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Purpose of review

All the cells present in the blood are derived from the
hematopoietic stem cell (HSC). Because mature blood cells
have a limited life span, HSCs must perpetuate themselves
through self-renewal to maintain a functional hematopoietic
compartment for the lifetime of an organism. This review
focuses on studies that identify the Wnt signaling pathway as
a mediator of HSC self-renewal and maintenance and analyzes
its potential influence in context of the HSC niche.

Recent findings

The Wnt signaling pathway has emerged as a potential
regulator of self-renewal for HSCs. Recent reports have
demonstrated that Wnt signaling can directly promote HSC
self-renewal and ability to reconstitute the hematopoietic
system of lethally irradiated mice. The recent findings that
osteoblasts are an important regulatory component of the
HSC microenvironment, and that elements of the Wnt
signaling pathway can influence osteoblast frequency, raise
the possibility that Wnt signaling may influence HSC function
indirectly through the niche as well.

Summary

In this review, the authors evaluate the experimental evidence
for a direct role of Wnt signaling HSCs as well as an indirect
role through its influence on the HSC niche. Defining the
mechanism of action of Wnt signaling in HSC maintenance in
context of the surrounding microenvironment and determining
how this signal may integrate with other niche derived signals
represents the next challenge in HSC biology.
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LRP lipoprotein receptor-related protein

© 2004 Lippincott Williams & Wilkins
1065-6251

88

Introduction

Hematopoietic stem cells (HSCs), which have the capac-
ity to self-renew as well as to differentiate into commit-
ted cells, were originally functionally identified by Till
and McCulloch [1] more than 40 years ago. Since then, a
number of methods have been used to isolate HSCs from
the bone marrow [2-7]. One approach involves identifi-
cation of HSCs based on the presence of cell surface
molecules. In mice, HSCs from the bone marrow express
low or undetectable levels of lineage markers (Lin"e#),
low levels of Thyl.1, and high levels of c-Kit and Sca-1
(Lin"*#"°  Sca-1*, c-Kit", Thy1.1"°) [8]. When murine
HSC:s isolated by this method are transplanted into le-
thally irradiated mice, they initially provide radioprotec-
tion by generating erythroid and myeloid cells that are
necessary for survival. Later, these cells balance self-
renewal and differentiation to maintain the hematopoi-
etic system for the life of the animal [9,10]. HSCs are
present in the bone marrow at a frequency of 1/2000
cells, and their activity is characterized by two subpopu-
lations: one with short-term repopulation ability (<10
weeks) and the other with long-term repopulating ability
that lasts the lifetime of an organism [9].

Human HSCs can also be identified and isolated though
the expression of cell surface antigens, such as CD34,
CD38, and the absence of lineage markers. Xenotrans-
plantation of human HSCs into nonobese diabetic/severe
combined immunodeficient mice has proved to be a re-
liable model for the detection of primitive human blood
cells with repopulation capacity, classifying these cells as
severe combined immunodeficient repopulating cells
[11]. Phenotypically, human severe combined immuno-
deficient repopulating cells are highly enriched among
CD347/CD387/Lin~ cells, whereas hematopoietic pro-
genitors devoid of repopulating function present a more
mature phenotype (CD347/CD38%) [12,13]. The fre-
quency of severe combined immunodeficient repopulat-
ing cells is low (less than 1/1,000,000) and differs de-
pending on the source [14]. Emerging evidence suggests
that human HSCs may also exist in the CD34™ popula-
tion [15-18].

Although much is known about the identity and physi-
ologic function of HSCs, less is known about the mo-
lecular mechanisms that regulate self-renewal. Elucidat-
ing the molecular cues that regulate self-renewal has
been extraordinarily challenging, because most factors
that induce HSC proliferation are accompanied by dif-
ferentiation and loss of HSC function [19,20]. However,



recent studies have begun to identify signals such as
sonic hedgehog [21], Notch1 [22] [23], the transcription
factor HoxB4 [24-27], and the cyclin-dependent kinase
inhibitor p21/cipwafl [28] as novel regulators of hema-
topoietic progenitor self-renewal (reviewed by Pazianos
et al. [29]). In addition, recent studies have also identified
the Wnt signaling pathway as a regulator of HSC homeo-
stasis [29]. In this review we focus on studies that analyze
the role of the Wnt signaling pathway in HSC homeo-
stasis and provide an analysis of its influence in the con-
text of its surrounding niche.

Whnt signaling

Whnts are a large family of secreted lipid-modified glyco-
proteins that are expressed in a wide variety of tissues
and have been shown to influence multiple processes in
animal development [30,31ee]. In addition, deregulation
of Wnt signaling has been linked to tumorigenesis in
different tissues [32-34]. In the absence of Wnt signal-
ing, the level of B-catenin is kept low through degrada-
tion through its association with a large multiprotein
complex that includes glycogen synthase kinase—3(3
(GSK-3B) bound to the scaffolding proteins Axin and
adenomatous polyposis coli (APC; Fig. 1). In this com-
plex, B-catenin is phosphorylated and thereby targeted
for ubiquitination and degradation in the proteosome [30].

Wnt signaling is initiated by Wnt binding a membrane
receptor complex composed of a Frizzled receptor and a
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low-density lipoprotein receptor-related protein (LRP).
This binding can activate one of the several intracellular
signaling pathways depending on the Wnt, Frizzled re-
ceptor, or the cell type involved (reviewed by Miller
[35]). The canonical Wnt signaling pathway is thought to
require activation through both Frizzled and LRP (re-
viewed by Pandur and Kuhl [36]). Binding of Wnt to its
receptor leads to activation of Disheveled, which in turn
inhibits GSK-3p mediated phosphorylation of B-catenin.
Subsequently B-catenin stabilizes, accumulates in the
cytosol, and translocates to the nucleus, where it inter-
acts with members of the LEF-1/TCF family of tran-
scription factors and activates expression of target genes
[37]. Thus, signaling through the Wnt canonical pathway
is centered on B-catenin activity (Fig. 1). In contrast,
noncanonical Wnt signaling has been proposed to be me-
diated through intracellular calcium release and kinase
activation (CamKII and PKC; reviewed by Kuhl er /.
[38]).

Dual role of 3-catenin in Wnt signaling and
cell adhesion

The key component of the Wnt pathway, B-catenin, also
plays an essential role in structural organization and cell—
cell adhesion (Fig. 1). In this context it interacts with the
intracellular domain of E-cadherin and connects the ad-
herens junction complex with the actin cytoskeleton
through a-catenin [39—41]. This functional complex is

Figure 1. Alternative roles of 3-catenin in Wnt signaling and adhesion

In the absence of Wnt signaling (left panel) B-catenin is
complexed with Axin, APC, and GSK-3f, and gets
phosphorylated and targeted for degradation. B-catenin
also exists in cadherin-bound form and regulates
cell-cell adhesion. In the presence of Wnt signaling
(right panel), B-catenin is uncoupled from the
degradation complex and translocates to the nucleus,
where it binds LEF-1/TCF transcription factors, thus
activating target genes.
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necessary for maintenance of cell layers and can influ-
ence cell migration as well. B-catenin interactions with
cadherin and LEF-TCF are mediated by a common do-
main (arm repeat), implying that these interactions are
mutually exclusive. Therefore, cadherin-mediated adhe-
sion may act as a negative regulator of Wnt signaling
because it can sequester B-catenin at the cell surface and
thereby deplete it from the cytosolic pool. Similarly,
components of canonical Wnt signaling have also been
shown to downregulate E-cadherin expression directly
[42,43e¢]. These data support the idea that repression of
cadherin can induce the release of B-catenin from the
membrane into the cytoplasm, which might then be used
to amplify or sustain Wnt signaling.

Other components of Wnt signaling such as APC are also
involved in cell polarity and migration (Fig. 1). In addi-
tion to its function in targeting B-catenin for degradation,
APC has been described as a microtubule capping pro-
tein involved in the formation of cellular extension and
polarized migration. In the absence of Wnt signaling, no
B-catenin is detected at the APC cluster at the tip of the
microtubules. However, activation of Wnt signaling
through overexpression of a stable B-catenin (N-
terminally truncated) leads to its accumulation in the
microtubule APC clusters, impairing the migratory prop-
erties of some cell lines [44,45]. Moreover an APC ho-
molog has been described at the adherens junction as-
sociated with cadherin and B-catenin, and mutations in
this homolog disrupt cell-cell adhesion and increase the
level of cytoplasmic B-catenin [46,47]. Thus, Wnt and
cadherin pathways may intersect at multiple levels in the
signaling cascade (reviewed by Nelson and Nusse [48]).

Wnt and 3-catenin in hematopoietic stem

cell regulation

Although many studies have shown that Wnt signaling
is involved in the development of many organs and tis-
sues, its role in the hematopoietic system has only re-
cently begun to be explored. The decision of HSCs to
self-renew or to differentiate is governed by a complex
interplay between both intrinsic signals (HSC cell au-
tonomous) and stimuli from the surrounding microenvi-
ronment (non cell autonomous components). Recent evi-
dence demonstrates that Wnt proteins can be produced
by HSCs themselves as well as by the microenviron-
ment. Studies carried out on human bone marrow sug-
gest that Wnt 2B, Wnt 5A, and Wnt 10B are expressed
in unfractionated bone marrow cells, whereas Wnt 5A
(but not Wnt 2B or Wnt 10B) is expressed in the
CD34"/Lineage™ cell, a population that is enriched for
progenitors and HSCs [49]. Wnt 3A, Wnt 5A, and Wnt
10B are also found to be expressed in various cell popu-
lations in mouse bone marrow [50], whereas Wnt 5A and
Wnt 10B are expressed in the murine fetal liver [51].
Additionally, stromal cell clones that can support HSC
growth express Wnt 5A [52e¢,52b]. Taken together

these data suggest that members of the Wnt family can
be produced by both hematopoietic cells and their stro-
mal cell environment. Although examining Wnt expres-
sion on isolated cells allows the identification of the pre-
cise source of Wnts, one disadvantage is that it is difficult
to gauge the spatial relation between the cells producing
Wnts and the HSCs themselves. Thus to understand
truly which Wnts may have the most influence on HSCs,
it will be important in the future to determine which
Wnts are made in the microenvironment immediately
adjacent to the HSCs. Expression of Wnt receptors can
be found on both HSCs and niche cells. Long-term hu-
man HSCs express Frizzled 6 [53], and supportive stro-
mal cell lines express some member of the Frizzled fam-
ily and LRP-6 [52e¢ 52b]. These phenotypic data
suggest that HSCs as well as stromal cells in their envi-
ronment can receive and probably respond to Wnt sig-
naling.

Several reports suggest that Wnt signaling directly pro-
motes hematopoietic progenitors/stem cell self-renewal.
In one study, soluble Wnt proteins were shown to syn-
ergize with SLF to promote the growth and inhibit the
differentiation of murine hematopoietic progenitors 77
vitro [51]. In addition, we recently showed that
B-catenin, a mediator of the Wnt signaling pathway, as
well as purified Wnt proteins can promote self-renewal
of murine and human HSCs 7z vitro, and increase the
ability of murine HSCs to reconstitute the hematopoietic
system of lethally irradiated mice [31ee,54ee] (Con-
versely, overexpression of Axin, which enhances
B-catenin degradation and thereby inhibits Wnt signal-
ing, causes inhibition of HSC growth 7z vitro and de-
creased reconstitution of irradiated mice [54ee]. Further-
more, HSCs iz vivo activate the Wnt reporter and
respond to an endogeneous Wnt signal [S4ee]. In addi-
tion, identification of HoxB4, Notchl [54ee], as well as
Hes-1 (Duncan AW, Reya T, unpublished observation)
as being upregulated by components of Wnt signaling in
HSC suggests that there may be a molecular hierarchy of
control of HSC self-renewal. Wnt signaling may have an
effect on enhancing self-renewal of human HSCs and
progenitors as well. This is supported by the finding that
Wnt 5A treatment of human hematopoietic progenitors
in the presence of stromal cell contact promoted the ex-
pansion of undifferentiated progenitors 72 vitro [49]. Fur-
thermore treatment of mice with Wnt 5A-conditioned
medium resulted in increased human HSC repopulation
in a nonobese diabetic—severe combined immunodefi-
cient xenotransplant model [55¢¢]. Cumulatively these
studies suggest that Wnt signaling plays a role in regu-
lating human HSC self-renewal.

Recently, an interferon-inducible B-catenin knockout
was shown to have no defects in the hematolymphoid
system [56@¢]. These data are difficult to reconcile with
the previous literature, which suggests that elements of
the Wnt signaling pathway play a vital role in maintain-



Figure 2. Proposed model of HSC development in the niche
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HSCs are shown at the endosteal marrow adjacent to the bone’s surface mainly
at the trabecular bone and are postulated to migrate inward in the central
marrow as they differentiate away from a possible gradient of self-renewal cues.

ing T-cell development, B-cell survival, and HSC pro-
liferation and self-renewal [29,57,58]. It is possible that
B-catenin may overlap in function with another family
member, y-catenin [59], and therefore its loss is compen-
sated effectively in the hematolymphoid compartment.
Alternatively, it is possible that the absence of defects is
the result of inefficient Cre-mediated deletion /# vivo,
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because the same loxP—B-catenin mouse crossed to
mouse with Cre driven specifically in thymocytes exhib-
ited clear defects in T-cell development [60]. Clearly,
further experiments are required to reconcile these find-
ings both in lymphocytes and in HSCs.

Hematopoietic stem cell niche

The bone marrow stroma functions to exert a regulatory
effect on HSC self-renewal and differentiation. This
supportive microenvironment has been defined as a
niche in which the stem cells are maintained in their
undifferentiated state. The HSC microenvironment is
composed of a heterogeneous population of cells that
includes fibroblasts, adipocytes, endothelial cells, and os-
teoblasts all derived from a common mesenchymal pre-
cursor [61].

Two recent studies using different genetic approaches
show that increasing the number of osteoblasts in the
niche resulted in a parallel increase in the number of
HSCs. In one study, osteoblasts from transgenic mice
expressing a constitutively active parathyroid hormone
receptor displayed enhanced growth, resulting in a con-
comitant increase in HSCs [62ee]. Further iz vitro ex-
periments demonstrated that stroma from these trans-
genic mice supported HSC function though the Notch
pathway. This finding, together with the fact that cle-
ments of the Notch pathway are upregulated following
Whnt activation of HSCs [54] (Duncan e# 4/., submitted),
suggests the possibility that Wnt-mediated HSC homeo-
stasis might involve increased Notch signaling via the
microenvironment. That osteoblasts provide a niche for
HSCs is supported by data derived from conditional de-
letion of bone morphogenetic protein (BMP) receptor IA
in adult mice, which led to an increase in the trabecular
bone area as well as an increase in the absolute number

Figure 3. Detailed view of HSC interaction with stromal cell components
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of HSCs compared with wild-type mice [63®e]. These
authors also showed that BMP receptor-deficient osteo-
blasts represented a population of spindle-shaped cells
lining the surface of the trabecular bone area and that
HSCs could be found adjacent to these cells. Further-
more N-cadherin and B-catenin were found to be asym-
metrically localized at the osteoblast-HSC junction,
suggesting that these molecules represent important
components of the interaction between stem cells and
their niche. These studies highlight the fact that the
trabecular bone is the primary site where HSCs reside
and that osteoblasts are a critical component of the stem
cell niche. This finding is in accordance with the early
studies that suggested that HSCs may mostly be local-
ized in the endosteal marrow adjacent to the inner sur-
face of bone and that more differentiated cells are found
at the center of the marrow [64,65]. Together, these data
lead to a model (Fig. 2) in which HSCs that lie at the
interface between the trabecular bone and the bone mar-
row may receive a high concentration of self-renewal
cues, and may then migrate inward away from self-
renewal cues as they differentiate, as demonstrated for
Drosophila germ cells [66]. These data also suggest that
Wnt signaling and cadherin-mediated cell adhesion may
be interconnected mechanisms regulating HSC mainte-
nance within the niche itself (Fig. 3). Because it seems
that maintenance of HSC at the niche requires immobi-
lization of B-catenin with cadherin at the junction with
osteoblasts, it is possible that Wnt signaling induces
HSC activation for self-renewal, and that this leads to
relocalization of B-catenin to the cytosol pool, which can
then be used to sustain Wnt signaling.

The influence of Wnt signaling on the
hematopoietic stem cell niche

In addition to its role in regulating HSC self-renewal,
growing lines of evidence suggest that the Wnt signaling
pathway could indirectly modulate HSCs by influencing
the niche as well. Wnt signaling plays an important role
in bone formation, as evidenced by the reduced bone
mass observed in loss-of-function LRP-5 mutations in
both humans and mice [67,68]. Consistent with these
findings, overexpression of an activated form of human
LRP-5 leads to endosteal hyperostosis and increased tra-
becular bone volume [69], suggesting that enhanced Wnt
signaling increases the frequency of osteoblasts. Wheth-
er this expansion of osteoblasts influences HSC fre-
quency remains unknown, because HSC frequency and
function were not specifically examined in these trans-
genic mice. The observed bone phenotype resembles
the one observed in the BMP receptor IA mutant [63ee].
The fact that Wnt and BMP synergize to regulate N-
cadherin expression in chondrocytes [70,71], a lineage
related closely to osteoblasts, suggests that the same sig-
nals may also play a role in generating the N-cadherin-
expressing osteoblast population that supports HSCs in
the niche.

Bone marrow stroma also contains cells of the adipocyte
lineage, and Wnt proteins have been shown to maintain
preadipocytes in an undifferentiated state [72]. Because
increased numbers of mature adipocytes can inhibit he-
matopoiesis [73], it is possible that Wnt also contributes
to the maintenance of the HSC niche by reducing the
frequency of differentiated adipocytes. Because osteo-
blasts and adipocytes are derived from a common mes-
enchymal precursor and loss of bone is accompanied by
an increase in adipose tissue in the bone marrow com-
partment [73], regulation of the ratio of adipocytes to
osteoblasts may be crucial for the development and
maintenance of the HSC niche. Together these iz vivo
and 7z vitro observations suggest that in addition to in-
fluencing HSCs directly, Wnt signaling might also be
involved in the maintenance of the cellular elements of
the stem cell niche.

Conclusion

The Wnt signaling pathway plays an active role in the
maintenance of both HSCs and their niche. Because Wnt
involvement in self-renewal may be a general feature of
stem cells from other systems as well [74,75], it is pos-
sible that Wnt may also influence these lineages through
both direct and indirect mechanisms. In the future, to
understand truly the regulation of stem cell renewal, it
will be critical to elucidate how the varied signals derived
from the niche are integrated to maintain the stem cell
state.

Acknowledgment

The authors apologize to colleagues whose work may not be represented as a
result of space constraints.

References and recommended reading

Papers of particular interest, published within the annual period of review,
are highlighted as:

. Of special interest

o Of outstanding interest

1 Till J, McCulloch E: A direct measurement of the radiation sensitivity of normal
mouse bone marrow cells. Radiat Res 1961, 14.

2 Visser JW, Bauman JG, Mulder AH, et al.: Isolation of murine pluripotent he-
mopoietic stem cells. J Exp Med 1984, 159:1576-1590.

3  Spangrude GJ, Johnson GR: Resting and activated subsets of mouse multi-
potent hematopoietic stem cells. Proc Natl Acad Sci U S A 1990, 87:7433—
7437.

4 Goodell MA, Brose K, Paradis G, et al.: Isolation and functional properties of
murine hematopoietic stem cells that are replicating in vivo. J Exp Med 1996,
183:1797-1806.

5  Osawa M, Hanada K, Hamada H, et al.: Long-term lymphohematopoietic re-
constitution by a single CD34- low/negative hematopoietic stem cell. Sci-
ence 1996, 273:242-245.

6 Adolfsson J, Borge OJ, Bryder D, et al.: Upregulation of Fit3 expression within
the bone marrow Lin(-)Sca1(+)c- kit(+) stem cell compartment is accompa-
nied by loss of self-renewal capacity. Immunity 2001, 15:659-669.

7 Christensen JL, Weissman IL: 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 2001, 98:14541-14546.

8  Spangrude GJ, Heimfeld S, Weissman IL: Purification and characterization of
mouse hematopoietic stem cells. Science 1988, 241:58-62.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

Morrison SJ, Weissman IL: The long-term repopulating subset of hematopoi-
etic stem cells is deterministic and isolatable by phenotype. Immunity 1994,
1:661-673.

Uchida N, Weissman IL: Searching for hematopoietic stem cells: evidence
that Thy-1.1lo Lin- Sca-1+ cells are the only stem cells in C57BL/Ka-Thy-1.1
bone marrow. J Exp Med 1992, 175:175-184.

Dick JE, Bhatia M, Gan O, et al.: Assay of human stem cells by repopulation
of NOD/SCID mice. Stem Cells 1997, 15(suppl 1):199-203. Discussion.
204-207.

Larochelle A, Vormoor J, Hanenberg H, et al.: Identification of primitive human
hematopoietic cells capable of repopulating NOD/SCID mouse bone mar-
row: implications for gene therapy. Nat Med 1996, 2:1329-1337.

Bhatia M, Wang JC, Kapp U, et al.: Purification of primitive human hemato-
poietic cells capable of repopulating immune-deficient mice. Proc Natl Acad
Sci U S A 1997, 94:5320-5325.

Wang JC, Doedens M, Dick JE: Primitive human hematopoietic cells are en-
riched in cord blood compared with adult bone marrow or mobilized periph-
eral blood as measured by the quantitative in vivo SCID-repopulating cell
assay. Blood 1997, 89:3919-3924.

Zanjani ED, Almeida—Porada G, Livingston AG, et al.: Human bone marrow
CD34- cells engraft in vivo and undergo multilineage expression that in-
cludes giving rise to CD34+ cells. Exp Hematol 1998, 26:353-360.

Bhatia M, Bonnet D, Murdoch B, et al.: A newly discovered class of human
hematopoietic cells with SCID-repopulating activity. Nat Med 1998, 4:1038-
1045.

Goodell MA, Rosenzweig M, Kim H, et al.: Dye efflux studies suggest that
hematopoietic stem cells expressing low or undetectable levels of CD34 an-
tigen exist in multiple species. Nat Med 1997, 3:1337-1345.

Verfaillie CM, Almeida—Porada G, Wissink S, et al.: Kinetics of engraftment of
CD34(-) and CD34(+) cells from mobilized blood differs from that of
CD34(-) and CD34(+) cells from bone marrow. Exp Hematol 2000,
28:1071-1079.

Mayani H, Dragowska W, Lansdorp PM: Lineage commitment in human he-
mopoiesis involves asymmetric cell division of multipotent progenitors and
does not appear to be influenced by cytokines. J Cell Physiol 1993,
157:579-586.

Fairbairn LJ, Cowling GJ, Reipert BM, et al.: Suppression of apoptosis allows
differentiation and development of a multipotent hemopoietic cell line in the
absence of added growth factors. Cell 1993, 74:823-832.

Bhardwaj G, Murdoch B, Wu D, et al.: Sonic hedgehog induces the prolif-
eration of primitive human hematopoietic cells via BMP regulation. Nat Immu-
nol 2001, 2:172-180.

Varnum-Finney B, Xu L, Brashem-Stein C, et al.: Pluripotent, cytokine-
dependent, hematopoietic stem cells are immortalized by constitutive Notch1
signaling. Nat Med 2000, 6:1278-1281.

Stier S, Cheng T, Dombkowski D, et al.: Notch1 activation increases hema-
topoietic stem cell self-renewal in vivo and favors lymphoid over myeloid lin-
eage outcome. Blood 2002, 99:2369-2378.

Sauvageau G, Thorsteinsdottir U, Eaves CJ, et al.: Overexpression of HOXB4
in hematopoietic cells causes the selective expansion of more primitive popu-
lations in vitro and in vivo. Genes Dev 1995, 9:1753-1765.

Antonchuk J, Sauvageau G, Humphries RK: HOXB4-induced expansion of
adult hematopoietic stem cells ex vivo. Cell 2002, 109:39-45.

Krosl J, Austin P, Beslu N, et al.: In vitro expansion of hematopoietic stem cells
by recombinant TAT-HOXB4 protein. Nat Med 2003, 9:1428-1432.

Amsellem S, Pflumio F, Bardinet D, et al.: Ex vivo expansion of human hema-
topoietic stem cells by direct delivery of the HOXB4 homeoprotein. Nat Med
2003, 9:1423-1427.

Cheng T, Rodrigues N, Shen H, et al.: Hematopoietic stem cell quiescence
maintained by p21cip1/waf1. Science 2000, 287:1804-1808.

Pazianos G, Ugoezwa M, Reya T: The elements of stem cell self-renewal: a
genetic perspective. Biotechniques 2003, 35:1240-1247.

Cadigan KM, Nusse R: Wnt signaling: a common theme in animal develop-
ment. Genes Dev 1997, 11:3286-3305.

Willert K, Brown JD, Danenberg E, et al.: Wnt proteins are lipid-modified and
can act as stem cell growth factors. Nature 2003, 423:448-452.

This is a significant paper reporting for the first time the purification of Wnt proteins
and demonstrating that these secreted signaling factors are lipid modified. The
active form of Wnt is palmitoylated on a conserve cysteine, and this posttransla-
tional modification is critical for its function.

32

33

34

35

36

37

38

39

40

41

42

43

Whnt signaling Rattis et al. 93

Korinek V, Barker N, Morin PJ, et al.: Constitutive transcriptional activation by
a beta-catenin—Tcf complex in APC—/— colon carcinoma. Science 1997,
275:1784-1787.

Morin PJ, Sparks AB, Korinek V, et al.: Activation of beta-catenin—Tcf signal-
ing in colon cancer by mutations in beta-catenin or APC. Science 1997,
275:1787-1790.

Tsukamoto A, Grosschedl R, Guzman R, et al.: Expression of the int-1 gene in
transgenic mice is associated with mammary gland hyperplasia and adeno-
carcinomas in male and female mice. Cell 1988, 55:619-625.

Miller JR: The Wnts. Genome Biol 2002, 3:REVIEWS3001.

Pandur P, Kuhl M: An arrow for wingless to take-off. Bioessays 2001,
23:207-210.

Willert K, Nusse R: B-catenin: a key mediator of Wnt signaling. Curr Opin Gen
Dev 1998, 8:95-102.

Kuhl M, Sheldahl LC, Park M, et al.: The Wnt/Ca2+ pathway: a new vertebrate
Whnt signaling pathway takes shape. Trends Genet 2000, 16:279-283.

Aberle H, Butz S, Stappert J, et al.: Assembly of the cadherin—catenin com-
plex in vitro with recombinant proteins. J Cell Sci 1994, 107:3655-3663.

Hulsken J, Behrens J, Birchmeier W: Tumor-suppressor gene products in cell
contacts: the cadherin—~APC-armadillo connection. Curr Opin Cell Biol
1994, 6:711-716.

Jou TS, Stewart DB, Stappert J, et al.: Genetic and biochemical dissection of
protein linkages in the cadherin—catenin complex. Proc Natl Acad Sci U S A
1995, 92:5067-5071.

Conacci-Sorrell M, Simcha |, Ben-Yedidia T, et al.: Autoregulation of E-
cadherin expression by cadherin—cadherin interactions: the roles of beta-
catenin signaling, Slug, and MAPK. J Cell Biol 2003, 163:847-857.

Jamora C, DasGupta R, Kocieniewski P, et al.: Links between signal trans-
duction, transcription and adhesion in epithelial bud development. Nature
2003, 422:317-322.

This is an elegant study of molecular mechanisms underlying hair follicle morpho-
genesis. The authors demonstrate the concomitant involvement of Wnt and BMP
signaling as stem cells undergo changes of polarity and cell-cell adhesion during
bud formation. Both pathways Wnt and BMP synergize though B-catenin and LEF1
respectively to downregulate E-cadherin expression, allowing cells to detach and
move to form the hair follicle.

44

45

46

47

48

49

50

51

52

Barth Al, Pollack AL, Altschuler Y, et al.. NH2-terminal deletion of beta-
catenin results in stable colocalization of mutant beta-catenin with adenoma-
tous polyposis coli protein and altered MDCK cell adhesion. J Cell Biol 1997,
136:693-706.

Pollack AL, Barth Al, Altschuler Y, et al.: Dynamics of beta-catenin interac-
tions with APC protein regulate epithelial tubulogenesis. J Cell Biol 1997,
137:1651-1662.

Hamada F, Bienz M: A Drosophila APC tumour suppressor homologue func-
tions in cellular adhesion. Nat Cell Biol 2002, 4:208-213.

Yu X, Walltzer L, Bienz M: A new Drosophila APC homologue associated with
adhesive zones of epithelial cells. Nat Cell Biol 1999, 1:144-151.

Nelson WJ, Nusse R: Convergence of Wnt, beta-catenin, and cadherin path-
ways. Science 2004, 303:1483-1487.

Van Den Berg DJ, Sharma AK, Bruno E, et al.: Role of members of the Wnt
gene family in human hematopoiesis. Blood 1998, 92:3189-3202.

Reya T, O'Riordan M, Okamura R, et al.: Wnt signaling regulates B lympho-
cyte proliferation through a LEF-1 dependent mechanism. Immunity 2000,
13:15-24.

Austin TW, Solar GP, Ziegler FC, et al.: A role for the Wnt gene family in
hematopoiesis: expansion of multilineage progenitor cells. Blood 1997,
89:3624-3635.

Hackney JA, Charbord P, Brunk BP, et al.: A molecular profile of a hemato-
poietic stem cell niche. Proc Natl Acad Sci U S A 2002, 99:13061-13066.

This paper provides a broad look at the nature of the stem cell environment by
comparing the gene expression profile of a stromal cell line supporting HSCs ver-
sus a nonsupporting cell line. The resulting database is a useful tool for the scien-
tific community.

52b http://stromalcell.princeton.edu

53

54

Wagner W, Ansorge A, Wirkner U, et al.: Molecular evidence for stem cell
function of the slow dividing fraction among human hematopoietic progenitor
cells by genome wide analysis. Blood 2004.

Reya T, Duncan AW, Ailles L, et al.: A role for Wnt signalling in self-renewal of
haematopoietic stem cells. Nature 2003, 423:409-414.



94 Hematopoiesis

This paper identifies Wnt signaling as a regulator of self-renewal of HSCs in vitro
and in vivo. Specifically it shows that Wnt signaling is utilized by HSCs and that its
activation (through overexpression of constitutively active B-catenin) increases
their long-term repopulating activity in transplants. Additionally, repression of the
Whnt pathway through overexpression of Axin decreases HSC repopulating activity.

55 Murdoch B, Chadwick K, Martin M, et al.: Wnt-6A augments repopulating

e capacity and primitive hematopoietic development of human blood stem cells
in vivo. Proc Natl Acad Sci U S A 20083, 100:3422-3427.

This paper demonstrates the in vivo role of Wnt on regulation of HSC development

and function in humans. This finding may have direct relevance for managing pa-

tients exhibiting poor hematopoietic recovery shortly after stem cell transplantation.

56 Cobas M, Wilson A, Ernst B, et al.: beta-catenin is dispensable for hemato-
e poiesis and lymphopoiesis. J Exp Med 2004, 199:221-229.
This paper shows that conditional deletion of B-catenin does not lead to any de-
tectable defects in the hematolymphoid compartment, suggesting that canonical
Wht signaling is not involved in HSC maintenance. It proposes that -catenin is
sufficient but not required for Wnt to support HSCs self-renewal.

57 van de Wetering M, de Lau W, Clevers H: WNT signaling and lymphocyte
development. Cell 2002, 109(suppl):S13-S19.

58 Reya T: Regulation of hematopoietic stem cell self-renewal. Recent Prog
Horm Res 2003, 58:283-295.

59 Cowin P, Kapprell HP, Franke WW: The complement of desmosomal plaque
proteins in different cell types. J Cell Biol 1985, 101:1442-1454.

60 Xu Y, Banerjee D, Huelsken J, et al.: Deletion of beta-catenin impairs T cell
development. Nat Immunol 2003, 4:1177-1182.

61 Pittenger MF, Mackay AM, Beck SC, et al.: Multilineage potential of adult
human mesenchymal stem cells. Science 1999, 284:143-147.

62 Calvi LM, Adams GB, Weibrecht KW, et al.: Osteoblastic cells regulate the
« haematopoietic stem cell niche. Nature 2003, 425:841-846.

This elegant study provides new insights on the regulation of HSCs in their niche.
The authors demonstrate that parathyroid hormones can stimulate osteoblast cells
to support an enhanced number of HSCs through the Notch pathway.

63 ZhangJ,NiuC, YeL, etal.: Identification of the haematopoietic stem cell niche
e and control of the niche size. Nature 2003, 425:836-841.
This paper identifies osteoblast cells in bone marrow as the niche cells for HSCs.

BMP signaling regulates the number of HSCs through regulating the frequency of
spindle-shaped N-cadherin* osteoblasts.

64 Lord BI, Testa NG, Hendry JH: The relative spatial distributions of CFUs and
CFUc in the normal mouse femur. Blood 1975, 46:65-72.

65 Gong JK: Endosteal marrow: a rich source of hematopoietic stem cells. Sci-
ence 1978, 199:1443-1445.

66 Kiger AA, Jones DL, Schulz C, et al.: Stem cell self-renewal specified by
JAK-STAT activation in response to a support cell cue. Science 2001,
294:2542-2545.

67 Gong Y, Slee RB, Fukai N, et al.: LDL receptor-related protein 56 (LRP5) af-
fects bone accrual and eye development. Cell 2001, 107:513-523.

68 Kato M, Patel MS, Levasseur R, et al.: Cbfa1-independent decrease in osteo-
blast proliferation, osteopenia, and persistent embryonic eye vascularization
in mice deficient in Lrp5, a Wnt coreceptor. J Cell Biol 2002, 157:303-314.

69 Babij P, Zhao W, Small C, et al.: High bone mass in mice expressing a mutant
LRP5 gene. J Bone Miner Res 2003, 18:960-974.

70 Haas AR, Tuan RS: Chondrogenic differentiation of murine C3H10T1/2 mul-
tipotential mesenchymal cells: Il. Stimulation by bone morphogenetic pro-
tein-2 requires modulation of N-cadherin expression and function. Differen-
tiation 1999, 64:77-89.

71 Fischer L, Boland G, Tuan RS: Wnt-3A enhances bone morphogenetic pro-
tein-2-mediated chondrogenesis of murine C3H10T1/2 mesenchymal cells. J
Biol Chem 2002, 277:30870-30878.

72 Ross SE, Hemati N, Longo KA, et al.: Inhibition of adipogenesis by Wnt sig-
naling. Science 2000, 289:950-953.

73 Pittenger MF, Marshak DR: Mesenchymal stem cells of humans adults bone
marrow. Edited by Marshak DR, Gardner RL, Gottlieb D. Cold Spring Harbor
Laboratory Press; 2001.

74 Korinek V, Barker N, Moerer P, et al.: Depletion of epithelia stem-cell com-
partments in the small intestine of mice lacking Tcf-4. Nat Genet 1998,
19:1-5.

75 Chenn A, Walsh CA: Regulation of cerebral cortical size by control of cell
cycle exit in neural precursors. Science 2002, 297:365-369.



