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The microenvironment (niche) governs the fate of stem cells (SCs) by balancing self-renewal
and differentiation. Increasing evidence indicates that the tumor niche plays an active role in
cancer, but its important properties for tumor initiation progression and resistance remain to
be identified. Clinical data show that leukemic stem cell (LSC) survival is responsible for disease
persistence and drug resistance, probably due to their sustained interactions with the tumor
niche. Bone morphogenetic protein (BMP) signaling is a key pathway controlling stem cells
and their niche. BMP2 and BMP4 are important in both the normal and the cancer context.
Several studies have revealed profound alterations of the BMP signaling in cancer SCs, with
major deregulations of the BMP receptors and their downstream signaling elements. This was
illustrated in the hematopoietic system by pioneer studies in chronic myelogenous leukemia
that may now be expanded to acute myeloid leukemia and lymphoid leukemia, as reviewed
here. At diagnosis, cells from the leukemic microenvironment are the major providers of soluble
BMPs. Conversely, LSCs display altered receptors and downstream BMP signaling elements
accompanied by altered functional responses to BMPs. These studies reveal the role of BMPs
in tumor initiation, in addition to their known effects in later stages of transformation and progression. They also reveal the importance of BMPs in fueling cell transformation and expansion
by overamplifying a natural SC response. This mechanism may explain the survival of LSCs
independently of the initial oncogenic event and therefore may be involved in resistance processes.
© 2018 ISEH – Society for Hematology and Stem Cells. Published by Elsevier Inc. All rights
reserved.

During embryogenesis and development, the fate of stem cells
(SCs) is guided by intrinsic and environmental cues, such as
surrounding cells, matrix, and soluble factors. During cancer
development, the maintenance and evolution of cancer stem
cells (CSCs) also depends on their microenvironment. This
has been particularly demonstrated in the hematological field,
where the differentiation hierarchy from hematopoietic stem
cells (HSCs) is a model and in which the existence of CSCs
was first shown [1–4]. Among the soluble molecules
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involved in SC fate, the bone morphogenetic proteins (BMPs)
have been shown to regulate self-renewal and differentiation
during development [5] and are emerging as potential regulators of CSCs [6–8].
BMP proteins belong to the transforming growth factor
beta (TGFβ) superfamily of proteins, including TGFβ, activin,
inhibin, growth differentiation factor (GDF), Nodal, Lefty,
and anti-Müllerian hormone [9,10]. Although they belong to
the same family of proteins, BMPs and TGFβ are often reported to display opposite effects on cell regulation. Moreover,
even if BMP and GDF have high sequence homology [11],
they also have different properties and functions [12]. BMP
elements, initially described in bone formation, are now largely
documented as being associated with the biology of a large
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number of organ systems, from embryonic to adult tissues,
and are involved in proliferation, differentiation, and apoptosis of SCs. This major role in several biological processes
and tissue homeostasis is illustrated by the fact that lack of
soluble BMPs or BMP receptors is lethal or induces various
severe pathologies [13].
BMP signaling pathway
According to phylogenic trees, BMPs can be clustered into
groups: BMP2/4, BMP5/6/7/8, BMP9/10, and the GDF 5/6/7
(Table 1) [12]. BMP2 and BMP4, which present structural
Table 1. BMP family ligands and receptors
BMP Ligand
BMP2, BMP4
BMP5,BMP6,BMP7
BMP9,BMP10
GDF5,GDF6,GDF7

Associated Type I
Receptor

Associated Type II
Receptor

BMPR1a,BMPR1b
BMPR1a,BMPR1b,
ALK1/2
BMPR1a,BMPR-Ib,
ALK1
BMPR2, ActRIIa,

BMPR2, ActRIIa
BMPR2, ActRIIa,
ActRIIb
BMPR2, ActRIIa,
ActRIIb
BMPR1a,BMPR1b
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homologies (Fig. 1), are secreted as precursor molecules and
then cleaved by extracellular proteins such as Furin to obtain
a mature protein (Fig. 2) [14–16]. These active proteins form
homocomplexes or heterocomplexes, which bind to receptor complexes and induce cell transduction (Table 1) [17].
The BMP canonical pathway requires BMP type I receptor
activation (BMPR1a/ALK3, BMPR1b/ALK6, or ACTRIa/
ALK2), which bind and are phosphorylated by BMPR2
[10,18,19]. This phosphorylation leads to further SMAD1/
5/8 phosphorylation, resulting in BMP activity as a
transcription factor [20–22]. Alternatively, BMP can activate noncanonical pathways such as APK [23], p38 [24], ERK
[25], JUNK [26], PI3K [27], and PKC [28].
BMP signaling regulation is controlled through extracellular, membrane, and intracellular elements (Fig. 2).
Extracellular soluble antagonists such as Chordin [29,30],
Follistatin [31], FLRG [32], Noggin [33,34], Gremlin [35],
Cerberus [36], and Tolloid [37] bind BMPs and prevent their
binding to the receptor, thus modifying the local concentration of the available ligand. Other BMP regulators act at the
membrane level to either activate (Endoglin, Endofin, and
RGM-Repulsive guidance family members) or inhibit

Figure 1. Structure and protein domains of soluble human BMP2/4 and its associated receptors.
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Figure 2. Schematic representation of the BMP signaling pathway.

(BAMBI: BMP and Activin membrane-bound inhibitor) the
BMP pathway, according to the context, through direct binding
with BMP (RGM) or both BMP and BMP receptor (Endoglin,
BAMBI) [38]. BAMBI binds with type II receptors to prevent
the formation of the molecular complex that transduces the
signal [39]. Conversely, certain coreceptors of the BMPR (such
as RGMa/b/c and DRAGON [40,41]) associate with a preformed complex to enhance the BMP pathway. Finally,
cytoplasmic SMAD6/7 molecules inhibit SMAD1/5/8 phosphorylation and therefore preclude complex formation with
the SMAD4 cofactor; they also recruit SMAD ubiquitin ligases
(SMURF1/2) to mediate their degradation [42]. Importantly, the mechanisms by which the BMP pathway regulate
cell fate also depend on interactions and crosstalk with other
signaling pathways such as TGFβ [6], Wnt/β-catenin [43],
Janus kinase (JAK)/signal transducer and activator of transcription (STAT) [44,45], and Ca2+/calmodulin [46].
Biological functions of the BMP pathway during
normal hematopoiesis
BMP molecules in the regulation of hematopoiesis have been
documented as being involved in various levels of SC differentiation [47–51]. BMPs exhibit a highly important role

in the formation of hematopoietic and endothelial precursors emerging from the ventral mesoderm [52]. Indeed, BMP2
and BMP4, alone or in combination with Activin A, have been
shown to be involved in the regulation of erythropoiesis in
various models [52–56]. In particular, in Xenopus laevis
embryos, ectopic expression of BMP4 results in the induction of several specific hematopoietic genes, such as
transcription factors and the erythroid-specific globin
[52,56–58].
Bmp2, Bmp4, Bmp7, Bmpr1a, and Bmpr2 knock-out mice
therefore have a lethal phenotype due to a lack of formation of hematopoietic tissues or a defect in the development
of mesoderm or endoderm [13]. In vitro, BMP4 plays an important role in the induction of hematopoietic differentiation
in human and murine embryonic stem cell models [53,59].
In mice, BMP coreceptor expressions have been detected
during hematopoietic system development in early immature cells that display hematopoietic and endothelial potential
[60]. Indeed, the induction of endothelin-dependent hematopoiesis requires response to Bmp2 and Bmp4 modulation
in the yolk sac. Moreover, a mouse knock-out model of Smad5
invalidation leads to a delayed lethal phenotype during development due to a yolk sac circulatory defect associated with
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an inhibition of progenitor expansion [61,62]. Homozygous
Bmp4-deleted mice display a lethal phenotype characterized by reduced extraembryonic mesoderm including blood
islands [63]. More recently, it has been demonstrated that BMP
pathway activation occurs in all hematopoietic cells during
the hematopoiesis-emerging phase in aorta gonad mesonephros [64]. Interestingly, in the following steps of the
hematopoietic process, these HSCs could distinguish themselves as being BMP-positive or BMP-negative and generate
a majority of cells no longer activated by this pathway. These
findings suggest a role for the BMP signaling axis in the regulation of HSC heterogeneity and lineage output. The role
of Bmpr1a in regulating adult HSC development has been
studied in vivo by analyzing mutant mice with conditional
inactivation. These mice have an increased number of spindleshaped N-cadherin CD45.2 osteoblastic (SNO) cells, associated
with an increased HSC number. This study showed that the
Bmpr1a signaling pathway allows long-term HSC adhesion
to SNO cells by the molecules N-cadherin and β-catenin and
regulates the niche size [65].
In human adult cells, phenotypic analysis revealed the expression of BMP receptors such as BMPR1a and BMPR1b
and the expression of the effector elements of the canonical
pathway, SMAD1/5/8, in CD34+CD38−Lin− cells [66]. Treatment of CD34+CD38− human cells with high concentrations
of BMP2 and BMP7 blocks their proliferation while maintaining their immature phenotype. Conversely, treatment of
the same subpopulation of cells with high concentrations of
BMP4 maintains their ability to reconstitute immunodeficient mice. Conversely, low doses of BMP4 enhance cell
proliferation rather than differentiation. In the same manner,
CD34+ cells are expanded when treated with low doses of
BMP7 without affecting their engraftment capacity in immunodeficient mice [67]. In addition, BMP4 regulates homing
of murine and human hematopoietic stem/progenitor cells
through the direct regulation of Integrin-alpha4 expression
in SMAD-independent p38 MAPK-mediated signaling [68].
BMP2 or Activin A treatment alone decreases the expression
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of GATA-2 and increases the expression of EPO-R on CD34+
cells. SMAD6 overexpression blocks erythropoiesis in vitro
by transcriptional regulation of KLF1 and GATA-2 and indirectly participates in HSC maintenance by blocking the
differentiation process [69]. Conversely, only simultaneous
treatment of BMP4 with Activin A is able to modulate erythropoiesis in a Follistatin- and FLRG-mediated way [31].
In the murine system, BMP4 is able to induce erythrocyte differentiation of CD34+ cells in the presence of stem
cell factor (SCF) and erythropoietin (EPO) [70]. Comparatively, in human cells, BMP4 in combination with various
hematopoietic cytokines, including EPO, is able to induce
several blood lineages from other human tissues [49]. This
unexpected cell fate has been demonstrated using human
muscle and neural gestational tissue suspension cultured in
a serum-free medium with interleukin (IL) 3, IL6, SCF, and
FLT-3 ligand with addition of EPO and BMP4 [49]. Conversely, BMP4 alone is able to induce human
megakaryopoiesis from CD34 + cells through the JAK/
STAT and mammalian target of rapamycin pathways [51].
These data clearly showed that, unlike the murine system and
despite their very high protein sequence homology and similar
use of BMPR signaling, BMP2- and BMP4-soluble molecules exhibit very distinct effects on human HSCs.
Interestingly similar observations were made for BMP2 and
BMP4 on the control of other human adult tissue stem cells
such as mammary epithelial SCs [71].
BMP pathway in early phase of myeloid leukemia
Although BMP signaling is an important element from embryogenesis to adult tissue homeostasis, deregulation of this
signaling pathway is involved in several types of cancer, mainly
during late stages of solid tumor evolution [6,13,72]. Alterations in the BMP pathway have also been reported in some
hematogical diseases (Table 2). The existence of LSCs has
been demonstrated in acute myeloid leukemia (AML), in
which the deregulation of various signaling pathways in the
bone marrow gives rise to an altered HSC with a strong

Table 2. BMP signaling pathway deregulation in hematological disorders
Hematological Disorder
CML

Tumor Microenvironment
Alteration

Soluble BMP

Signaling Element

Target Gene
Modified

Reference(s)

High concentration soluble
BMP2/BMP4
Unknown
Unknown

BMP2/BMP4

high BMPR1B p-SMAD 1/ 8

TWIST-1

[73–75]

BMP4
BMP2/BMP4

BMP type I
BMP type I

MIXL-1
Id1

[76]
[77]

High receptor: BMPR1A/BMPR2/
ACTRIIB
High receptor: BMPR1A/BMPR1B/
BMPR2 (progressive increase with
advanced stages)
Unknown
SMAD 1/8

Id1/Id2

[78]

Not studied

[79]

Unknown
Unknown

[80]
[81]

AML
Acute megakaryoblastic
leukemia (AMKL)
Acute promyelocytic
leukemia (APL)
B-cell CLL (B-CLL)

Unknown

BMP4/BMP6

Unknown

Unknown

ALL
CLL

Unknown
Unknown

BMP2
Unknown
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capacity for self-renewal and quiescence for tumor initiation and growth [2]. Moreover, the bone marrow niche appears
to be a major factor in granting a protective microenvironment
for LSCs, contributing to resistance against chemotherapy and
patient relapse [1,73,82].
A unique and outstanding model to address key questions about LSCs is chronic myelogenous leukemia (CML).
Indeed, this leukemia arises from the transformation of a true
SC by the BCR-ABL oncogene. Without treatment, this disease
evolves to an inexorable and fatal blast crisis. Our team revealed both intrinsic and extrinsic deregulation of the BMP
pathway in CML as early as at the time of diagnosis in chronic
phase [74]. We demonstrated higher expression levels of the
BMPRIb receptor ALK6 in CD34+ cells, together with the
existence of several molecular and functional alterations of
the BMP pathway in chronic-phase CML. We also detected
high concentrations of the soluble cytokines BMP2 and BMP4
produced exclusively by the tumor microenvironment. These
alterations participate in the leukemic phenotype through their
involvement in the survival of LSCs and in the expansion of
leukemic myeloid progenitors. These data were further confirmed by other groups showing that BMP2/BMP4 and BMP7,
together with their receptors and SMAD proteins, contribute to myeloid cell alteration, giving rise to CML LSCs
[73,83]. Our study demonstrated for the first time that very
early transforming events initiate intrinsic deregulation of the
BMP signaling pathway in stem cells. Indeed, introduction
of the BCR-ABL oncogene results in an increase in BMPR1b
cell membrane expression [74]. This deregulation is then specifically amplified in transformed cells by exposure to
exogenous ligands such as BMP2/BMP4 provided by the SC
microenvironment. Very surprisingly, we were able to decipher a similar mechanism in early phases of luminal breast
cancer under the driving signals of estrogeno-mimetic pollutants [71]. We demonstrated that bisphenol or radiation are
able to initiate both intrinsic [84] and extrinsic [71] deregulation of the BMP pathway in human mammary SCs and their
surrounding stromal cells to initiate epithelial SC transformation [85]. These data suggest that, in addition to already
documented roles in the late stages of the disease, deregulation of the BMP pathway in both SCs and their surrounding
microenvironment could constitute a more general mechanism during the early stages of cancer development.
Later during disease progression, the CML leukemic bone
marrow niche that produces high levels of BMPs can be suspected to be at the origin of secondary myelofibrosis. Indeed,
this alteration, often reported upon CML evolution, represents an overproduction of extracellular matrix that has been
previously attributed to excessive BMP cytokines within the
BM niche [86].
BMP pathway and resistance to treatment of LSCs
Recently, two independent studies highlighted the important role played by the tumor niche in LSC resistance in CML.
Using coculture experiments of stromal and CML cells, the

impact of cell–cell interactions in resistance and in the regulation of cytokine production was identified [87]. In this
context, activation of the BMP-restricted phospho-SMAD 1/8
was identified in CML cells resistant to the highly specific
BCR-ABL tyrosine kinase inhibitor. Moreover, our team revealed that alterations in the BMP pathway persist in the cells
of chronic-phase CML patients under treatment, especially
in the LSC compartment. Indeed, despite the effects of longterm specific BCR-ABL tyrosine kinase inhibitors, the BMP
pathway remained deregulated at both the intrinsic and extrinsic leukemic levels, especially in resistant cells [75]. In
addition, we showed that alterations in both LSCs and their
surrounding stromal cells continue to evolve upon treatment and fuel LSC survival and treatment escape. In particular,
continuous treatment pressure forced the development of a
growth factor autocrine loop within the highly plastic LSC
compartment. We showed that a fraction of bone marrow surviving LSCs then rely on the installation of this BMP4/
BMPR1b autocrine loop that involves downstream TWIST-1
overexpression to escape treatment killing. Interestingly, we
previously identified the embryonic basic helix-loop-helix transcription factor TWIST-1 to be overexpressed in immature
compartments and to represent at diagnosis a predictive factor
of CML treatment resistance [88]. TWIST-1 overexpression
promotes cell growth, tumor-initiating properties, and drug
resistance and increases clonogenic capacities in other myeloid
leukemias [89,90]. Interestingly, TWIST-1 can be a regulator or a target of the BMP pathway in different cell models
[91,92]. In the context of CML resistance during the chronic
phase, our data clearly identified TWIST-1 as a downstream target of the BMP4/BMPR1b autocrine loop [75].This
situation likely reflects evolution with time and upon treatment adaptation, in particular of the leukemic niche, as
suggested in other cancers [93]. It also argues that alteration of the BMP signaling pathway contributes to treatment
survival of a subfraction of LSCs independently of the BCRABL oncogene because we showed that it remained efficiently
targeted within these cells.
While monitoring the evolution of the BMP pathway in
a CML-resistant patient over almost a decade, we identified
a progressive overproduction of the BMP4-soluble signal that
dominated BMP2 in both LSCs and their altered bone marrow
mesenchymal stem cells. This correlates with patient evolution toward the advanced transformed stage of CML [75].
Interestingly, BMP4 has been associated with the more aggressive AML [76]. Indeed, BMP4 has been involved in the
induction of the MIXL1 gene upon binding to its type 1 receptor, BMPRI, and through the activation of SMAD signaling
(SMAD5). The MIXL1 factor exerts an anti-apoptotic function that can participate in the drug resistance of AML cells.
In addition, activation of BMP signaling has been demonstrated in pediatric acute megakaryoblastic leukemia, where
the fusion protein CBFA2T3-GLIS2 is responsible for BMP2/
BMP4 and ID1 overexpression and linked to an increase in
self-renewal capacity for the hematopoietic progenitors [77].
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Conversely, in the context of acute promyelocytic leukemia, a type of AML with a high rate of complete remission
in patients treated by all-trans retinoic acid, resistance to
treatment can be observed in some patients. In this particular subtype of adult AML, the mechanism of resistance seems
to involve BMP4/BMP6 gene expression that could control
target genes involved in a differentiation block such as Id1
and Id2. Interestingly, this mechanism has been correlated
with the PML/RARα fusion oncogene, which prevents differentiation of abnormal promyelocytes and induces resistance
[78]. Last, an important role of BMPs has been identified in
MSCs of the leukemic niche to support AML cell growth [94].
These combined data clearly point toward the BMP pathway
as one of the major signaling pathways involved in all steps
of myeloid malignancies.
BMP pathway and lymphoid malignancies
Various research groups have started to investigate the role
of the BMP pathway in lymphoid leukemia. Using different
patient cohorts, BMP2 overexpression has been identified in
pre-B acute lymphoblastic leukemia (ALL) compared with
CD34+ healthy cells, but not in T-cell ALL. This BMP2
overexpression was associated with alteration of other genes
involved in the dialogue of immature leukemic cells with their
bone marrow microenvironment [80]. In addition,
overexpression of BMPR1a/BMPR1b and BMPR2 receptors was detected at the cell membrane of B-cell chronic
lymphoid leukemia (CLL) leukemic cells. Moreover, disease
progression seemed to be accompanied by a more pronounced overexpression of BMPR1a and BMPR1b, as
measured in samples from patients in more advanced stages
[95]. These findings suggest that overexpression of the receptor could favor the proliferative process. Finally, analysis
of gene expression of the BMP signaling pathway in a cohort
of 160 CLL patient samples showed alterations of SMAD1/8
that appeared overexpressed and correlated with a decrease
in SMAD4 expression compared with control samples. High
levels of SMAD1/8 transcripts expression were associated with
poor prognosis [81]. Interestingly, gene expression analysis
of two independent datasets showed that the levels of inhibitory Smads varied across different B-cell lymphomas [79].
In this context, the BMP pathway acts as a negative factor
with exogenous BMPs, especially BMP7, that inhibit DNA
synthesis of lymphoma cells. SMAD7 overexpression in cancer
cells is sufficient to escape the negative effects of BMPs by
inhibiting SMAD 1/5/8 signaling.
The studies discussed here suggest that, in addition to the
context of myeloid cells and solid tumors, alterations of the
BMP signaling pathway may also be involved at different
stages of the transformation process of lymphoid cells.
However, these findings will require further investigation
because they are still in their early stages.
Conclusion: BMP pathway as a new therapeutic avenue
The use of chemotherapy combined with inhibitory molecules against essential elements of the deregulated signaling
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pathways implicated in LSC regulation is emerging as a new
and promising therapeutic choice. This could be applied to
the BMP pathway in CML because we showed that BMPR1b
overexpression is responsible for overexpansion of LSCs and
resistance [75], suggesting the use of a combined conventional therapy with an effective BMPR1b inhibitory molecule.
Depending on cancer type, BMP signaling needs to be either
activated or inhibited. In several types of leukemia, BMP seems
to be the key for better patient outcome [96]. This inhibition
of the pathway can be achieved, for instance, by trapping the
extracellular BMP ligands from the microenvironment using
antagonist molecules such as Noggin, Chordin, or Gremlin
to prevent ligand–receptor interaction. For example, inhibitors of type I BMP receptor such as Dorsomorphin or LDN193189 molecules avoid the binding of the ligand to its receptor
[96]. The use of several inhibitory molecules against BMP
type I receptors has indeed been initiated in the context of
adult AML using LDN-193189 to restore chemotherapy sensitivity [76]. Targeting the intrinsic and extrinsic elements of
the BMP pathway for novel therapeutic approaches promises to be an important tool for effective long-term cancer
SC eradication according to our recent findings and to the
recurrent alterations of this pathway in hematological malignancies and solid tumors [72,96,97]. However, elucidating
the functional importance of BMP receptor localization within
different cellular compartments remains a major unresolved
issue. Therefore, the development of more specific antagonist or inhibitory molecules will be necessary to target the
relevant element without affecting other ligands and to preserve the normal function of this very pleiotropic and
fundamental signaling pathway. Nevertheless, modulation of
the BMP signaling pathway is a different and unique way to
develop innovative patient treatments that could simultaneously take into account the important involvement of this
pathway in the dynamic evolution of the tumor ecosystem.
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