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Understanding mechanisms of cancer development is mandatory for disease prevention
and management. In healthy tissue, the microenvironment or niche governs stem cell fate
by regulating the availability of soluble molecules, cell-cell contacts, cell-matrix interactions,
and physical constraints. Gaining insight into the biology of the stem cell microenvironment
is of utmost importance, since it plays a role at all stages of tumorigenesis, from (stem) cell
transformation to tumor escape. In this context, BMPs (BoneMorphogenetic Proteins), are
key mediators of stem cell regulation in both embryonic and adult organs such as
hematopoietic, neural and epithelial tissues. BMPs directly regulate the niche and stem
cells residing within. Among them, BMP2 and BMP4 emerged as master regulators of
normal and tumorigenic processes. Recently, a number of studies unraveled important
mechanisms that sustain cell transformation related to dysregulations of the BMP pathway
in stem cells and their niche (including exposure to pollutants such as bisphenols).
Furthermore, a direct link between BMP2/BMP4 binding to BMP type 1 receptors and
the emergence and expansion of cancer stem cells was unveiled. In addition, a chronic
exposure of normal stem cells to abnormal BMP signals contributes to the emergence of
cancer stem cells, or to disease progression independently of the initial transforming event.
In this review, we will illustrate how the regulation of stem cells and their microenvironment
becomes dysfunctional in cancer via the hijacking of BMP signaling with main examples in
myeloid leukemia and breast cancers.
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INTRODUCTION

Cancer is a major public health issue considering its high mortality rate, increasing incidence, and
cost to society. Despite tremendous progress in the development of targeted therapies, most cancers
relapse owing to cancer stem cell (CSC) survival and treatment escape (Clarke, 2019). Two major
axes remain to be solved to decrease the impact of cancer, one is to identify early and reliable signs of
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tumor onset to prevent further transformation, taking into
account the origin and properties of the niche, the other is to
counteract CSC resistance before tumor progression and relapse
(Saygin et al., 2019). The existence of spatially defined areas
(called niches) essential for stem cell (SC) maintenance in adults
was demonstrated in the bone marrow, and later in epithelial
tissues and cancers. The microenvironment is a dynamic and
complex milieu critical for the delivery of signals orchestrating
cell proliferation, differentiation and apoptosis. Following the
identification of different subsets of SCs, the composition and
functions of adult SC niches began to be elucidated in the
hematopoietic system and in solid tissues (Batsivari et al.,
2020). Mesenchymal stromal cells (MSCs), a population of
long-lived stem/progenitor cells, that contribute to cellular
diversity and architecture of the niche and which play a
central role in growth, survival and resistance of SCs and
tumor cells. MSCs also secrete many morphogens, growth
factors and cytokines, including BMPs. The definition of the
tumor niche per se is still unclear, as its properties related to
cancer onset, evolution and resistance have not been identified.
Main hypotheses suggest that CSC resistance reflect the
preservation of intrinsic protective mechanisms unique to the
SC compartment or the re-emergence of these properties in
cancer cells (O’Brien-Ball and Biddle, 2017). In addition, CSCs
and their niche are engaged in a crosstalk regulating several SC-
signaling pathways, as well as niche features (Arora and Pal,
2021). BMP2 and BMP4, produced within the SC
microenvironment, are master regulators of the functions of
tissue-specific SC and their surrounding MSC and emerge as
key players of SC transformation. Here, we will focus on the role
of BMP2 and BMP4 signaling in human hematopoietic and breast
epithelial SC regulation, transformation, maintenance and drug
resistance, in association with their microenvironment.

BMP2 and BMP4 Have Distinct Effects in
Human Stem Cells
Hematopoiesis is supported by hematopoietic SCs (HSCs) and
controlled by soluble factors, as well as cell/cell and cell/ECM
interactions. Alterations of these processes induce various
pathologies including leukemia that can directly affect HSCs.
The influence of TGFβ, BMP and activin signaling on human
HSCs can be investigated by studying regulators of the follistatin
family, such as FLRG (FoLlistatin Related Gene). FLRG interacts
with several members of the TGFβ family (Activin A and BMP2,
BMP4, BMP6 or BMP7) (Tsuchida et al., 2000; Tortoriello et al.,
2001; Maguer-Satta et al., 2003), and regulates HSCs during
hematopoietic differentiation (Maguer-Satta et al., 2001).
BMP2 fosters commitment of human HSCs toward erythroid
cells, whereas BMP4 controls HSC self-renewal or
megakaryocytic lineage engagement. Both FLRG and follistatin
regulate erythroid commitment of human HSCs induced by
activin or BMP2 (Maguer-Satta et al., 2003). Additionally,
FLRG and follistatin molecules binding to the fibronectin type
I domains of the fibronectin protein (outside of the integrin β1
binding domains) regulates HSCs by inducing their adhesion to
fibronectin (Maguer-Satta and Rimokh, 2004; Maguer-Satta et al.,

2006). This illustrates how BMP signaling can regulate HSCs by
modulating their interaction with the microenvironment. Unlike
BMP2, a strong cooperation between BMP4 and other cytokines
related to HSC maintenance and megakaryopoiesis, such as Stem
Cell factor or thrombopoietin, was identified. In the absence of
thrombopoietin, BMP4 induces HSC commitment toward the
megakaryocytic lineage, as well as terminal differentiation,
leading to platelet production. BMP4 also induces a higher
level of adhesion of human HSCs and progenitors to
fibronectin than thrombopoietin (Jeanpierre et al., 2008). The
importance of BMP4 in controlling HSC functions, through
alpha4 integrin-mediated adhesion, was further documented in
a murine model (Khurana et al., 2013). Therefore, BMP2 and
BMP4 appear to play different regulating roles on human HSCs,
whereas their function in murine hematopoiesis was reported to
be more redundant (Bhatia et al., 1999; Borges et al., 2013;
Khurana et al., 2013; Singbrant et al., 2020).

Epithelial cells and cells of the normal mammary gland
environment (fibroblasts, adipocytes, hematopoietic cells)
produce BMP2 and BMP4, suggesting a role in mammary SC
regulation (Chapellier et al., 2015). The function of BMPs in
normal breast was explored by isolating primary human epithelial
cells, SCs and progenitors. Immature epithelial cells (SCs and
progenitors) express different elements of the BMP pathway,
indicating that BMPs could play a role in normal SC regulation.
As for HSCs, BMP2, and BMP4 have distinct effects on SC
regulation. Whereas BMP4 modulates the SC compartment
and myoepithelial progenitors, BMP2 fuels commitment and
proliferation of luminal progenitors (Chapellier et al., 2015;
Clement et al., 2017). This is consistent with results reported
for mammary gland development in mice, showing that BMP2 is
involved in the regulation of the luminal lineage (Forsman et al.,
2013). Despite their similarities, BMP2 and BMP4 thus exert
different functions on human SCs in the mammary gland and
hematopoietic system. These data indicate that BMP2 might
preferentially affect lineage-committed progenitors, whereas
BMP4 may have a broader effect on SCs and less tissue
specific cells (megakaryocytic or myoepithelial progenitors).
Likewise, BMPR1b and BMPR1a play distinct roles in MSCs
fate regulation. Unlike BMPR1b, BMPR1a initiates both
osteogenesis and chondrogenesis (Kaps et al., 2004).
Conversely, alteration of BMPR1b expression in MSCs has
been reported to reduce the bone mass and alter their osteo-
differentiation (Shi et al., 2016). Despite these controversial data,
it appears that BMPR1a and BMPR1b pathways, as well as those
implying BMP2 and BMP4, are likely distinct and may not
substitute to each other even if their respective roles in various
SC cell fate remains unclear.

Abnormally Persistent BMP Signaling
Initiates Transformation or Reprogramming
Toward a SC-like Phenotype
Abnormalities of the BMP pathway have been reported at
advanced stages of various cancers. Recent investigations
reported its importance in early transformation steps of
hematopoietic and breast tissues. Chronic Myeloid Leukemia
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(CML) represents the reference model for SC transformation,
whereas breast tumors contain CSC of debated origin. CML arises
from a SC transformation event, induced by a single translocation
generating the BCR-ABL oncogene. Patient samples at diagnosis
revealed a dysregulation of several actors of the BMP pathway
during chronic phase of the disease, with clear differences
between mature (CD34−) and immature (CD34+)
compartments (Laperrousaz et al., 2013). Alteration of BMP
receptor type 1b (BMPR1b) expression at the HSC surface is
induced by the expression of BCR-ABL and these molecular
changes led to altered responses of leukemia cells to BMP2 and
BMP4 as compared to normal bone marrow cells. Leukemic
BMPR1bhigh cells respond to BMP4 by amplifying and
maintaining their CSCs population, whereas BMP2 favors the
expansion of myeloid CML progenitors. A similar role for BMP2
in the maintenance of CSCs was recently reported in
hepatocellular carcinoma (Guo et al., 2021). In addition,
BMPR1b mutations were linked to Brachydactyly type A1
characterized by bones hyperplasia, indicating that BMPR1b
alterations could affect both the HSCs and MSCs in different
physiopathological contexts by affecting their response to BMP4
(Laperrousaz et al., 2013; Racacho et al., 2015). In CML,
dysregulation of intracellular BMP signaling mediated by
BCR-ABL corrupts and amplifies the response to exogenous
morphogens released by the niche, which are abnormally
abundant and directly influence CSC fate. Indeed,
concomitantly to intrinsic SC alterations, an increase in
soluble BMP2 and BMP4, compared to healthy individuals,
was detected within the tumor microenvironment of leukemia
(Zylbersztejn et al., 2018) and breast cancer (Chapellier et al.,
2015). Abnormal BMP2 production by SCs microenvironment
together with BMP2-driven alterations of epithelial SC fate are
involved in the emergence of luminal breast cancer cells
(Chapellier et al., 2015). Chronic exposure of human
immature mammary cells to high BMP2 levels initiates SC
transformation toward a luminal tumor phenotype.
Dysregulation of BMPs within the SC niche could then
promote early steps of luminal transformation of resident
epithelial cells through the following sequence of events:
BMP2 binds to BMPR1b, and change the transcription factor
balance FOXA1/FOXC1 in favor of FOXA1, concomitant to an
upregulation of GATA3. Transformation then proceeded from an
aberrant amplification of the natural response to BMP2, driving
SC commitment toward luminal lineage and further expansion of
luminal progenitors (Chapellier et al., 2015; Clement et al., 2017).
A similar mechanism was observed in ovarian cancer (Choi et al.,
2015). In breast and hematopoietic cancers, these data
demonstrate that niche-secreted BMP2/BMP4 promote SC
transformation through the amplification of a normal SC
response, linked to their chronic exposure to high levels of
these morphogens (Chapellier et al., 2015; Clement et al.,
2017). Importantly, the presence of an inflammatory signal
(such as IL6) appeared to be important to stabilize and
maintain the transformed phenotype (Reynaud et al., 2011;
Chapellier et al., 2015). Previous studies have shown that up-
regulation of BMP4 could also be involved in transformation
initiation in an inflammatory context, for example by promoting

a metaplastic condition in which normal squamous esophageal
epithelium is replaced by columnar epithelium (Barrett
esophagus) (Milano et al., 2007). Altogether, these data also
highlight the ability of the SC niche to deliver cues dictating
the tumor phenotype.

Another mechanism to generate cancer stem cells could
emerge from a “reprograming” process (O’Brien-Ball and
Biddle, 2017) and results from a continuous exposure of
mature cells to BMP2 and BMP4. Notably, BMP2 and BMP4
are overexpressed in the bone marrow of Acute Myeloid
Leukemia (AML) patients (Voeltzel et al., 2018), supporting
the aggressive clonal malignancy through excessive
proliferation of immature cells blocked in their differentiation
process. At the molecular level, alterations of the BMP pathway
favor survival of chemotherapy-resistant immature-like leukemic
cells. Binding of BMP4 to BMPR1a leads to ΔNp73 expression in
mature AML blast cells, which in turn induces Nanog,
reminiscent of cell “reprogramming” toward a CSC-like
phenotype (Voeltzel et al., 2018). These features are associated
with poor patient prognosis and treatment response. This was the
first demonstration of a niche-driven AML leukemia cell
reprogramming toward an SC-like phenotype, featuring BMP4
as a key stemness regulator. Interestingly, in many other tissues
like brain, gastro-intestinal tissues, colon or liver, the importance
of BMP4 and BMPR1a to predispose, initiate or maintain
stemness of transformed cells was also evidenced (Brosens
et al., 2011; Hover et al., 2016; Wang et al., 2019;
Schwarzmueller et al., 2020). Nevertheless, for a given normal
tissue, BMP signaling can display opposite functions such as
preventing epithelial cells de-differentiation like in the intestinal
murine tissue (Koppens et al., 2021).

At diagnosis of leukemia and breast cancer, BMPR1b was
evidenced as an important transducer of BMP signals, acting as
an amplifier of the normal SC response to BMP (Figure 1). This
likely contributes to CSC survival independently of the initial
oncogenic event. It also reveals the importance of simultaneous
intrinsic and extrinsic alterations of BMP signaling to fuel
transformation and demonstrates the direct implication of in
the emergence and expansion of CSCs by inducing an over-
amplified and persistent response of SC to the BMP signal.
Altogether, it provides a proof of the “seed and soil” concept
in the context of BMP-driven cancers that require two
complementary events, one taking place within the niche and
the other directly acting on (stem) cells. Due to the broad
involvement of BMP signaling in cancer, this mechanism
might be common to different cancers, and sheds light on the
involvement of BMPs in cancer cells stemness (Kim et al., 2015;
Huang et al., 2017; Sachdeva et al., 2019; Sun et al., 2020).

BMP Signaling as a Driver of Cancer Stem
Cell Resistance to Treatment
CSCs constitute a reservoir likely involved in cancer recurrence in
many tumors as they resist to several treatments and sustain
disease for years. In CML, the first anti-cancer targeted therapy
was developed and paved the way to the family of Tyrosine Kinase
Inhibitors (TKIs). It efficiently eliminates most cycling
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progenitors and has become the standard-of-care for CML.
However, some CSCs remain treatment-insensitive and
prolong disease recurrence for years leading to a proportion of
patients that develop primary or secondary resistance to TKIs, of
unknown mechanism in 30% of the cases. The embryonic gene
Twist-1, a context-dependent target or a regulator of BMP
signaling depending on the cellular context, is overexpressed
in various tumors and associated with poor prognosis and
resistance. In CML, Twist-1 is an early predictive molecular
marker of resistance to TKIs at diagnosis, especially in patients
with unidentified resistance mechanisms (Cosset et al., 2011).
Following long-term TKI treatment, CSCs persist and escape
through an intrinsic BMP4 autocrine loop that induce Twist-1
expression (Grockowiak et al., 2017) and impacts on G1-S
progression during cell cycle regulation (Savona and Talpaz,
2008; Toofan et al., 2018). Moreover, resistance to TKIs is
accompanied by an further dysregulation of the CSC
microenvironment, producing excessive BMP4 (Grockowiak
et al., 2017; Jeanpierre et al., 2021). Consequently, many
patients likely retain treatment-resistant CSCs within their
primary tumor or secondary metastatic site. De facto, most
therapies achieve remission but patients would relapse because
of the re-activation of a quiescent/dormant clone in several
cancers (Risson et al., 2020). The SC environment create a
permissive niche for the emergence, survival, re-activation, and
resistance against therapy-induced apoptosis of CSCs and has
become an important target for anti-cancer therapy (Batsivari
et al., 2020; Risson et al., 2020). CSCs include quiescent cells
resistant to standard therapies, differing from their
normal counterparts in both hematopoietic and solid tumors

(White and Lowry, 2015; Batsivari et al., 2020). Several studies
unraveled the importance of TGFβ/BMP signaling in SC
dormancy and adaptation to treatment, in association with the
tumor microenvironment (Risson et al., 2020; Nobre et al., 2021).
In CML, single cell RNA-Seq analysis of TKI-resistant CSCs
showed a co-enrichment of BMP and Jak2 signaling targets,
quiescence and SC signatures (Jeanpierre et al., 2021). Using a
new model of persisting CML CSCs, BMPR1b-expressing cells
displayed co-activation of Smad1/5/8 and Stat3 pathways
(Jeanpierre et al., 2021). Treatment-induced quiescence of
residual CSCs relies on the activation of Jak2-Stat3 signaling,
mediated by BMP4 released from surrounding mesenchymal cells
(Jeanpierre et al., 2021). Targeting of BMPR1b and Jak2 efficiently
reversed this TKI-induced quiescence of the BMPR1b+ CSCs
adhering to the stroma, and allowed them to re-enter a
differentiation process. Such a strategy may contribute to
eliminate dormant CSCs. However, in brain tumors the role of
the BMP signaling in CSCs resistance to radiotherapy or
chemotherapy remains controversial. While BMP4 could
efficiently directly reduce glioma stemness by inducing their
differentiation and death (Nayak et al., 2020), other groups
reported that BMP inhibition only reduce cell proliferation
without affecting stemness properties (Sachdeva et al., 2019).
Moreover, methylation of BMPR1a appears to be of particular
importance for Glioma SCs and their quiescence (Lee et al., 2008;
Mira et al., 2010). Therefore, BMP is a key pathway involved in
the dialogue between CSCs and the microenvironment to
maintain a sub-fraction of CSCs in a quiescent/dormant stage
through non-canonical BMP signaling pathways (Risson et al.,
2020; Jeanpierre et al., 2021) (Figure 2).

FIGURE 1 | Alterations of the BMP pathway involved in early steps of transformation. (1a) Decrease in ligand (BMP2 and/or BMP4) and increase in type1 BMP-
receptor at time of diagnosis in stem cells of diferent leukemia and breast cancer types. (1b) Increase in ligand (BMP2 and/or BMP4) production by stromal cells of the
tumor microenvironement at time of diagnosis in diferent leukemia and breast cancer types. (2) Cooperation between BMP2 overproduction by the stroma and IL6 to
induce BMPR1b overexpressing stem-cells transformation. (3) BMP4 mediated reprogrammation of mature cells toward an imature stem-like cell. (4) Effect of
environmental polluant on the expression of both ligand and BMPR1 expression in healthy cells.
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Intrinsic and Extrinsic Origins of BMP
Signaling Alterations
`BMP signaling alterations occurring at an early stage could
constitute a recurrent driving event in many cancer types as
demonstrated for CML, AML and breast cancer. In this
context, CSCs could emerge from various tissues through
different initiation events converging to initiate both
intrinsic and extrinsic BMP signaling alterations. In CML,
the link between the BCR-ABL translocation and BMPR1b
dysregulation is established (Laperrousaz et al., 2013), but the
origin of abnormal BMP production by stromal cells is
unknown. BMP2 overproduction by the microenvironment
may arise through exposure to carcinogens due to
environmental contamination (Casey et al., 2015; Goodson
et al., 2015), radiation (Sun et al., 2012), ultrasounds (Yang
et al., 2014) or magnetic fields (Bloise et al., 2018). Our group
identified that mammary SC transformation could be
mediated by environmental pollutants, such as bisphenols
(BPA and BPS), through the dysregulated expression of
BMPs or their receptors. Indeed, exposure to environmental
cues (radiations, BPA or Benzo-a-Pyrene:BaP) induces a
higher production of BMP2 by healthy stromal cells or
fibroblasts on the one hand, and stem cell-specific
alterations of BMPR1 expression and localization on the
other. Both alterations over-amplify BMP2/BMPR1b
signaling in epithelial SCs, ultimately leading to

transformation (Chapellier et al., 2015; Chapellier and
Maguer-Satta, 2016; Clement et al., 2017). In this context,
an emerging field of investigation aims at identifying
alterations that appear in the bone marrow
microenvironment, due to non-genetic events such as
inflammation, hormones, ECM, cytokines or environmental
cues (Yang et al., 2014; Bloise et al., 2018), and that could
contribute to altered hematopoiesis. Altered MSCs could
imprint microenvironment plasticity via the imbalanced
generation of different cell types, which would in turn
produce abnormal ECM or amounts of soluble molecules.
This could have a major impact on cancer prevention and
regulatory definition of endocrine-disruptors. It also
highlights the importance of monitoring the BMP signaling
for early detection of cancer initiation, and its potential
relevance for cancer prevention (Jung et al., 2019; Lefort
and Maguer-Satta, 2020).

CONCLUSION

From a clinical perspective, eradication of CSCs, involved in
resistance and relapse, is critical. Abnormalities of BMP signaling
are reported in many cancers, with studies mainly focusing on
advanced stages while its roles in early transforming events are
now emerging. Evidences in many cancers suggest the following

FIGURE 2 | Alterations of the BMP pathway upon treatment of CML cancer stem cells. (1) Setting of a BMP4 autocrine loop in CSCs that controls Twist1
expression to promote resistance of CML CSCs to tyrosine kinase inhibitors (TKIs) and retained high production of BMP4 by bone marrow mesenchymal stromal cells of
resistant patients. (2) At patients remission under TKI treatment, CSCs showed a co-enrichment in BMP and Jak2-signaling, quiescence and SC signatures, as identified
by single cell RNA-Seq analysis of TKI-persisting cells. In persisting CSCs, BMPR1b-cells displayed co-activated Smad1/5/8 and Stat3 pathways that are targeted
by blocking BMPR1B/Jak2 signal using, for example, a specific BMPR1b inhibitor (E6201) or Jak2 (AG490) inhibitor. The TKI-induced quiescence of residual CSCs relies
on a BMP4 signal delivered by surrounding mesenchymal cells and inhibited by the BMPR1B inhibitor (E6201). Dual targeting of BMP and Jak2 efficiently reverses TKI-
dependent induction of quiescence and allowed re-entry into a differentiation process of the BMPR1b+ CSC sub-fraction that was adherent to the stroma.
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model of SC transformation and resistance through BMP
signaling: 1) BMP type 1 receptor expression, localization,
and/or activation is perturbed in SCs chronically exposed to
exogenous signals (during tissue ageing, chronic inflammation,
metabolic disorders or exposure to pollutants); 2) these chronic
signals modify tissue SC microenvironmental properties, leading
to increased BMP production. Excessive production of BMP (like
BMP2 and BMP4) by the alteredmicroenvironment continuously
transduces signals of SC self-renewal, quiescence, expansion or
survival, through the binding to overexpressed BMPR1b on pre-
tumoral SCs. These signals ultimately lead to SC transformation.
Following transformation, CSCs modify their dialogue with their
microenvironment, leading to a dynamic and reciprocal
remodeling of the tumor ecosystem through BMP signaling
that simultaneously controls SCs and neighboring cells. In the
presence of treatments, this abnormal BMP signaling is further
altered, enabling persistence and/or survival of rare and specific
subsets of CSCs hidden in a permissive niche. When the
treatment pressure is released or when new signals are
triggered, following de novo genetic events or additional
abnormalities, this reservoir of persistent CSC subset is
stimulated or re-expands, thereby driving relapse or treatment
escape.

The BMP pathway is therefore likely to constitute a very
early marker as well as a signaling target in terms of prevention
and therapeutic strategies. Despite these remarkable advances,
one of the remaining unresolved questions in the field is how
does the BMP and TGFβ signaling compete, cooperate or
synergize to regulate normal stem cells and participate in
their transformation to initiate, maintain and promote
cancers. Elucidating the molecular coordination between
these two majors signaling pathways is then of the utmost
importance at both fundamental and clinical level. Interfering
with BMP receptor recognition by neutralizing molecules
could restore a normal SC behavior and avoid further
tumor progression. Moreover, targeting ligand production
by stromal cells could induce an arrest of the transforming
signal at early steps. Indeed, inhibition of BMP signaling leads
to CSC death, and interrupts BMP production by surrounding
stromal cells, in cooperation with other current treatments

which remain inefficient as monotherapies (Jeanpierre et al.,
2021). This proof-of-concept established in the hematopoietic
system is likely to be extended to other cancers (Jung et al.,
2019; Lefort and Maguer-Satta, 2020). Collectively, data imply
a major role for the BMP pathway in orchestrating the
dynamics of the CSC niche ecosystem in different cancers
and at all stages of tumor progression. Targeting both BMPR1
and the tumor microenvironment might efficiently impact
early transformed cells as well as residual persistent CSCs.
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