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Abstract Wnt signaling plays important roles in stem cell
self-renewal and differentiation in adults as well as in
embryonic development. Mutations that activate canonical
Wnt/β-catenin signaling also initiate and maintain several
cancer states, including colorectal cancer and leukemia, and
henceWnt inhibitors are currently being explored as therapeu-
tic options. In this review, we summarize previous studies and
update recent findings on canonical Wnt signaling and its
components, as well as their roles in somatic stem cell homeo-
stasis and maintenance of cancer-initiating cells.
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Introduction

Wnts are secreted glycoproteins that playmultiple roles in devel-
opment and adult stem cell homeostasis, andmutations that acti-
vate the canonical Wnt/ß-catenin pathway are commonly

associated with a variety of carcinomas [1, 2].Wnt is a portman-
teau of the names of the founding members of the gene family,
wingless (wg1, a classicalmutant inDrosophila) and int1 (activa-
tion of the int1 gene by viral integration leads to mammary cell
transformation) [3–5]. Wnt signaling regulates proliferation,
specification, and patterning during embryonic development
and regulates the balance between self-renewal and differentia-
tion inembryonic stemcells aswell asmultiple somatic stemcells
including hematopoietic, epidermal, neuronal, mesenchymal,
and intestinal stem cells. TheWnt family inmammals comprises
19 genes encoding secreted glycoproteins that bind to Frizzled
receptors and lipoprotein receptor-related protein (LRP) co-re-
ceptors. The role of the pathway in normal development, somatic
stem cells, and human disease has been extensively reviewed
[6–15] and information is also available in an authoritative
website (http://web.stanford.edu/group/nusselab/cgi-bin/wnt/).
In this review, we briefly summarize the previous studies on
Wnt signaling and present an update on the most recent findings
of the role of Wnt signaling in regulating stem cells and various
disease states.

Canonical Wnt Signaling

The canonical Wnt pathway is a series of double negatives,
but, overall, binding of Wnts at the cell surface stabilizes cy-
tosolic ß-catenin, which translocates to the nucleus to activate
Wnt target gene expression. In the absence of Wnts, ß-catenin
is targeted for proteasomal degradation by a complex of the
scaffold Axin, casein kinase-1 (CK1), glycogen synthase
kinase-3 (GSK-3), and adenomatous polyposis coli (APC)
(Fig. 1). Sequential phosphorylation of ß-catenin by CK1
and GSK-3 leads to ß-TRCP dependent ubiquitylation and
degradation of ß-catenin [16–18]. Additional complexity of
the degradation complex is illustrated at the highly
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informative Wnt homepage referred to above (http://web.
stanford.edu/group/nusselab/cgi-bin/wnt/). Binding of Wnts
to a Frizzled family receptor and its co-receptor LRP5 or
LRP6 causes recruitment of Axin to the membrane, phosphor-
ylation of LRP, and subsequent inhibition of GSK-3-dependent
phosphorylation of ß-catenin. Unphosphorylated β-catenin ac-
cumulates and translocates to the nucleus where it displaces the
transcriptional repressor groucho/transducin-like enhancer of
split (TLE) proteins from TCF/LEF (T-cell factor/lymphoid
enhancer-binding factor) family transcription factors and there-
by activates Wnt target genes [19, 20]. Several mechanisms for
GSK-3 inhibition have been proposed, including rapid dissoci-
ation of APC from the Axin complex (APC enhances GSK-3
activity; dissociation impairs GSK-3 activity) [21, 22], direct
inhibition of GSK-3 by the phosphorylated LRP5/6 C terminus
[23], and sequestration of GSK3 into multivesicular endosomes
[24]. Importantly, phosphorylation of the N terminus of GSK-3,
as seen in response to receptor tyrosine kinase signaling, does
not play a role in canonical Wnt signaling [25–27].

Canonical Wnt/ß-catenin signaling typically induces target
genes that encode feedback inhibitors of the pathway. These
include secreted inhibitors such as Dickkopf 1 (Dkk1) [28]
and intracellular inhibitors such as Axin2 [29] and Naked
[30]. Dkk1 binds directly to LRP5/6 [31] and either inhibits
formation of the ternary complex between LRP5/6, Frizzled,
and Wnt or promotes internalization of LRP5/6 [32]. Wnt
inhibitory factor1 (Wif1) on the other hand binds to and se-
questers Wnts, thereby inhibiting both canonical and non-

canonical signaling pathways [33]. Secreted frizzled-related
proteins (Sfrp) resemble the ligand binding domain of
Frizzleds and hence bind to and similarly sequester Wnts
[34]. Axin2, similar to Axin1, inhibits the pathway by pro-
moting ß-catenin turnover. Naked (naked cuticle) antagonizes
canonical Wnt signaling in Drosophila and Xenopus [30], but
its mechanism of inhibition is not well characterized [35].

Divergent Wnt Pathways

Most of the core components of the canonical Wnt pathway
appear to be borrowed from other pathways, including meta-
bolic regulators (e.g. CK1 and GSK-3), cell adhesion (ß-ca-
tenin), cell and tissue polarity (Frizzled and Disheveled), and
mitotic spindle function (APC, GSK-3). Furthermore, Wnt
signaling pathways can branch at multiple points, from Wnt
interaction with non-canonical receptors to Disheveled, which
regulates alternative pathways, to the Axin/APC complex,
which regulates multiple signaling effectors apart from ß-ca-
tenin. Although the term Bcanonical Wnt signaling^ often im-
plies a ß-catenin-mediated response, this is perhaps more ac-
curately termedWnt/ß-catenin signaling;Wnts can also utilize
Bcanonical^ Wnt/Frizzled signaling through the Axin com-
plex but then diverge from ß-catenin. These divergent path-
ways include the regulation of mitotic spindle polarity in
C. elegans [36], activation of mammalian target of rapamycin
complex 1 (mTORC1) signaling [37], regulation of the Hippo

Fig. 1 a The canonical Wnt/ß-catenin pathway and additional branches
downstream of Axin/GSK-3. In the absence of Wnt (ligand), a
destruction complex consisting of Axin, APC, GSK-3, and CK1
catalyzes sequential phosphorylation of ß-catenin, leading to
ubiquitylation by ß-TRCP ubiquitin ligase and subsequent proteasomal
degradation. Independently of ß-catenin, GSK-3 destabilizes other
proteins that are regulated by Wnt-STOP (Wnt-stabilization of proteins)
signaling and also suppresses mTORC1 and the Hippo pathway effectors

YAP and TAZ. b Upon Wnt binding to Frizzled and LRP co-receptors,
Axin is recruited to LRP and APC dissociates from the complex. GSK-3
phosphorylation of ß-catenin is inhibited; unphosphorylated ß-catenin
accumulates, translocates to the nucleus, and binds to TCF, leading to
Wnt target gene expression. Wnt-mediated inhibition of GSK-3 also
activates mTORC1 (proliferation, growth, translation), YAP/TAZ
(Hippo signaling), and Wnt-STOP (protein stabilization) independently
of but in parallel with ß-catenin
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effectors YAP and TAZ, and the Wnt-STOP pathway, which
regulates protein stability through GSK-3 phosphorylation
[38•] (Fig. 1).

Canonical Wnt signaling inhibits GSK-3 activity [39–41]
and, through GSK-3 inhibition, activates mTORC1 [37].
mTORC1 is a metabolic sensor also known for its regulation
by nutrients and growth factor/receptor tyrosine kinase signal-
ing pathways [42]. mTORC1 is inhibited by an upstream
complex comprising the tuberous sclerosis complex (TSC)
proteins TSC1 and TSC2. GSK-3 phosphorylates TSC2 and
enhances its function. Hence, inhibition of GSK-3 by canon-
ical Wnt signaling impairs TSC function to activate
mTORC1, and this has an important effect on proliferative
responses to canonical Wnt pathway activation, as described
below [43, 44, 45•].

Canonical Wnt signaling also regulates the Hippo pathway,
a highly conserved regulator of organ size. Similar to Wnt/ß-
catenin signaling, Hippo signaling involves inhibition of pro-
tein kinases and stabilization of transcription activators YAP
and TAZ. Although the proposed mechanisms of Wnt regula-
tion differ in detail, as reported by different groups, in general,
YAP/TAZ is destabilized by the Axin/APC complex, in part
by phosphorylation by GSK-3. Thus, similar to ß-catenin,
activation of canonical Wnt signaling or inhibition of GSK-3
stabilizes YAP and TAZ. YAP is required for Wnt/APC-
dependent intestinal tumorigenesis [46•, 47•]. Park et al.
showed that Wnt5a, acting through a non-canonical ROR/G-
protein coupled mechanism, increases YAP/TAZ transcrip-
tion, which then indirectly antagonizes canonical Wnt signal-
ing by inducing secreted pathway inhibitors [48•].

Non-canonical Wnt signaling is a broad term that has been
applied to a variety of pathways that employ Wnts and/or
Frizzleds. The best characterized pathway genetically and
phenotypically is the planar cell polarity pathway, which uses
Frizzleds, Disheveled, and in some organisms, a subgroup of
Wnt genes to control the polarity of cells within a planar
tissue. This review will focus mainly on canonical Wnt sig-
naling; for thorough and thoughtful reviews on non-canonical
signaling see [49, 50].

Wnt Signaling in Stem Cells

Stem cells have two distinct properties: (1) self-renewal: the
ability of stem cells to divide and generate new stem cells and
(2) multilineage potential: the ability to differentiate into dis-
tinct cell types. In many cases, a distinct progenitor population
(also called transit amplifying cells) exists that demonstrates a
high rate of proliferation, early lineage commitment, and loss
of the capacity for long-term self-renewal. These progenitor
cells then give rise to a terminally differentiated cell.
Regulation of this balance between self-renewal and differen-
tiation is central to the maintenance and regeneration of tissues

such as the hematopoietic system, epidermal, mammary, and
gastrointestinal epithelial cells, mesenchymal derivatives, and
specific populations of adult neurons. Canonical Wnt signal-
ing has been strongly implicated in each of these contexts, and
overactivation of Wnt signaling in at least some of these cell
populations is an early step in carcinogenesis.

Embryonic stem cells (ESCs) are derived from the plurip-
otent cells of the inner cell mass of mammalian embryos.
ESCs are selected in cell culture for indefinite self-renewal
and maintenance of pluripotency, the ability to differentiate
into all cells of the embryo and adult organism. ESCs have
provided a powerful in vitro system for studying pluripotency,
lineage specification, and tissue regeneration, as well as for
the generation of genetically engineered animal models.
Pluripotency is maintained in part by expression of
pluripotency factors, Nanog [51], Sox2 [52], and Oct4 [53],
which repress differentiation. Activation ofWnt signaling sus-
tains the expression of these transcription factors maintaining
the pluripotent state of ESCs [54] and supports stem cell ex-
pansion [55]. Knockout of the Wnt antagonists Gsk3a and
Gsk3b (similar but distinct genes that encode GSK-3α and
GSK-3β, respectively) constitutively activates Wnt signaling
and similarly enhances expansion of pluripotent cells that
have limited potential for differentiation unless GSK-3 activ-
ity is restored [27]. These findings led to the use of GSK-3
inhibitors (combined with a MEK inhibitor) to culture mouse
ESCs in the absence of leukemia inhibitory factor (LIF) or
support cells (termed 2i culture) [56].APCmutations similarly
increase β-catenin protein abundance and block differentia-
tion of ESCs [57]. This effect of GSK-3 inhibition and ß-
catenin stabilization may bemediated in part by a novel mech-
anism involving ß-catenin-dependent degradation of TCF3
(encoded by Tcf7l1) [58, 59].

Differentiation of pluripotent stem cells, such as human
ESCs, to different cell types can be achieved by modulating
Wnt/β-catenin signaling at different stages in culture. For ex-
ample, activation of Wnt signaling leads to definitive endo-
derm formation and subsequent inhibition of Wnt signaling is
required for foregut endoderm formation [60]. Reactivation of
Wnt signaling at later stages, combined with inhibition of
TGF-β and Notch signaling, promotes generation of hepato-
cytes [61].

Intestinal stem cells (ISCs) are present in the crypts of the
small intestine and give rise to transit amplifying cells that
ultimately differentiate into enterocyte, goblet cells, Paneth
cells, and cells of enteroendocrine lineage [62]. Intestinal
epithelial cells turnover at a high rate, and individual crypts
generate as many as 200 new cells/day [11]. In the small
intestine, two populations of cells are capable of generating
new cells to populate the crypt: the crypt base columnar
(CBC) cells, an actively cycling Lgr5+ population, and a
reserve stem cell population at the +4 position (marked by
Bmi1 and Hopx), which remains quiescent but is activated
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upon tissue damage [63, 64•]. Wnt3a secreted by neighbor-
ing Paneth cells is an essential niche signal that maintains
the Lgr5+ cells [65]. Wnt3a is localized in the basolateral
plasma membrane of the crypts, is transferred from Paneth
cells to Lgr5+ cells, and is then retained by the Frizzled
receptor. Wnts spread in a stem cell division-dependent man-
ner in the crypt which creates a gradient, regulated by E3
ligases Rnf43/Znrf3 and Wnt signaling agonist, Lgr4–5/R-
Spondin [66]. Similarly, loss of Wnt/β-catenin signaling im-
pairs intestinal homeostasis by causing forced differentiation
of stem cells [67]. Overall, these studies demonstrate the
essential role of canonical Wnt signaling in maintenance of
ISC homeostasis. For a more detailed discussion of Wnt
signaling and intestinal epithelial homeostasis, see a recent
review by Mah et al. [68].

Hematopoietic stem cells (HSCs) form all circulating blood
cells and are capable of life-long self-renewal. Evidence for
canonical Wnt signaling in HSC self-renewal has been well
summarized in previous reviews [11, 69, 70] and includes
evidence that (1) Wnts are expressed in HSCs and in hemato-
poietic stromal cells, (2) Wnt reporters are active in HSCs, (3)
soluble Wnts, including Wnt3a, enhance ex vivo proliferation
of HSCs [11, 71–74], (4) Wnt3a deficiency reduces the num-
ber and reconstitution capacity of fetal liver HSCs [75] and
self-renewal of bone marrow HSCs [72], (5) inhibiting Wnt
signaling impairs HSC proliferation ex vivo [71, 76–78], and
(6) conditional knockout of ß-catenin at an early stage of HSC
development (using vav-cre) impairs competitive repopula-
tion of adult HSCs [9, 79].

However, the role of canonical Wnt signaling in HSC
maintenance has been controversial. Knockout of ß-catenin
and γ-catenin in adult HSCs (with mx1-cre) has no effect on
HSC homeostasis in vivo [76, 80, 81], and overexpression of a
stabilized form of ß-catenin diminishes repopulating activity
and leads to hematopoietic failure in vivo [82, 83], observa-
tions that are difficult to reconcile with a requirement for ca-
nonical Wnt signaling in adult HSC self-renewal, at least for
baseline HSC homeostasis.

However, these negative findings have led to intriguing
counterarguments. An elegant study by the Staal group shows
that the effect of Wnt signaling on HSC function is dosage
dependent. Mild levels of Wnt activation (twofold) enhance
the repopulating capacity of HSCs whereas a further increase
in Wnt activity impairs HSC self-renewal. Intermediate levels
of Wnt activation (fourfold) enhance myeloid differentiation
potential whereas high levels of Wnt activation (22-fold) in-
duce T-cell differentiation potential [84]. Thus, either com-
plete absence or excessively high levels ofWnt activity impair
HSC function [75, 84]. Furthermore, the observations that
HSCs can respond to ectopic Wnt activators indicate that the
signaling machinery is present in HSCs and can function Bon
demand,^ perhaps under stress conditions such as transplant
or radiation-induced injury repair [9].

In addition, we propose here a model that could reconcile
the seemingly contradictory knockout data: Vav-cre deletes ß-
catenin in embryonic HSCs whereas mx1-cre deletes ß-caten-
in in adult HSCs. As Wnt signaling can establish chromatin
architecture at Wnt responsive regulatory elements that can be
maintained epigenetically and read out at later stages [85],
Wnt signaling could be essential for establishing responsive
chromatin architecture during the ontogeny of HSCs that is
maintained in adults and is essential for HSC homeostasis. As
long as ß-catenin dependent chromatin marks deposited dur-
ing development are maintained, ß-catenin may no longer be
required in adult HSCs.

The role of canonical Wnt signaling in HSCs may also be
complicated by the function of ß-catenin independent path-
ways, especially mTORC1. Inhibition of GSK-3, which
mimics Wnt signaling, not only enhances HSC renewal (ß-
catenin dependent) but also leads to an eventual loss of self-
renewing cells due to activation of mTORC1 signaling [43,
44] (mTORC1 activation through loss of Pten also drives lin-
eage commitment and HSC exhaustion [86, 87]). These an-
tagonistic effects of Wnt activation could confound a simple
interpretation of the role of canonical Wnt signaling in HSCs.

This dichotomous signaling activity can be exploited to
improve ex vivo maintenance of HSCs. Thus, HSCs with
long-term marrow repopulating ability can be maintained in
a defined, cytokine-free, serum-free medium using inhibitors
of GSK3 and mTOR [43, 44]. GSK3 inhibitors activate Wnt/
β-catenin signaling, which maintains self-renewal of HSCs.
As GSK-3 inhibition also activates mTORC1, addition of an
mTOR inhibitor (rapamycin) prevents HSC exhaustion while
preserving self-renewal. Valproic acid along with lithium
(GSK3 inhibitor) also increases the repopulating potential of
HSCs by increasing stem cell-related genes and repressing
differentiation-related genes [88]. In zebrafish and murine
HSCs, PGE2 enhances Wnt signaling by regulating the de-
struction of β-catenin in a cAMP/PKA dependent manner
[89]. Pretreatment of human umbilical cord blood with
PGE2 also enhances clinical engraftment in HSC transplants
[90, 91].

Wnt Signaling in Cancer

Aberrant activation of Wnt signaling is associated with mul-
tiple cancers, including colon, breast, hepatocellular, endome-
trial, ovarian, and anaplastic thyroid cancers [1, 92]. The first
mammalian Wnt gene to be identified, int-1/Wnt1, was dis-
covered in an insertional mutagenesis screen for genes that
confer a transformed growth phenotype on mammalian breast
epithelial cells in culture. The subsequent demonstration that
loss of function mutations in APC associated with familial and
sporadic colorectal cancer causes stabilization of ß-catenin
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and activation of Wnt target genes established the Wnt path-
way as key mechanism in carcinogenesis [93].

Familial adenomatous polyposis (FAP) is caused by trun-
cating mutations in the APC gene. Heterozygotes develop
multiple colonic polyps due to loss of heterozygosity that for
unclear reasons favors growth of colonocytes in humans.
Virtually, all patients with FAP will develop colorectal cancer
unless the colon is removed. Somatic truncation mutations are
also found in more than 80 % of sporadic colorectal cancers.
Oncogenic APC mutations cluster in the mutation cluster re-
gion (MCR) and result in premature truncations that delete the
Axin interaction domain and the domain that confers turnover
of ß-catenin. These truncating mutations cause stabilization of
ß-catenin and constitutive activation of Wnt target genes.
Conversely, overexpression of a region that only contains
the ß-catenin regulatory and Axin interaction domains of
APC is sufficient to reduce ß-catenin protein levels, Wnt target
gene expression, and multiple APC loss of function pheno-
types in vivo [94–96]. Of the ~20 % of sporadic colorectal
cancers (CRCs) that have intact APC genes, many contain
mutations in the N-terminal phosphorylation sites in ß-catenin
that mediate proteosomal degradation, a compelling genetic
argument that APC suppresses intestinal neoplasia through
inhibition of the canonical Wnt/ß-catenin pathway.

A working hypothesis is that aberrant activation of Wnt
signaling in ISCs leads to expansion of ISC-like cells.
Deletion of Apc in Lgr5+ cells leads to tumorigenesis while
deletion in Lgr5− cells does not; although under certain con-
ditions associated with inflammation, Lgr5− cells may be able
to dedifferentiate into Lgr5+ stem cells and then contribute to
neoplastic transformation (as cited in [92]).

APC deletion is not sufficient for carcinogenesis, however.
APC mutations are an early step in neoplasia, leading to in-
creased proliferation and microadenomas, but additional mu-
tations, for example in p53, PTEN, K-Ras, PIK3CA, and
SMAD4 [92], are required for carcinogenesis. Furthermore,
nuclear ß-catenin is reportedly not detectable in early adeno-
mas associated with APC mutations, despite increased
cytosolic ß-catenin [97–99]. While it is possible that the im-
mune detection methods were not sensitive enough to detect
nuclear ß-catenin, it is also possible that an alternative path-
way downstream of APC mediates the early proliferative re-
sponse. For example, mTORC1 is activated by loss of APC,
and this could contribute to the early proliferative response
[45•]. Indeed, mTORC1 inhibitors reduce both size and num-
ber of adenomas in mice bearing truncating mutations in Apc
[100–105]; mTORC1 inhibitors also reverse many of the de-
velopmental defects seen in apc mutant zebrafish [45•].

Two mechanisms for mTORC1 activation by APC muta-
tion have been proposed: mTORC1 is activated by the re-
duced GSK-3 activity associated with loss of APC, as ob-
served in Apcmutant mice, zebrafish [21, 45•], and adenomas
from FAP patients (PSK, unpublished observations). mTOR is

also a Wnt target gene and expression of the kinase is in-
creased by loss of APC [100, 102]. Activation of mTORC1
in the setting of APCmutations suggests an intriguing parallel
between FAP and other familial syndromes that are similarly
associated with mTOR activation, including Peutz-Jeghers
syndrome, Cowden’s syndrome, and tuberous sclerosis.

The Wnt target genes c-Myc and Ccnd1 (encodes cyclin
D1) are important effectors of Wnt dependent proliferation
in CRC cells in vitro and in adenomatous lesions in vivo, as
deletion of c-Myc blocks tumor formation in the setting of Apc
mutations in mice and loss of ccnd1/cyclin D1 (as well as
cyclin D2) reduces the frequency of adenomas [106–109].
As discussed above, the Hippo pathway gene YAP is also
required for intestinal tumorigenesis after Apc disruption.

Wnt Signaling in Leukemia

Acute myeloid leukemia (AML) is a disease affecting white
blood cells causing an abnormal accumulation of myeloid
blasts at the expense of normal blood cells, anemia, thrombo-
cytopenia, and ultimately death in about 40 % of patients.
Activating mutations in canonical Wnt pathway components
are rare in human leukemias and were not described in the
cancer genome atlas (TCGA) analysis of somatic mutations
in AML [110]. However, considerable evidence has accrued
supporting a role for Wnt signaling in AML cells from pa-
tients and in experimental models of acute and chronic mye-
logenous leukemias and myelodyplastic syndromes. Thus, ac-
tivation of the pathway may contribute to leukemia pathogen-
esis as a downstream consequence of known AML-associated
mutations, such as Flt3-ITD or chromatin modifiers, or indi-
rectly through mutations that occur in stromal cells. Here, we
will discuss evidence supporting a role for Wnt signaling in
AML and CML. An in-depth review of the topic can be found
in [69, 70].

Combined overexpression of Hoxa9 andMeis1 in hemato-
poietic stem and progenitor cells (HSPCs) in mice leads to
AML and an associated increase in the level of
unphosphorylated (Bactivated^) ß-catenin in leukemic
granulocyte-macrophage progenitors (L-GMPs). Induction
of AML was blocked by ß-catenin knockout indicating that
ß-catenin is required for this leukemic transformation.
Furthermore, overexpression of Hoxa9 and Meis1 did not in-
duce AML in more committed GMPs unless they were also
co-expressed with a stabilized form of ß-catenin [111, 112].
This work demonstrates the requirement for ß-catenin in an
experimentally induced murine AML; however, ß-catenin al-
so functions in cell adhesion as a binding partner of cadherins,
and further work will be needed to demonstrate that the Wnt/
ß-catenin pathway per se is involved in the pathogenesis of
AML, for example by disrupting other components of the
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pathway, and a requirement for Wnt/ß-catenin signaling in
human AML has not yet been demonstrated.

Flt3-ITD, one of the most common mutations associated
with AML, activates Wnt/ß-catenin signaling in a leukemia
cell line and in primary AML cells [113]. The mechanism
remains unclear but may involve increased expression of
Frizzled-4 and/or ß-catenin protein induced by FLT3-ITD.
Although Flt3-ITD activates AKT, AKT phosphorylation of
GSK-3 does not contribute to canonical Wnt signaling, so an
alternative pathway likely plays a role in this setting.

Kousteni and co-workers elegantly showed that conditional
activation of ß-catenin signaling within the osteoblast lineage
inmice causes clonal expansion of hematopoietic cells leading
to AML (through increased expression of the Notch ligand
Jagged-1 in osteoblasts), along with chromosomal breaks/
translocations analogous to chromosomal translocations fre-
quently observed in human AML. They also found increased
Wnt/ß-catenin signaling in osteoblasts and increased Notch
signaling in hematopoietic cells in patients with MDS or
AML [114•]. These data support a role for Wnt signaling in
niche cells that may have been overlooked in TCGA sequenc-
ing analysis.

Myelodysplasia (MDS) is a clonal hematopoietic disorder
that often progresses to AML. MDS is characterized by
hypercellular bone marrow (in most cases), dysplastic mor-
phology, and reduced peripheral blood counts. The APC gene
is present in a region of human chromosome 5q that is fre-
quently deleted in MDS and in AML. Haploinsufficiency for
Apc in mice increased engraftment in primary transplants but
impaired repopulation in secondary transplants and led to an
MDS/myeloproliferative phenotype [115, 116]. These find-
ings are similar to the effect of GSK-3 inhibition or depletion
in hematopoietic cells. Gsk3 knockdown [43, 44] or condi-
tional knockout [117•] of Gsk3b causes expansion of HSPCs
and an increase in mature granulocytes; complete KO of
Gsk3a and Gsk3b causes a markedly hyperproliferative phe-
notype with increased frequency of blasts in the marrow and
an abundance of mature granulocytes in peripheral blood and
tissues [117•]. The mechanism downstream of GSK-3 in these
settings is in part through Wnt/ß-catenin signaling as well as a
parallel activation ofmTORC1 [43, 44], although contribution
from other effectors of GSK-3 seems likely as well.

Wnt/ß-catenin signaling has also been proposed to play a
role in CML [79, 118], ALL [119], and CLL [69, 70]. For
example, GMPs from patients with CML in blast crisis or
patients with imatinib resistant CML have elevated levels of
unphosphorylated ß-catenin [118]. Furthermore, missplicing
of GSK3Β leading to an in-frame deletion of exons 8 and 9
was observed in 4 of 7 patients with CML in blast crisis. This
misspliced form was also associated with increased ß-catenin
protein levels and enhanced serial engraftment, both of which
were restored to normal levels by overexpression of wild-type
GSK3B [120]. Furthermore, deletion of β-catenin synergizes

with imatinib to delay recurrence of CML [121]. These find-
ings again suggest a correlation between increased ß-catenin
protein and aggressive growth of CML and are consistent with
a role for canonical Wnt/ß-catenin signaling in CML, but ad-
ditional work will be required to prove a requirement for the
Wnt pathway per se, as opposed to other functions of ß-
catenin.

Conclusions

Wnt signaling plays important roles in regulating stem cell
homeostasis in health and disease. New insights into the path-
way have revealed additional complexity to the regulation and
output of the pathway at multiple steps. Our understanding of
the logic of the canonical Wnt pathway, worked out from
genetic and biochemical analyses in diverse model organisms,
has developed from a linear pathway to a branching network
of multiple downstream effectors in addition to, and indepen-
dent of ß-catenin, including mTOR and Hippo signaling.
These new findings indicate that canonical Wnt signaling
comprises multiple pathways, even without considering pla-
nar cell polarity and other non-canonical Wnt pathways.

Dysregulation of the canonical Wnt pathway can be cata-
strophic, as overactivation causes colorectal carcinoma, mul-
tiple other epithelial cancers, and likely plays a significant role
in hematopoietic neoplasms. However, extrinsic modulation
of Wnt signaling also offers an opportunity for therapeutic
interventions, some of which are already in clinical trials.
Inhibition of Wnt signaling is being explored to treat malig-
nancies, and this approach is advancing rapidly as new
Bdruggable^ targets are discovered, including upstream inhib-
itors of Wnt ligand generation and function as well as down-
stream inhibitors of ß-catenin stability. Small molecule control
of Wnt signaling is also at various stages of development for
the promotion of stem cell self-renewal, expansion, and en-
graftment. Even small increases in HSCs in umbilical cord
blood, for example, could revolutionize the clinical use of
HSC transplantation by making this therapeutic modality
available to many more adults in need of stem cell transplants.
Small molecule approaches that maintain stem cell capacity
for self-renewal will also be important factors for ex vivo ma-
nipulation of somatic stem cells, for example to allow genome
editing without concomitant differentiation and loss of long-
term self-renewal during ex vivo manipulations. Hence, fur-
ther studies on how to control the level of Wnts and Wnt
signaling components in primary patient samples will remain
a critical area of future study.
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