (6) (2007) 528–541.

[94] Y. Minami, S.A. Stuart, T. Ikawa, Y. Jiang, A. Banno, I.C. Hunton, D.J. Young,
T. Naoe, C. Murre, C.H. Jamieson, J.Y. Wang, BCR-ABL-transformed GMP as
myeloid leukemic stem cells, Proc. Natl. Acad. Sci. U.S.A. 105 (46) (2008)
17967–17972.

[95] M.J. Nemeth, K.K. Mak, Y. Yang, D.M. Bodine, Beta-catenin expression in the
bone marrow microenvironment is required for long-term maintenance of
primitive hematopoietic cells, Stem Cells 27 (5) (2009) 1109–1119.

[96] H.E. Fleming, V. Janzen, C. Lo Celso, J. Guo, K.M. Leahy, H.M. Kronenberg, D.T.
Scadden, Wnt signaling in the niche enforces hematopoietic stem cell quies-
cence and is necessary to preserve self-renewal in vivo, Cell Stem Cell 2 (3)
(2008) 274–283.

[97] M. Kortenjann, M. Nehls, A.J. Smith, R. Carsetti, J. Schuler, G. Kohler, T. Boehm,
Abnormal bone marrow stroma in mice deficient for nemo-like kinase, Nlk,
Eur. J. Immunol. 31 (12) (2001) 3580–3587.

[98] J. Renstrom, R. Istvanffy, K. Gauthier, A. Shimono, J. Mages, A. Jardon-Alvarez,
M. Kroger, M. Schiemann, D.H. Busch, I. Esposito, R. Lang, C. Peschel, R.A.J.
Oostendorp, Secreted frizzled-related protein 1 extrinsically regulates cycling
activity and maintenance of hematopoietic stem cells, Cell Stem Cell 5 (2)
(2009) 157–167.

[99] R.A. Rupec, F. Jundt, B. Rebholz, B. Eckelt, G. Weindl, T. Herzinger, M.J. Flaig,
S. Moosmann, G. Plewig, B. Dorken, I. Forster, R. Huss, K. Pfeffer, Stroma-
mediated dysregulation of myelopoiesis in mice lacking I kappa B alpha,
Immunity 22 (4) (2005) 479–491.

[100] Y.W. Kim, B.K. Koo, H.W. Jeong, M.J. Yoon, R. Song, J. Shin, D.C. Jeong, S.H.
Kim, Y.Y. Kong, Defective Notch activation in microenvironment leads to
myeloproliferative disease, Blood 112 (12) (2008) 4628–4638.

[101] C.R. Walkley, J.M. Shea, N.A. Sims, L.E. Purton, S.H. Orkin, Rb regulates
interactions between hematopoietic stem cells and their bone marrow
microenvironment, Cell 129 (6) (2007) 1081–1095.

[102] C.R. Walkley, G.H. Olsen, S. Dworkin, S.A. Fabb, J. Swann, G.A. McArthur, S.V.
Westmoreland, P. Chambon, D.T. Scadden, L.E. Purton, A microenvironment-
induced myeloproliferative syndrome caused by retinoic acid receptor
gamma deficiency, Cell 129 (6) (2007) 1097–1110.

[103] M.A. Rieger, P.S. Hoppe, B.M. Smejkal, A.C. Eitelhuber, T. Schroeder,
Hematopoietic cytokines can instruct lineage choice, Science 325 (5937)
(2009) 217–218.

[104] Z. Ju, H. Jiang, M. Jaworski, C. Rathinam, A. Gompf, C. Klein, A. Trumpp, K.L.
Rudolph, Telomere dysfunction induces environmental alterations limiting
hematopoietic stem cell function and engraftment, Nat. Med. 13 (6) (2007)
742–747.

[105] J. Wei, M. Wunderlich, C. Fox, S. Alvarez, J.C. Cigudosa, J.S. Wilhelm, Y. Zheng,
J.A. Cancelas, Y. Gu, M. Jansen, J.F. Dimartino, J.C. Mulloy, Microenvironment
determines lineage fate in a human model of MLL-AF9 leukemia, Cancer Cell
13 (6) (2008) 483–495.

[106] R.A.J. Oostendorp, P. Dormer, VLA-4-mediated interactions between normal
human hematopoietic progenitors and stromal cells, Leuk. Lymphoma 24
(5–6) (1997) 423–435.

[107] J. Grassinger, D.N. Haylock, M.J. Storan, G.O. Haines, B. Williams, G.A. Whitty,
A.R. Vinson, C.L. Be, S. Li, E.S. Sorensen, P.P. Tam, D.T. Denhardt, D. Sheppard,
P.F. Choong, S.K. Nilsson, Thrombin-cleaved osteopontin regulates hemopoi-
etic stem and progenitor cell functions through interactions with alpha9beta1
and alpha4beta1 integrins, Blood 114 (1) (2009) 49–59.

[108] C.E. Muller-Sieburg, E. Deryugina, The stromal cells’ guide to the stem cell
universe, Stem Cells 13 (5) (1995) 477–486.

[109] J. Wineman, K. Moore, I. Lemischka, C. Muller-Sieburg, Functional heterogene-
ity of the hematopoietic microenvironment: rare stromal elements maintain
long-term repopulating stem cells, Blood 87 (10) (1996) 4082–4090.

[110] R.A.J. Oostendorp, K.N. Harvey, N. Kusadasi, M.F. de Bruijn, C. Saris, R.E.
Ploemacher, A.L. Medvinsky, E.A. Dzierzak, Stromal cell lines from mouse
aorta–gonads–mesonephros subregions are potent supporters of hematopoi-
etic stem cell activity, Blood 99 (4) (2002) 1183–1189;
(a) H. Zhu, L. Zhang, K. Itoh, M. Yamamoto, D. Ross, M.A. Trush, J.L. Zweier,
Y. Li, Nrf2 controls bone marrow stromal cell susceptibility to oxidative and
regulates hematopoietic stem cells, Chem. Biol. Interact. (2009),

electrophilic stress, Free Radic. Biol. Med. 41 (1) (2006) 132–143.
[111] W.L. Havran, M. Poenie, J. Kimura, R. Tsien, A. Weiss, J.P. Allison, Expression

and function of the CD3-antigen receptor on murine CD4+8+ thymocytes,
Nature 330 (6144) (1987) 170–173.

[112] G.J. Spangrude, S. Heimfeld, I.L. Weissman, Purification and characterization
of mouse hematopoietic stem cells, Science 241 (4861) (1988) 58–62.

dx.doi.org/10.1016/j.cbi.2009.11.012


 ING

C

gical

[

[

[

[

[

[

[

[

A

A
H
C
C
G
G
G
G
I
L
M
M
S
S

G

A
A
B
B
B
C
C
C
C
C
C

ARTICLEModel

BI-6055; No. of Pages 9

J. Renström et al. / Chemico-Biolo

113] J.A. Ledbetter, R.V. Rouse, H.S. Micklem, L.A. Herzenberg, T cell subsets defined
by expression of Lyt-1, 2,3 and Thy-1 antigens. Two-parameter immunoflu-
orescence and cytotoxicity analysis with monoclonal antibodies modifies
current views, J. Exp. Med. 152 (2) (1980) 280–295.

114] R.L. Coffman, I.L. Weissman, B220: a B cell-specific member of the T200 gly-
coprotein family, Nature 289 (5799) (1981) 681–683.

115] J. Lesley, R. Hyman, R. Schulte, J. Trotter, Expression of transferrin recep-
tor on murine hematopoietic progenitors, Cell. Immunol. 83 (1) (1984)
14–25.

116] P. Papathanasiou, J.L. Attema, H. Karsunky, J. Xu, S.T. Smale, I.L. Weissman,
Evaluation of the long-term reconstituting subset of hematopoietic stem cells
with CD150, Stem Cells 27 (10) (2009) 2498–2508.

117] J. Adolfsson, R. Mansson, N. Buza-Vidas, A. Hultquist, K. Liuba, C.T. Jensen, D.
Bryder, L. Yang, O.J. Borge, L.A. Thoren, K. Anderson, E. Sitnicka, Y. Sasaki, M.
Sigvardsson, S.E. Jacobsen, Identification of Flt3+ lympho-myeloid stem cells
lacking erythro-megakaryocytic potential a revised road map for adult blood
lineage commitment, Cell 121 (2) (2005) 295–306.

118] J. Hackett Jr., M. Tutt, M. Lipscomb, M. Bennett, G. Koo, V. Kumar, Origin and
differentiation of natural killer cells. II. Functional and morphologic studies
of purified NK-1.1+ cells, J. Immunol. 136 (8) (1986) 3124–3131.

119] T. Kina, K. Ikuta, E. Takayama, K. Wada, A.S. Majumdar, I.L. Weissman, Y. Kat-
sura, The monoclonal antibody TER-119 recognizes a molecule associated
with glycophorin A and specifically marks the late stages of murine erythroid
lineage, Br. J. Haematol. 109 (2) (2000) 280–287.

120] H. Zhu, L. Zhang, K. Itoh, M. Yamamoto, D. Ross, M.A. Trush, J.L. Zweier, Y.
Li, Ntf2 control bone marrow stromal cell susceptibility to oxidative and
electrophilic stress, Free Radic. Biol. Med. 41 (1) (2006) 132–143.

bbreviation list

GM: aorta–gonads–mesonephros region
SC: hematopoietic stem cell
LP: common lymphoid progenitor
MP: common myeloid progenitor
-CSF: granulocyte colony-stimulating factor
M-CSF: granulocyte–macrophage colony-stimulating factor
MP: granulocyte–monocyte progenitor
r1: granulocyte antigen 1 (product of the Ly6g gene)

L-6: interleukin 6
SK: lineageneg Sca1pos c-Kitpos

EP: megakaryocyte–erythroid progenitor
PP: multipotent progenitor (lineageneg Sca1neg c-Kitpos cells)

CF: stem cell factor (product of the Kitl gene)
DF1: stromal-derived factor 1 (chemokine product of the Cxcl12 gene)

eneric gene names or genes

bl: v-abl Abelson murine leukemia viral oncogene homolog
ng1: angiopoietin 1
cr: breakpoint cluster region
mp4: bone morphogenetic protein 4
mpr1a: bone morphogenetic protein receptor, type 1A (also known as Alk3)
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d34: CD34 antigen
d48: CD48 antigen (also known as Slamf2)
d150: signaling lymphocytic activation molecule family member 1 (Slamf1)
dh2: cadherin 2 (also known as N-cadherin)
cnd1: cyclin D1
tgf: connective tissue growth factor
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Ctnnb1: �-catenin, catenin (cadherin associated protein), beta 1
Cxcl12: chemokine (C–X–C motif) ligand 12
Cxcr4: chemokine (C–X–C motif) receptor 4
Cyr61: cysteine rich protein 61
Dkk1: Dickkopf homolog 1 (Xenopus laevis)
Dll4: delta-like 4 (Drosophila)
Flk2/Flt3: FMS-like tyrosine kinase 3
Fzd: frizzled homolog (Drosophila)
Gata1: GATA binding protein 1
Gata2: GATA binding protein 2
Gsk3b: glycogen synthase kinase 3 beta
Hes1: hairy and enhancer of split 1
Il7r: interleukin 7 receptor
Jup: junction plakoglobin (also known as �-catenin)
Kdr: kinase insert domain protein receptor (also known as Flk1 and Vegfr2)
Kit: kit oncogene
Kremen: kringle containing transmembrane protein 1
Lef1: lymphoid enhancer binding factor 1
Lrp5/6: low density lipoprotein receptor-related protein 5/6
Ly6a: lymphocyte antigen 6 complex, locus A
Maml1: mastermind like 1 (Drosophila)
Meis1: Meis homeobox 1
Mib1: mindbomb homolog 1 (Drosophila)
Mll: myeloid/lymphoid or mixed-lineage leukemia 1
Mllt10: myeloid/lymphoid or mixed-lineage leukemia (trithorax homolog,

Drosophila); translocated to, 10 (also known as AF10)
Mmp9: matrix metallopeptidase 9
Myc: myelocytomatosis oncogene
Nfkbia: nuclear factor of kappa light polypeptide gene enhancer in B cell inhibitor,

alpha (also known as Ikba)
Nlk: Nemo-like kinase
Notch1: Notch gene homolog 1 (Drosophila)
Notch3: Notch gene homolog 3 (Drosophila)
P2ry14: purinergic receptor P2Y, G-protein coupled, 14
Picalm: phosphatidylinositol binding clathrin assembly protein (Calm)
Pparg: peroxisome proliferator activated receptor gamma
Procr: protein C receptor, endothelial
Rarg: retinoic acid receptor, gamma
Rb: retinoblastoma 1
Rbpj: recombination signal binding protein for immunoglobulin kappa J region
Ror: receptor tyrosine kinase-like orphan receptor
Runx1: runt related transcription factor 1
Ryk: receptor-like tyrosine kinase
Tal1: T cell acute lymphocytic leukemia 1 (also known as Scl)
Sfpi1: SFFV proviral integration 1
Sfrp: secreted frizzled-related protein
Smo: smoothened
Socs2: suppressor of cytokine signaling 2
Sost: sclerostin
Sostdc1: sclerostin domain containing 1 (also known as Wise or Sostl)
Sox17: SRY-box containing gene 17
Spp1: secreted phosphoprotein 1 (also known as osteopontin)
Terc: telomerase RNA component
regulates hematopoietic stem cells, Chem. Biol. Interact. (2009),

Tek: endothelial-specific receptor tyrosine kinase (also known as Tie2)
Tnf: tumor necrosis factor
Wif: Wnt inhibitory factor
Wnt5a: Wingless-related MMTV integration site 5A
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