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Abstract

Acute myeloid leukemia (AML) is a difficult-to-treat blood cancer. A major
challenge in treating patients with AML is relapse, which is caused by the persis-
tence of leukemia stem cells (LSCs). Self-renewal is a defining property of LSCs
and its deregulation is crucial for re-initiating a new leukemia after chemotherapy.
Emerging therapeutic agents inhibiting aberrant self-renewal pathways, such as
anti-RSPO3 monoclonal antibody discovered in our recent study, present significant
clinical potential that may extend beyond the scope of leukemogenesis. In this
chapter, we provide an overview of normal and malignant hematopoietic stem cells,
discuss current treatments and limitations, and review key self-renewal pathways
and potential therapeutic opportunities in AML.

Keywords: acute myeloid leukemia, leukemia stem cells, self-renewal, signaling,
WNT, B-Catenin, G protein-coupled receptor, GPR84, LGR4, RSPO3, targeted therapy

1. Introduction

AML is a heterogenous clonal disorder characterized by blocked differentiation
and increased proliferation of hematopoietic progenitors. The heterogeneity of AML
can be attributed to diverse driver mutations that may be present in combination with
multiple cells of origin and epigenetic abnormalities [1-3]. The main treatment for
AML is chemotherapy, which kills rapidly dividing leukemic blasts but is ineffective
against quiescent, self-renewing LSCs leading to relapse and poor clinical outcomes.
The discovery of LSCs not only as the origin but also the culprit of therapeutic
resistance in AML is a milestone in our understanding of malignancy and thus
targeting LSCs is a critical and challenging step in developing anticancer therapy [4].
Recent evidence has shown that aberrant activation of self-renewal pathways, such as
WNT/f-catenin and RSPO3-LGR4 pathways, is essential for the initiation and devel-
opment of LSCs [5, 6], unveiling a potential target for curative therapies in AML.

2. Normal and malignant hematopoietic stem cells
2.1 Hematopoietic stem cells

Normal hematopoiesis is a hierarchically organized process where hematopoietic
stem cells (HSCs) can self-renew to produce new copies of themselves via symmetric
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Acute Leukemias

division or differentiate into lineage-committed progenitors via asymmetric division
[7], which ultimately give rise to all blood lineage cells (Figure 1). A tight balance
between self-renewal and differentiation is critical for sustaining the functional
integrity of hematopoiesis, which prevents HSC exhaustion or hematologic malig-
nancies such as leukemia. HSCs preferentially reside in a hypoxic microenviron-
ment within the bone marrow in which they are maintained in a quiescent state

[8]. Quiescence is important to preserve the genetic integrity of HSCs during adult
homeostasis as frequent DNA replication may incur oncogenic mutations. Therefore,
dysregulation of key HSC properties is essential for leukemia initiation as they
enable the accumulation of genetic lesions and promote malignant transformation.

2.2 Leukemia stem cells

The discovery of the first cancer stem cell in AML two decades ago hasled toa
paradigm shift in our understanding of cancer cell biology and the way cancer can
be treated and cured [9]. Cancer stem cells have been subsequently identified in a
variety of tumors. Similar to normal HSCs, LSCs are a subpopulation of leukemic
cells, which reside at the apex of a malignant hierarchy and possess the ability to
self-renew and to differentiate into non-LSC bulk blasts [10]. LSCs with unlimited
self-renewal capacity and chemoresistance are responsible for disease initiation and
progression and are believed to be the root cause of cancer relapse. It was initially
hypothesized that only HSCs could undergo malignant transformation into LSCs
due to their inherent ability to self-renew. However, the study of acute promyeloid
leukemia (APML), a subset of AML, showed that committed progenitors might
be capable of developing into LSCs. The APML-associated fusion gene PML/
retinoic acid receptor-a (RARA), resulting from the t(15, 17) balanced reciprocal
translocation, was present in CD34-CD38+ cell population but not in CD34+CD38-
cell population [11]. As APML only represents a unique subset of AML, further
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Hievarchical organization of normal hematopoiesis. HSCs ave categorized as long-term HSCs, which are

highly self-renewing cells that last a lifespan, and short-term HSCs that self-venew for a limited period and
differentiate into multipotent progenitor (MPP). MPP diffeventiates further into lineage-vestricted progenitors
including common lymphoid progenitor (CLP) and common myeloid progenitor (CMP) from which all mature
blood cells arise. NK, natuval killer.
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studies looked at mixed-lineage leukemia (MLL) fusion proteins and isolated cell
populations of committed progenitors with MLL fusion mutations to examine

their leukemogenesis potential. By injecting sublethally irradiated mice with the
aforementioned cell population, leukemogenesis was observed and thus the ectopic
renewal of genes in committed progenitors associated with self-renewal is a definite
possibility [12, 13]. The cancer stem cell model implies that eradication of LSCs is
crucial for developing relapse-free therapies and to achieve a long-term remission in
AML. However, eradication of LSCs remains a hefty challenge, whose difficulty lies
in the therapeutic targeting of key oncogenic pathways driving LSC formation and
maintenance without affecting normal adult HSCs and hematopoiesis.

3. Cause of chemotherapy failure: leukemia stem cells

Chemotherapy remains the first line treatment for AML, which has been
relatively unchanged since its inception more than four decades ago. The chemo-
therapy drugs often used for AML treatment are a combination of cytarabine and
an anthracycline drug such as daunorubicin. Insufficient inhibition of quiescent
LSCs may be the culprit behind the failure of chemotherapy for the treatment
of AML. Similar to their normal HSC counterpart, most LSCs remain quiescent
or in the GO phase of the cell cycle [14, 15]. This proves challenging as chemo-
therapy only interferes with DNA replication via DNA polymerase inhibition
(e.g. cytarabine) or with DNA restructuring via topoisomerase II inhibition (e.g.
daunorubicin) to induce apoptotic cell death in actively replicating cells [16, 17]. It
is noted that LSCs can retain chemoresistant adaptations present in HSCs such as
expression of P-glycoprotein, an efflux pump that may export chemotherapeutic
agents and is associated with multidrug resistance and poor disease outcomes
[18]. Consequently, most chemotherapy-induced cell deaths occur within leuke-
mic blasts rather than in LSCs. Thus, the residual disease within patients is often
characterized by the subpopulation of LSCs which are often quiescent and resis-
tant to conventional chemotherapy leading to relapse (Figure 2A). This highlights
the need for stem cell-targeted therapies so that the subpopulation of LSCs can be
eliminated allowing for long-term remission (Figure 2B).
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4. Self-renewal signaling in leukemia stem cells

Self-renewal is a key property of LSCs and its deregulation is responsible for
leukemia initiation and progression, which could be targeted for LSC eradication.
Several pathways controlling LSC self-renewal have been identified in AML, such
as WNT/B-catenin signaling and G protein-coupled receptors including GPR84 and
LGR4 [5, 6, 19, 20].

4.1 WNT/B-catenin signaling pathway

p-catenin was first associated with colon cancer almost thirty years ago via its inter-
action with adenomatous polyposis coli (APC) [21, 22]. It later became evident that the
canonical WNT/B-catenin pathway is dysregulated in various cancers, including AML
[23, 24]. We and others have demonstrated that aberrant activation of WNT/B-catenin
signaling contributes to the transformation of normal HSCs into LSCs [5, 25]. Our
studies show that WNT/f-catenin signaling pathway is required for self-renewal of
LSCs derived from either normal HSCs or lineage-committed progenitors in AML [5].

The WNT/p-catenin pathway was initially explored in normal HSCs (Figure 3).
Constitutive activation of p-catenin results in an increase in the number of HSCs in vitro
[26]. However, in vivo studies challenge the i vitro observation, where the conditional
deletion of B-catenin in adult HSCs does not cause the self-renewal defect in mice [27].
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Figure 3.

Schematic diagram of the canonical WNT/B-catenin signaling pathway. In the OFF state, defined by the
absence of a WNT ligand, B-catenin is vepressed via a destruction complex composed of APC, scaffold protein
Axin, glycogen synthase kinase 3 (GSK3) and casein kinase 1 (CK1) that phosphorylates p-catenin leading to
its proteasomal degradation [28-30]. In the ON state, a WNT ligand binds to the receptor complex consisting
of lipoprotein receptor-velated proteins 5 and 6 (LRP5/6) and frizzled veceptors (FZD), which recruits the
destruction complex, leading to inhibition of p-catenin phosphorylation and thevefore ensuring nuclear
translocation and the subsequent accumulation of active B-catenin [31].
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On the other hand, several lines of evidence including our own have demonstrated
the importance of WNT/f-catenin pathway in regulation of LSC self-renewal in AML
[5, 25]. Our studies have shown that deletion of p-catenin impairs LSC function and
blocks AML progression in mice [5]. f-catenin can promote leukemogenesis through
cooperation with homeobox (HOX) oncoproteins in HSCs [5]. Conversely, lack of
endogenous B-catenin in lineage-committed progenitors limits the ability of HOX genes
to efficiently transform the progenitor cells [5]. Despite the recognized importance,
treatments directly targeting WNT/B-catenin pathway have been elusive, mainly due
to our limited understanding of precise mechanisms of the pathway and lack of key
druggable molecules involved in driving constitutive activation of the pathway.

Of note, while aberrant activation of -catenin frequently occurs in human
LSCs [25, 32] and is associated with poor patient outcomes in AML [33], increased
expression of WNT proteins has not been observed. This suggests that aberrant
activation of WNT/f-catenin signaling in AML may require other developmental
signaling molecules that function as agonists.

4.2 G protein-coupled receptors serving as modulators of WNT/f-catenin
signaling

G protein-coupled receptors (GPCRs) are a large superfamily of cell surface
signaling proteins that bind extracellular ligands to transduce signals into cells via
heterotrimeric G proteins [20]. GPCRs can act as modulators of WNT/f-catenin
signaling and have a critical role in embryonic development and stem cell mainte-
nance [20, 34, 35]. Dysregulation of GPCRs have detrimental consequences includ-
ing malignant transformation and have emerged as crucial players in promoting
tumor growth and metastasis [6, 19, 20].

The mechanism of action of GPCRs when stimulated by an appropriate ligand
(or agonist) is understood in conjunction with its interaction with the G protein
heterotrimer, which contains a, f and y subunits. Ligands binding to GPCRs stimulate
conformational changes within the receptor causing the Goa subunit to exchange bound
guanosine diphosphate (GDP) for guanosine-5'-triphosphate (GTP). This step is key
to the activation of the G protein as it causes the dissociation between the o subunit
and the Py subunit [36]. Each of the G protein subunits is responsible for several down-
stream effects. The Ga subunits have been classified into four families: Goy, Goig, Gty
and Goyy/13 each with a distinct function. Typically, Gag and Go; moderate cyclic AMP
(cAMP) levels by stimulating or inhibiting adenylyl cyclase respectively [37]. Goys
typically activates the Rho family of GTPases and Go, stimulates phospholipase Cp
(PLCB), leading to activation of intracellular Ca” [20]. The py dimer subunits activate
downstream signaling partners such as Src, phospholipase C, adenylyl cyclase, phos-
phodiesterases and ion channels [36]. Aberrant activation of GPCRs has a profound
effect on many cellular processes and may ultimately lead to malignant progression.

Although therapeutic targeting of GPCR signaling pathways in non-cancer
disease is not a new phenomenon, our limited understanding of the role played
by these receptors in tumorigenesis has hindered the development of therapeutic
approaches for cancer treatment.

4.2.1 G protein-coupled receptor 84

G protein-coupled receptor 84 (GPR84) is often described as a pro-inflammatory
receptor. We have documented a crucial role for GPR84 in sustaining LSC self-
renewal through positive regulation of §-catenin signaling in established AML [19].
Overexpression of GPR84 augments activation of f-catenin and its transcriptional
co-factors TCF7L2 and c-FOS, and positively modulates a subset of genes associated
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with WNT activation and iz vivo dissemination as well as oncogenic potential of
AML cells. On the other hand, GPR84 depletion impairs LSC function and inhibits
the development of an aggressive and drug-resistant subtype of AML. The GPR84-
deficient phenotype is dependent on f$-catenin status as the restoration of f-catenin
activation is capable of rescuing the functional defeat [19]. In addition, levels of
GPR84 expression are significantly upregulated in human and mouse AML LSCs
compared with normal HSCs, thus providing a therapeutic window to selectively
target LSCs while sparing normal HSCs [19, 38]. These observations demonstrate

a strong rationale for inhibiting GPCR/f-catenin signaling as a novel therapeutic
strategy to target drug-resistant malignant stem cells in cancer.

GPR84 is also implicated in pro-inflammatory and fibrotic processes due to its
action in macrophages, fibroblasts/myofibroblasts, and epithelial cells [39, 40]. Whilst
the precise mechanism of action is unclear, GPR84 antagonist GLPG1205 has been
developed to treat idiopathic pulmonary fibrosis patients in a phase II clinical trial
(NCTO03725852). However, the efficacy of GLPG1205 in AML is yet to be investigated.

4.2.2 Leucine-rich repeat-containing G protein-coupled receptor 4

Leucine-rich repeat-containing G protein-coupled receptor 4 (LGR4) is another
GPCR that we have recently reported to act as a positive modulator of WNT/B-catenin
signaling in AML initiation and progression [6]. The cell of origin determines the
dependence of LSCs on LGR4 signaling. LSCs derived from HSCs depend primarily
on LGR4 signaling for self-renewal and the establishment of an aggressive phenotype
in mice; conversely, LSCs derived from lineage-committed progenitors only reveal a
partial dependency on LGR4 signaling [6]. LSCs derived from different cellular origins
may utilize distinct endogenous signaling mechanisms driving tumorigenesis, where
LGR4 in HSC-derived LSCs relays signals via coupling to Ga to upregulate WNT/
self-renewal target genes but LGR4 in progenitor-derived LSCs signals through Gay
to potentiate WN'T/B-catenin activation [6, 41]. The origin-dependent difference in
pathway requirements contributes to the heterogeneity of an LSC pool within a tumor.

The mechanism underlying the enhanced aggressive leukemia phenotype
associated with elevated LGR4 may involve functional cooperation between LGR4
and HOXA9 in LSCs [6]. High level of HOXA9 expression is a characteristic feature
of AML, including cases with MLL rearrangements, and is associated with poor
patient outcome [42]. Enforced expression of HOXA9/MEISI1 transforms normal
HSC-enriched cells where B-catenin is often active, but cannot fully transform com-
mitted progenitors that inherently lack f-catenin activity and self-renewal ability
[5]. This indicates an indispensable requirement for f-catenin activation in HOXA9-
mediated transformation. Consistent with the role of LGR4 as an essential upstream
effector of B-catenin signaling, we uncover that LGR4 cooperates with HOXA9/
MEIS1 in HSC-enriched cells contributing to a highly tumorigenic phenotype char-
acteristic of MLL-rearranged AML in mice. Thus, functional cooperation between
LGR4 activation and a HOXA9 gene expression program drives LSC self-renewal
and leukemogenesis in AML [6].

4.2.3 Therapeutic targeting of LGR4-RSPO3 signaling

The LGR family members (e.g. LGR4) have been identified as receptors for
R-spondin (RSPO) proteins [43]. RSPOs function as WNT agonists [44] that syner-
gize with low levels of WNT to potentiate f-catenin activation [45, 46]. An important
feature of RSPOs is their coexpression with and dependence on WNT ligands during
mouse development where RSPO expression is reduced by the double knockout of
WNT1 and WNT3 [47], and the RSPO activity is inhibited by depletion of WNT?3
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Figure 4.
Schematic diagram describing RSPO2/RSPO3-mediated augmentation of the canonical WNT/B-catenin
signaling through an LGR4-dependent mechanism in HOXA9-dependent AML [6].

[46, 48] or WNT antagonists (i.e. DKK1) [49]. Although all four RSPO proteins
(RSPO1-4) augment WNT/B-catenin signaling, RSPO2 and RSPO3 appear more
effective than RSPO1, and RSPO4 is relatively inactive [50]. RSPO3 is prominently
expressed in hematopoietic organs [51]. Our study has demonstrated that RSPO2 and
RSPO3 can serve as stem cell growth factors to block differentiation and promote
proliferation of primary AML patient blasts, and are capable of potentiating f-catenin
activation in AML LSCs via an LGR4-dependent mechanism (Figure 4) [6].

The link between RSPO-LGR4 and WNT/f-catenin pathway has opened a new
opportunity to specifically target key self-renewal signaling for LSC eradication. We
have discovered that RSPO3-LGR4 pathway can be effectively inhibited by a clinical-
grade anti-RSPO3 monoclonal antibody (rosmantuzumab), which disrupts the RSPO3-
LGR4 interaction and abrogates leukemia-initiating capacity of patient-derived
LSCs without affecting the healthy stem cell compartment [6]. Rosmantuzumab has
proven to be safe and well tolerated in Phase I clinical trials conducted on patients with
advanced solid tumors [52]. While the therapeutic efficacy of anti-RSPO3 antibody
will need further preclinical validation in a large number of patient-derived xenograft
models with different mutational profiles, these findings indicate differential depen-
dence of normal and malignant stem cells on RSPO-LGR4 signaling and underline a
therapeutic opportunity for selective targeting of AML LSCs.

5. Limitations of current studies

As our understanding of cancer continues to grow, we increasingly realize it to
be a myriad of heterogenous diseases that defy simple classifications and AML is
no exception. As a result, current studies tend to focus on specific tumor markings
or specific genes present within tumors. Even within the subgroup of LSCs, there
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exists multiple unique pathways that may work together to achieve a tumorigenic
effect. In this regard, the notion of having a single drug to treat AML is archaic.
The development of novel therapeutic agents is therefore necessary in order to treat
an array of aberrant pathways. Thus, future research must not only focus on the
effectiveness of treatment, but also how they relate to specific patient factors.

6. Conclusion

The discovery of LSCs has resulted in a paradigm shift in our understanding of
leukemia biology and the way we treat AML. LSCs play a significant part in the origin,
drug resistance and relapse of leukemia. In recent years, researchers have shed light
on this elusive subpopulation of cells by uncovering the cellular pathways that drive
the action of LSCs. Pathways such as Wnt/f-catenin and GPCR signaling are not only
vital in our understanding of LSC biology but are also critical in providing avenues for
the development of effective therapeutics. Currently there are some promising agents
in clinical and pre-clinical trials. In the future these agents may constitute combina-
tion therapies personalized to a patient’s genetic profile. As our knowledge of the
precise mechanisms behind LSCs improves, the future of research lies in developing
novel targeted therapies that obsolete the single use of chemotherapy in AML.

Acknowledgements

The authors acknowledge the financial support from NHMRC (APP1128824)
and Tour de Cure Senior Research Grants (RSP-024-2018, RSP-148-18/19, and
RSP-187-19/20) as well as grant 1165516 awarded through the 2018 Priority-driven
Collaborative Cancer Research Scheme and co-funded by Cancer Australia and
Leukemia Foundation of Australia.

Conflict of interest

The authors declare no conflict of interest.

Author details

Jonason Yang, Nunki Hassan, Sheng Xiang Franklin Chen, Jayvee Datuin

and Jenny Y. Wang*

Cancer and Stem Cell Biology Group, Children’s Cancer Institute, Lowy Cancer
Research Centre, University of New South Wales, Sydney, Australia

*Address all correspondence to: jennywang@unsw.edu.au

IntechOpen

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.



Self-Renewal Pathways in Acute Myeloid Leukemia Stem Cells

DOI: http://dx.doi.org/10.5772/intechopen.94379

References

[1] Li S, Mason CE, Melnick A.
Genetic and epigenetic heterogeneity
in acute myeloid leukemia. Current

Opinion in Genetics & Development.
2016;36:100-6.

[2] O'Brien E, Prideaux S, Chevassut T.
The Epigenetic Landscape of Acute
Myeloid Leukemia. Advances in
hematology. 2014;2014:103175.

[3] Liersch R, Muller-Tidow C,
Berdel WE, Krug U. Prognostic factors
for acute myeloid leukaemia in adults--

biological significance and clinical use.
Br ] Haematol. 2014;165(1):17-38.

[4] Ishikawa F, Yoshida S, Saito Y,
Hijikata A, Kitamura H, Tanaka S,
et al. Chemotherapy-resistant
human AML stem cells home to and
engraft within the bone-marrow

endosteal region. Nat Biotechnol.
2007;25(11):1315-21.

[5] Wang Y, Krivtsov AV, Sinha AU,
North TE, Goessling W, Feng Z, et al.
The Wnt/beta-catenin pathway is
required for the development of
leukemia stem cells in AML. Science.

2010;327(5973):1650-3.

[6] Salik B, Yi H, Hassan N,
Santiappillai N, Vick B, Connerty P,

et al. Targeting RSPO3-LGR4 Signaling
for Leukemia Stem Cell Eradication in
Acute Myeloid Leukemia. Cancer cell.

2020;38(2):263-78.

[7] Yamamoto R, Moritay,

Ooehara J, Hamanaka S, Onodera M,
Rudolph KL, et al. Clonal analysis
unveils self-renewing lineage-
restricted progenitors generated

directly from hematopoietic stem cells.
Cell. 2013;154(5):1112-26.

[8] Eliasson P, Jonsson JI. The
hematopoietic stem cell niche: low in

oxygen but a nice place to be. ] Cell
Physiol. 2010;222(1):17-22.

9

[9] Dick JE. Stem cell concepts
renew cancer research. Blood.
2008;112(13):4793-807.

[10] Bonnet D, Dick JE. Human acute
myeloid leukemia is organized as

a hierarchy that originates from a
primitive hematopoietic cell. Nat Med.
1997;3(7):730-7.

[11] Turhan A, Lemoine F, Debert C,
Bonnet M, Baillou C, Picard F, et al.
Highly purified primitive hematopoietic
stem cells are PML-RARA negative

and generate nonclonal progenitors in
acute promyelocytic leukemia. Blood.

1995;85(8):2154-61.

[12] Cozzio A, Passegue E, Ayton PM,
Karsunky H, Cleary ML, Weissman IL.
Similar MLL-associated leukemias
arising from self-renewing stem

cells and short-lived myeloid
progenitors. Genes & development.
2003;17(24):3029-35.

[13] Krivtsov AV, Twomey D, Feng Z,
Stubbs MC, Wang Y, Faber J, et al.
Transformation from committed
progenitor to leukaemia stem cell
initiated by MLL—AF9. Nature.
2006;442(7104):818-22.

[14] Chan WI, Huntly BJ. Leukemia stem
cells in acute myeloid leukemia. Semin
Oncol. 2008;35(4):326-35.

[15] Saito Y, Uchida N, Tanaka S,
Suzuki N, Tomizawa-Murasawa M,
Sone A, et al. Induction of cell cycle
entry eliminates human leukemia stem
cells in a mouse model of AML. Nature
biotechnology. 2010;28(3):275-80.

[16] Murry DJ, Blaney SM. Clinical
Pharmacology of Encapsulated
Sustained-Release Cytarabine. Annals of
Pharmacotherapy. 2000;34(10):1173-8.

[17] Murphy T, Yee KWL. Cytarabine
and daunorubicin for the treatment



Acute Leukemias

of acute myeloid leukemia. Expert
Opinion on Pharmacotherapy.
2017;18(16):1765-80.

[18] Chaudhary PM, Roninson IB.
Expression and activity of P-glycoprotein,
a multidrug efflux pump, in human

hematopoietic stem cells. Cell.
1991;66(1):85-94.

[19] Dietrich PA, Yang C, Leung HH,
Lynch JR, Gonzales E, Liu B, et al.
GPRS84 sustains aberrant beta-catenin
signaling in leukemic stem cells for

maintenance of MLL leukemogenesis.
Blood. 2014;124(22):3284-94.

[20] Lynch JR, Wang JY. G Protein-
Coupled Receptor Signaling in Stem
Cells and Cancer. Int ] Mol Sci.
2016;17(5):707.

[21] Su LK, Vogelstein B,

Kinzler KW. Association of the APC
tumor suppressor protein with catenins.
Science. 1993;262(5140):1734-7.

[22] Rubinfeld B, Souza B, Albert],
Muller O, Chamberlain SH, Masiarz FR,
et al. Association of the APC gene
product with beta-catenin. Science.

1993;262(5140):1731-4.

[23] Clements WM, Wang ],

Sarnaik A, Kim OJ, MacDonald J,
Fenoglio-Preiser C, et al. beta-Catenin
mutation is a frequent cause of Wnt

pathway activation in gastric cancer.
Cancer Res. 2002;62(12):3503-6.

[24] Dahmen RP, Koch A, Denkhaus D,
Tonn JC, Sorensen N, Berthold F, et al.
Deletions of AXIN1, a component

of the WNT/wingless pathway, in
sporadic medulloblastomas. Cancer Res.
2001;61(19):7039-43.

[25] Yeung ], Esposito MT,

Gandillet A, Zeisig BB, Griessinger E,
Bonnet D, et al. beta-Catenin mediates
the establishment and drug resistance of
MLL leukemic stem cells. Cancer Cell.
2010;18(6):606-18.

10

[26] Reya T, Duncan AW, Ailles L,
Domen J, Scherer DC, Willert K, et al.
A role for Wnt signalling in self-renewal
of haematopoietic stem cells. Nature.

2003;423(6938):409-14.

[27] Cobas M, Wilson A, Ernst B,
Mancini SJ, MacDonald HR, Kemler R,
et al. Beta-catenin is dispensable for
hematopoiesis and lymphopoiesis.

The Journal of experimental medicine.
2004;199(2):221-9.

[28] Minde DP, Radli M, Forneris F,
Maurice MM, Riidiger SGD. Large
extent of disorder in Adenomatous
Polyposis Coli offers a strategy to guard
Wht signalling against point mutations.
PloS one. 2013;8(10):e77257-¢.

[29] Minde DP, Anvarian Z, Riidiger SG,
Maurice MM. Messing up disorder: how
do missense mutations in the tumor

suppressor protein APC lead to cancer?
Molecular cancer. 2011;10:101-.

[30] Giles RH, van Es JH,

Clevers H. Caught up in a Wnt storm:
Wht signaling in cancer. Biochim
Biophys Acta. 2003;1653(1):1-24.

[31] Griffin JN, del Viso F,

Duncan AR, Robson A, Hwang W,
Kulkarni S, et al. RAPGEF5 Regulates
Nuclear Translocation of p-Catenin.
Developmental Cell. 2018;44(2):
248-60.e4.

[32] Majeti R, Becker MW, Tian Q,

Lee TL, Yan X, LiuR, et al. Dysregulated
gene expression networks in human
acute myelogenous leukemia stem

cells. Proc Natl Acad Sci U S A.
2009;106(9):3396-401.

[33] Ysebaert L, Chicanne G,
Demur C, De Toni F, Prade-
Houdellier N, Ruidavets JB, et al.
Expression of beta-catenin by acute
myeloid leukemia cells predicts
enhanced clonogenic capacities

and poor prognosis. Leukemia.
2006;20(7):1211-6.



Self-Renewal Pathways in Acute Myeloid Leukemia Stem Cells

DOI: http://dx.doi.org/10.5772/intechopen.94379

[34] Papayannopoulou T, Priestley GV,
Bonig H, Nakamoto B. The role of
G-protein signaling in hematopoietic
stem/progenitor cell mobilization.
Blood. 2003;101(12):4739-47.

[35] Layden BT, Newman M,
Chen F, Fisher A, Lowe WL, Jr. G
protein coupled receptors in embryonic

stem cells: a role for Gs-alpha signaling.
PLoS One. 2010;5(2):e9105.

[36] Bar-Shavit R, Maoz M,

Kancharla A, Nag JK, Agranovich D,
Grisaru-Granovsky S, et al. G Protein-
Coupled Receptors in Cancer.

International journal of molecular
sciences. 2016;17(8):1320.

[37] Taussig R, Ifiiguez-Lluhi JA,
Gilman AG. Inhibition of adenylyl
cyclase by Gi alpha. Science.
1993;261(5118):218-21.

[38] Saito Y, Kitamura H, Hijikata A,
Tomizawa-Murasawa M, Tanaka S,
Takagi S, et al. Identification of
therapeutic targets for quiescent,
chemotherapy-resistant human
leukemia stem cells. Sci Trans]l Med.
2010;2(17):17ra9.

[39] Gagnon L, Leduc M, Thibodeau J-F,
Zhang M-Z, Grouix B, Sarra-Bournet F,
et al. A Newly Discovered Antifibrotic
Pathway Regulated by Two Fatty

Acid Receptors: GPR40 and GPR84.
The American Journal of Pathology.
2018;188(5):1132-48.

[40] Recio C, Lucy D, Purvis GSD,

Iveson P, Zeboudj L, Igbal A, et al.
Activation of the Immune-Metabolic
Receptor GPR84 Enhances Inflammation
and Phagocytosis in Macrophages.
Frontiers in immunology. 2018;9:1419-.

[41] Lynch JR, Yi H, Casolari DA,

Voli F, Gonzales-Aloy E, Fung TK,

et al. Gaq signaling is required for the
maintenance of MLL-AF9-induced

acute myeloid leukemia. Leukemia.
2016;30(8):1745-8.

11

[42] Golub TR, Slonim DK, Tamayo P,
Huard C, Gaasenbeek M, Mesirov JP,

et al. Molecular classification of cancer:
class discovery and class prediction by

gene expression monitoring. Science.
1999;286(5439):531-7.

[43] Carmon KS, Gong X, Lin Q,
Thomas A, Liu Q. R-spondins function
as ligands of the orphan receptors LGR4
and LGRS to regulate Wnt/beta-catenin
signaling. Proceedings of the National
Academy of Sciences of the United
States of America. 2011;108(28):11452-7.

[44] Kazanskaya O, Glinka A, del Barco
Barrantes I, Stannek P, Niehrs C, Wu W.
R-Spondin?2 is a secreted activator of
Whnt/beta-catenin signaling and is

required for Xenopus myogenesis. Dev
Cell. 2004;7(4):525-34.

[45] Hao HX, Xie Y, Zhang Y,

Charlat O, Oster E, Avello M, et al.
ZNRF3 promotes Wnt receptor turnover
in an R-spondin-sensitive manner.

Nature. 2012;485(7397):195-200.

[46] Binnerts ME, Kim KA, Bright JM,
Patel SM, Tran K, Zhou M, et al.
R-Spondinl regulates Wnt signaling
by inhibiting internalization of

LRP6. Proc Natl Acad Sci US A.
2007;104(37):14700-5.

[47] Kamata T, Katsube K,

Michikawa M, Yamada M, Takada S,
Mizusawa H. R-spondin, a novel gene
with thrombospondin type 1 domain,
was expressed in the dorsal neural tube
and affected in Wnts mutants. Biochim
Biophys Acta. 2004;1676(1):51-62.

[48] Nam JS, Turcotte TJ, Smith PF,
Choi S, Yoon JK. Mouse cristin/R-
spondin family proteins are novel
ligands for the Frizzled 8 and LRP6
receptors and activate beta-catenin-

dependent gene expression. ] Biol
Chem. 2006;281(19):13247-57.

[49] Wei Q, Yokota C, Semenov MV,
Doble B, Woodgett J, He X. R-spondin1



Acute Leukemias

is a high affinity ligand for LRP6 and
induces LRP6 phosphorylation and
beta-catenin signaling. ] Biol Chem.
2007;282(21):15903-11.

[50] Kim KA, Wagle M, Tran K, Zhan X,
Dixon MA, Liu S, et al. R-Spondin
family members regulate the Wnt

pathway by a common mechanism. Mol
Biol Cell. 2008;19(6):2588-96.

[51] Kazanskaya O, Ohkawara B,
Heroult M, Wu W, Maltry N,
Augustin HG, et al. The Wnt signaling
regulator R-spondin 3 promotes
angioblast and vascular development.
Development. 2008;135(22):3655-64.

[52] Bendell J, Eckhardt GS,

Hochster HS, Morris VK, Strickler J,
Kapoun AM, et al. Initial results from
a phase 1a/b study of OMP-131R10, a
first-in-class anti-RSPO3 antibody, in
advanced solid tumors and previously
treated metastatic colorectal cancer
(CRC). European Journal of Cancer.
2016;69:529-S30.

12



