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Abstract

The BMP (Bone morphogenetic protein) signaling pathway plays a central role in metazoan biology, intricately shap-
ing embryonic development, maintaining tissue homeostasis, and influencing disease progression. In the context

of cancer, BMP signaling exhibits context-dependent dynamics, spanning from tumor suppression to promotion.
Cancer stem cells (CSCs), a modest subset of neoplastic cells with stem-like attributes, exert substantial influence

by steering tumor growth, orchestrating therapy resistance, and contributing to relapse. A comprehensive grasp

of the intricate interplay between CSCs and their microenvironment is pivotal for effective therapeutic strategies.
Among the web of signaling pathways orchestrating cellular dynamics within CSCs, BMP signaling emerges as a vital
conductor, overseeing CSC self-renewal, differentiation dynamics, and the intricate symphony within the tumor
microenvironment. Moreover, BMP signaling’s influence in cancer extends beyond CSCs, intricately regulating cel-
lular migration, invasion, and metastasis. This multifaceted role underscores the imperative of comprehending BMP
signaling’s contributions to cancer, serving as the foundation for crafting precise therapies to navigate multifaceted
challenges posed not only by CSCs but also by various dimensions of cancer progression. This article succinctly
encapsulates the diverse roles of the BMP signaling pathway across different cancers, spanning glioblastoma multi-
forme (GBM), diffuse intrinsic pontine glioma (DIPG), colorectal cancer, acute myeloid leukemia (AML), lung cancer,
prostate cancer, and osteosarcoma. It underscores the necessity of unraveling underlying mechanisms and molecular
interactions. By delving into the intricate tapestry of BMP signaling's engagement in cancers, researchers pave the way
for meticulously tailored therapies, adroitly leveraging its dualistic aspects—whether as a suppressor or promoter—to
effectively counter the relentless march of tumor progression.
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Background

The BMP (Bone morphogenetic protein) signaling path-
way plays a crucial role in various aspects of metazoan
biology. From embryonic development to tissue homeo-
stasis and disease progression, the BMP signaling exerts
a profound influence on cellular processes and organis-
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advantage (Martinez et al. 2017; Wang et al. 2019; Yan
et al. 2012).

Cancer stem cells (CSCs), also known as tumor-ini-
tiating cells, are a small subpopulation of quiescent,
pluripotent, self-renewing neoplastic cells that were first
identified in hematologic tumors and later in solid malig-
nancies (Bao et al. 2006; Chen et al. 2012; Shibue and
Weinberg 2017). CSCs possess stem-like properties and
contribute to tumor initiation, progression, and resist-
ance to therapy. Their role in tumor resistance to chem-
otherapy and radiation treatment, as well as recurrence,
has garnered significant research interest. CSCs are
thought to be preserved as a small population through
self-renewal, and to generate more differentiated prog-
enies that constitute the bulk of the tumor mass (Kreso
and Dick 2014). In addition to providing the driving force
for tumor growth and maintenance, CSCs have been
shown to be more resistant to existing anticancer thera-
pies, consistent with their role in relapse after therapy.
Accordingly, transcriptional signatures of CSCs are pre-
dictive of overall patient outcome, supporting their clini-
cal relevance.

The expanding array of aberrant signaling pathways,
including BMP, Hippo, Hedgehog, JAK/STAT, Wnt,
Notch, PI3K/PTEN, and NF-«B, distinctly regulates
the sustenance of cancer stem cells (CSCs) (Clara et al.
2020; Takebe et al. 2015; Yang et al. 2020). While govern-
ing normal stem cell equilibrium, these pathways often
experience anomalous activation or repression in CSC
contexts. The BMP antagonist COCO plays a pivotal
role in modulating the reawakening of dormant meta-
static breast cancers linked to CSCs in the lung, whereas
BMP signaling itself exerts suppressive effects (Gao et al.
2012). YAP/TAZ activation equally emerges as signifi-
cant, instigating CSC attributes, fueling proliferation,
encouraging chemoresistance, and driving metastasis
(Zanconato et al. 2016). The JAK/STAT pathway, a piv-
otal player, drives CSC-mediated metastasis and prolif-
eration in various cancers, including colon cancer (Calon
et al. 2012), glioblastoma (Sherry et al. 2009), and breast
cancer (Zhou et al. 2007).

Importantly, these pathways form a complex inter-
woven network of signaling mediators, intricately inter-
acting and fostering a labyrinthine cross-talk. This
interconnected web underscores the significance of
understanding not only each pathway’s distinct role but
also their collaborative dynamics. Together, they intri-
cately shape the landscape of CSC regulation and cancer
progression.

Understanding the biology of CSCs and their inter-
actions with the tumor microenvironment is of para-
mount importance in the pursuit of effective therapies for
intractable tumors. The intricate functioning of the BMP
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signaling has been demonstrated to play a crucial role
in regulating CSC self-renewal, differentiation, and the
modulation of the tumor microenvironment in various
cancer types (Table 1). Moreover, the influence of BMP
signaling extends beyond CSCs, intricately regulating cel-
lular migration, invasion, and metastasis across different
tumors.

The complex nature of BMP signaling in cancer under-
scores the need to comprehend its effects within the cel-
lular context and the tumor microenvironment. Given
the interplay between the tumor-suppressive and tumor-
promoting aspects of BMP signaling, it is imperative to
grasp the underlying mechanisms and specific molecular
interactions involved. Thus, the objective of this article is
to provide a concise overview that highlights the diverse
roles of the BMP signaling in various types of cancers.

Basics of BMP signaling pathway

The core BMP signaling components are largely con-
served across metazoans (Massagué 2012). The BMP
signaling pathway comprises an extensive repertoire of
ligands, with more than 20 identified members. These
ligands can be classified based on their nucleotide or
amino acid similarities. Among the noteworthy ligands
within the pathway are BMPs 2, 4, 6, 7, 9, and 15, along
with growth differentiation factors (GDFs) 5 and 9, and
anti-Miillerian hormone (David and Massagué 2018)
(Table 2). Initially derived from demineralized bone
matrix, BMPs exhibit remarkable capacity to induce
bone formation (Yang et al. 2020). These ligands belong
to the transforming growth factor (TGF)-p superfamily
(Derynck et al. 2021; Liu et al. 2021).

During embryogenesis, BMP signaling participates
in key developmental events such as dorsal-ventral
patterning, mesoderm and ectoderm specification, as
well as organogenesis (Jia et al. 2012). It regulates cell
fate determination, proliferation, and differentiation,
guiding the formation of diverse tissues and organs
throughout the body (Bier and De Robertis 2015; Sala-
zar et al. 2016; Wu et al. 2016). Furthermore, BMP
signaling is involved in maintaining tissue homeosta-
sis in adult organisms by influencing cell growth, sur-
vival, and regeneration in various organs and tissues,
including bone, muscle, skin, and the central nervous
system (Agius et al. 2010; Bier and De Robertis 2015;
Liu and Niswander 2005; Stevens et al. 2017; Zinski
et al. 2018).

Beyond development and tissue maintenance, the
BMP signaling has emerged as a crucial player in dis-
ease contexts. Dysregulation of BMP signaling has been
implicated in several pathological conditions, including
cancer, cardiovascular diseases, and developmental dis-
orders (Davis et al. 2016; Martinez et al. 2017; Morrell
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Table 1 The BMP family members and their functions in stemness and differentiation of various cancers

BMP members Cancer type Phenotype References
BMP2 Ovarian Promote growth and stemness Choietal. 2015
Lung Enhance stemness Husanie et al. 2022
Breast Induce EMT and stemness Huang et al. 2017; Zhang et al. 2018
BMP4 Lung Promote differentiation Leeetal. 2014b
DIPG Inhibit stemness and growth Sun etal. 2022
GBM Promote differentiation Savary et al. 2013
BMP5 Colorectal Inhibit stem cell-like properties, proliferation, migration, invasion ~ Chen et al. 2018
Breast Reduce stemness Jinetal. 2022
BMP6 Prostate Induce differentiation Leeetal. 2011
Medulloblastoma  Induce differentiation Armandari et al. 2021
BMP7 Colorectal Antiangiogenic and prodifferentiation Veschi et al. 2020
Glioma Promote differentiation and reduce stemness Cajaetal. 2018; Tate et al. 2012; Tso et al. 2015
BMP8 Gastric Reduce differentiation Wisnieski et al. 2017
BMP9 GBM Induce differentiation Porcu etal. 2018
GDF6 Melanoma Prevent differentiation and cell death, promote tumor growth Gramann et al. 2019; Venkatesan et al. 2018
AMH Endometrial Activate differentiation and inhibit tumor growth Fortner et al. 2017
BMPRTA CRC Inhibit stem cell activation Kodach et al. 2011
BMPR1B GSC Astroglial differentiation in GSCs Lee etal. 2008
ACVRTA DIPG Promote stemness and progenitor cell arrest Fortin et al. 2020; Hoeman et al. 2019
BMPR2 NSCLC Increase cell migration and invasiveness Wu et al. 2022

et al. 2016; Palencia-Desai et al. 2015; Walton et al. 2016;
Wang et al. 2019; Yan et al. 2012). Aberrant activation or
inhibition of BMP signaling can lead to uncontrolled cell
proliferation, abnormal tissue remodeling, and functional
impairments in affected tissues (Martinez et al. 2017;
Wang et al. 2019; Yan et al. 2012).

The multifaceted nature of BMP signaling is attrib-
uted to its intricate network of ligands, receptors, and
downstream effectors. BMP ligands bind to specific
transmembrane receptors, initiating a cascade of intra-
cellular events that lead to the activation of downstream
effectors, including SMAD proteins (Agnew et al. 2021;
Gaarenstroom and Hill 2014; Gomez-Puerto et al. 2019).
Once activated, these effectors translocate to the nucleus
and modulate gene expression, thereby orchestrating the
cellular responses associated with BMP signaling (David
and Massagué 2018; Massagué et al. 2005) (Fig. 1).

Regulation of BMP signaling involves multiple levels of
control, encompassing intricate mechanisms that govern
the activation, expression, and degradation of key com-
ponents within the signaling pathway. At the transcrip-
tional level, the expression of BMP ligands, receptors, and
downstream effectors is tightly regulated by a variety of
transcription factors and co-regulators (Huse et al. 1999;
Massagué et al. 2005). Post-translational modifications,
such as phosphorylation and ubiquitination, dynamically
modulate the activity and stability of BMP receptors,
thereby influencing the strength and duration of BMP

signaling (Massagué et al. 2005; Shen et al. 2014). Addi-
tionally, extracellular regulators, including antagonists
and binding proteins, act as molecular rheostats, fine-
tuning the availability and localization of BMP ligands
(Walsh et al. 2010). Crosstalk with other signaling path-
ways further adds another layer of complexity, allowing
for intricate regulatory networks that shape the precise
outcomes of BMP signaling in diverse biological con-
texts. Overall, the regulation of BMP signaling involves
a sophisticated interplay of multiple levels of control,
ensuring precise and context-dependent responses to this
essential cellular pathway.

BMP signaling in Glioblastoma Multiforme (GBM)

Glioblastoma multiforme (GBM) is a malignant brain
tumor in adults, is challenging to treat due to its diverse
cellular populations with varying transcriptional pro-
files, morphology, invasive potential, tumorigenicity, and
drug sensitivity (Aldape et al. 2015; Jackson et al. 2019;
Khan et al. 2023; Krishna et al. 2023; Miska and Chan-
del 2023; Vescovi et al. 2006). Glioblastoma stem cells
(GSCs), functionally defined by their self-renewal and
tumor-propagating ability, exhibit high resistance to radi-
ation and chemotherapy, resulting in poor patient sur-
vival (Ranjan et al. 2023; Singh et al. 2004). Neural stem
cells (NSCs) share regulatory mechanisms of self-renewal
capacity and long-term proliferative potential with GSCs,
but undergo terminal differentiation to generate different
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Table 2 The BMP family members and their receptors

Ligand Type I receptor Type Il receptor Co-receptor
BMP2  BMPRTA, BMPR1B ACVR2, ACVR2B, RGM
BMPR2
BMP4  BMPR1A, BMPR1B ACVR2, ACVR2B,
BMPR2
BMP5  ACVR1A, BMPRTA ACVR2, ACVR2B,
BMPR1B BMPR2
BMP6  ACVR1A, BMPRIA, ACVR2, ACVR2B, RGM
BMPR1B BMPR2
BMP7  ACVR1A, BMPRTA ACVR2, ACVR2B,
BMPR1B BMPR2
BMP8  ACVRTA, BMPR1A, ACVR2, ACVR2B,
BMPR1B BMPR2
BMP9  ALK1 ACVR2, BMPR2 Endoglin
BMP10  ALK1 ACVR2, BMPR2 Endoglin
BMP15 BMPR1B BMPR2
BMP3? - -
BMP3B - -
GDF5  BMPRTA, BMPR1B ACVR2, ACVR2B,
BMPR2
GDF6 ~ BMPR1A, BMPR1B ACVR2, ACVR2B,
BMPR2
GDF7  BMPR1A, BMPR1B ACVR2, ACVR2B,
BMPR2
AMH ACVR1A, BMPRTA AMHR2

GDF15 GFRAL®

BMP Bone morphogenetic protein, BMPR Bone morphogenic protein receptor,
ACVR Activin receptor, RGM Repulsion guidance molecules, GDF Growth and
differentiation factor, AMH Anti-Muellerian hormone, AMHR Anti-Muellerian
hormone receptor; -, not applicable. BMP3 antagonizes other BMPs. "GDF 15 is a
distant member of the TGF-f and BMP family. It signals through a receptor called
glial-derived neurotrophic factor receptor alpha-like (GFRAL)

lineages of mature cells, including astrocytes, oligoden-
drocytes, and neurons, for tissue homeostasis (Blanpain
and Fuchs 2014).

Research findings have demonstrated the indispen-
sable role of TGF-B signaling in upholding the stem
cell-like attributes and tumorigenic prowess of GSCs
(Ikushima et al. 2009). Perturbation of TGF-f signaling
leads to the attenuation of GSCs’ tumorigenic potential,
while concurrently triggering the activation of SOX2 and
SOX4 through TGEF- signaling, thus perpetuating GSCs’
stemness (Ikushima et al. 2009). Conversely, BMP sign-
aling assumes the role of a tumor suppressor within the
context of GBM. Stimulation of BMP signaling coerces
GSCs towards adopting an astroglial differentiation fate,
consequently impeding the progression of tumor growth
(Lee et al. 2008; Piccirillo et al. 2006).

BMP signaling exerts its tumor suppressive func-
tion in GBM through the upregulation of SNAII (also
called SNAIL) and DLX2 (Raja et al. 2017; Savary et al.
2013). SNAII induction is correlated with GFAP upreg-
ulation and GSC differentiation, indicating SNAI1 is
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Fig. 1 Schematic illustration of BMP signaling pathway.

Activation of this pathway occurs when BMP ligand dimers bind

to two homologous type Il receptors, facilitating the formation

of a tetramer with the two type | receptors. The type Il receptor
kinase, constitutively active, phosphorylates specific serine

residues in the type | receptors, leading to their activation. There

are four type | BMP receptors: ALK1 (ACVRLT), ALK2 (ACVR1), ALK3
(BMPRIA), and ALK6 (BMPRIB), and three type Il BMP receptors:

BMP receptor type Il (BMPR2), activin type Il receptor A (ACVR2A),
and activin type Il receptor B (ACVR2B). The subsequent steps involve
the activation of type | receptors, leading to the phosphorylation

of receptor-regulated SMADs (R-SMADs) transcription factors,
specifically SMAD1/5/8. In contrast, TGF3 signaling involves SMAD2/3.
The R-SMADs form a heteromeric complex with the co-SMAD,
SMADA4, and translocate into the nucleus to regulate target gene
expression transcriptionally. Created with BioRender.com

indispensable for BMP signaling-induced differen-
tiation. However, SNAII overexpression only partially
phenocopies the BMP signaling response in GSC cells,
as BMP signaling downregulates Nestin expression,
which SNAI1 does not (Savary et al. 2013). DLX2 is
highly induced upon BMP signaling, and overexpres-
sion of DLX2 significantly decreases GSC cell viability
and induces apoptosis. Knockdown of DLX2 blocks the
inhibitory effects of BMP signaling on GSCs. Clinically,
patients with high expression of DLX2 (BMP signaling
targets) survive longer than patients with low expression
of DLX2 (Raja et al. 2017).
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Despite the tumor suppressive role traditionally associ-
ated with BMP signaling in GSCs, human gliomas con-
tain high levels of BMP ligands. A study by Yan et al.
revealed that BMP signaling is more active in non-GSCs
compared to GSCs. Interestingly, GSCs secrete elevated
levels of the BMP antagonist Gremlinl, promoting their
stemness by blocking BMP signaling. Moreover, overex-
pressing Gremlinl in non-GSCs enhances their tumor-
initiating capacity, and it stimulates cell cycle progression
in GSCs by inhibiting p21 activity. These findings high-
light the complex interplay between BMP signaling,
Gremlinl, and distinct cell populations in gliomas (Yan
et al. 2014).

In summary, BMP signaling has shown a tumor sup-
pressor role in GBM, particularly in GSCs, making it a
potential target for therapeutic intervention. Previous
studies have explored methods such as local delivery of
BMP4-saturated beads or intracranial administration
of BMP4-expressing viruses, which have demonstrated
improved survival in preclinical models. However, it is
important to carefully balance BMP signaling activation
to avoid immune misregulation and potential tumor pro-
gression in advanced cancers. Therefore, future research
should focus on precise analysis of this signaling path-
way in GBM and identify specific downstream targets
for inclusion in clinical trials. Overall, augmenting BMP
signaling in GSCs holds promise as a therapeutic strategy
for GBM treatment.

BMP signaling in diffuse intrinsic pontine glioma
(DIPG)
Diffuse intrinsic pontine glioma (DIPG) is a devastat-
ing brainstem tumor located in the pons, accounting
for 10-15% of all pediatric brain tumors, with a median
survival of only 9-12 months (Jones et al. 2017; Wong
et al. 1999). Recent large-scale genomic and epigenomic
sequencing studies have shed light on driver mutations
and their associated genomic and epigenomic landscape
in DIPG patients. Nearly 80% DIPG patients carry a char-
acteristic mutation of lysine 27 to methionine (K27M) in
histone H3.3 and H3.1 (Bocciardi et al. 2009; Buczkowicz
et al. 2014; Fontebasso et al. 2014; Khuong-Quang et al.
2012; Taylor et al. 2014a, b; Wu et al. 2012, 2014).
Approximately 20% of DIPG cases harbor recurrent
ACVR1 mutations co-occurred with H3.1K27M, which
encode the BMP type I receptor, also known as ALK2
(Bocciardi et al. 2009; Buczkowicz et al. 2014; Fonte-
basso et al. 2014; Taylor et al. 2014a, b; Wu et al. 2014).
These mutations, located in the GS domain (R206H)
and the protein kinase domain (R258G, G328V, G328E,
and G356D), cause ligand-independent constitutive
activation of the BMP signaling pathway, leading to the
phosphorylation of SMAD1/5/8 (Atsuta and Takahashi
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2016; Fontebasso et al. 2014; Hegarty et al. 2013; Shen
et al. 2009; Shore et al. 2006; Stevens et al. 2017).
Notably, these mutations also occur in the congenital
malformation syndrome fibrodysplasia ossificans pro-
gressiva (FOP), where they activate the BMP signaling
pathway, resulting in the transformation of soft tissues
into bone (Kaplan et al. 2020; Shore et al. 2006; Taylor
et al. 2014a, b).

Studies have shown that three of the most common
ACVRI1 mutants (R206H, G328V, and G328E) alone are
not sufficient to induce DIPGs (Fortin et al. 2020; Hoe-
man et al. 2019). The combination of ACVRI mutations
with H3.1K27M and p53 deletion causes glioma-like
lesions with a mesenchymal phenotype, though not
enough to induce gliomagenesis (Fortin et al. 2020). Full
gliomagenesis requires activation of PDGFRA signaling
(Hoeman et al. 2019). Moreover, expression of Acvr1 %28V
in murine oligodendroglial cells causes neurological
anomalies. Acvr1%*?V induces ligand-independent BMP
signaling activation and upregulates PDGFRA to block
oligodendrocyte differentiation. Thus, Acvr1%?Y coop-
erates with Hist1h3b"*”M and Pik3ca™*® to induce
high-grade diffuse gliomas (Fortin et al. 2020). These
results suggest that ACVR1 mutations, which cause BMP
signaling activation, drive tumorigenesis of DIPG and
arrest this glioma at progenitor cell states.

The elevated BMP signaling activity implicated in tum-
origenesis of ACVR1 mutant and H3.1K27M subtype
DIPG suggests that targeting ACVR1 may hold promise
as a therapeutic strategy. ACVR1-targeting drugs, includ-
ing LDN-214,117, LDN-193,189, and LDN212854, have
shown potential in preclinical studies for treating this
specific subtype of DIPG (Carvalho et al. 2019; Hoeman
et al. 2019). They selectively inhibit DIPG cell growth,
reduce phospho-SMAD1/5/8 levels, block IDI expres-
sion, and demonstrate anti-tumor efficacy both in vitro
and in vivo (Carvalho et al. 2019). E6201, a previously
defined covalent inhibitor of MEK1/2, has been identi-
fied to associate with ACVR1, and inhibits BMP ligand-
stimulated phosphorylation of SMADI1 (Fortin et al.
2020). E6201 demonstrated anti-tumor efficacy in DIPG
cells and Acvr1%%?V DIPG mouse models. In summary,
drugs targeting the BMP signaling pathway, especially
ACVRI1, may provide clinical options for DIPG patients
with ACVR1 mutations.

Thus far, the ACVR1 mutation subtype of DIPG has
received a significant amount of research attention,
despite the fact that only 20% of DIPG patients carry
ACVR1 mutations. Analysis of the active enhancer
landscapes in H3.1K27M and H3.3K27M DIPG indi-
cates that the differentially accessible enhancer elements
of H3.3K27M DIPG are enriched in negative regula-
tion of the BMP signaling compared with H3.1K27M
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DIPG (Nagaraja et al. 2019). Recent investigations have
highlighted the diminished activity of BMP signal-
ing in H3.3K27M ACVR1 WT subtype DIPG. Notably,
BMP4 ligands have been found to exert robust tumor-
suppressive effects on this particular subtype of DIPG.
These effects are achieved by facilitating the transition of
DIPG tumor cells from a prolonged stem-cell-like state
to a state of differentiation, primarily through epigenetic
regulation of CXXC5 (Sun et al. 2022). Moreover, the
tumor suppressive effects of BMP signaling on ACVR1
wild-type (WT) and H3.3K27M subtype DIPG are sup-
ported by clinical evidence showing that patients with
high expression of CXXC5 or ACVRI tend to have a bet-
ter prognosis, while low expression of CHRDL]1 is associ-
ated with improved outcomes (Sun et al. 2022).

Thus, these findings unveil four potential therapeutic
opportunities for H3.3K27M ACVR1 WT subtype DIPG
by enhancing BMP signaling: (1) targeting CHRDL1, an
antagonist of the BMP pathway, could be achieved by
inhibiting its activity, potentially utilizing a neutralizing
antibody against CHRDLI1; (2) inhibiting FPKBP12, a
negative regulator of BMP receptors, through degrada-
tion or blocking strategies such as PRO-TAC technology
or FK50663, could activate BMP signaling and impede
tumor growth; (3) augmenting CXXC5 activity, a positive
regulator of BMP signaling, could be pursued to suppress
tumor growth; (4) HDACis drugs, which have exhibited
anti-tumor efficacy in DIPG and can positively regulate
BMP signaling, holds promise for improved therapeutic
outcomes. These approaches provide encouraging ave-
nues for the development of novel therapies targeting this
aggressive cancer.

In sum, given the contrasting roles of BMP signaling in
the two subtypes of DIPG, it is essential to explore dis-
tinct therapeutic strategies tailored to each subtype.

BMP signaling in colorectal cancer

The intestinal mucosa harbors self-renewing stem cells in
the crypt base and differentiated cells in the villus, which
are tightly regulated by gradients of BMP and WNT'T sign-
aling pathways (Beumer et al. 2022; Kraiczy et al. 2023;
McCarthy et al. 2020). Stem cell maintenance and divi-
sion are facilitated by high levels of WNT signaling and
low levels of BMP signaling in the crypt base, while dif-
ferentiation and apoptosis of daughter cells in the top vil-
lus are driven by low levels of WNT signaling and high
levels of BMP signaling (Qi et al. 2017; van den Brink and
Offerhaus 2007). The coordination between WNT and
BMP signaling is necessary and sufficient to maintain
intestinal stem cells self-renewal (Barker et al. 2007; Li
et al. 2018; Wang and Chen 2018), while abnormal activa-
tion of WNT signaling and loss of BMP signaling would
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contribute to the development of colorectal carcinogen-
esis (Zhang and Que 2020).

The BMP signaling pathway is imperative in maintain-
ing intestinal epithelial homeostasis and preventing the
development of colorectal cancer (CRC). BMP signal-
ing promotes intestinal differentiation while inhibiting
stem cell activation. However, germline mutations in
BMPR1A and SMAD4 are responsible for familial juve-
nile polyposis syndrome, which carries a high lifetime
risk of CRC (Kodach et al. 2011). Genome-wide associa-
tion studies have identified mutations in other members
of the BMP signaling pathway that are associated with an
increased risk of CRC, including BMP2, BMP4, GREM1,
and SMAD7 (Broderick et al. 2007; Houlston et al. 2008),
which can disrupt normal BMP signaling in the intestinal
mucosa. The loss of BMP signaling leads to the formation
of ectopic crypts, juvenile polyps, and eventually tumors
(Haramis 2004).

Studies on transgenic mice have revealed that BMP
signaling inhibits crypt fossa formation and polyp
growth by suppressing WNT signaling (Haramis 2004;
He et al. 2004) and controls crypt division by inhibiting
stem cell self-renewal and replication (Haramis 2004).
BMP signaling is typically intact in normal colonic
epithelial cells and various types of adenomas but fre-
quently inactivated in cancer cells (Kodach et al. 2008a,
b). BMP4 treatment can increase PTEN levels, inhibit
the PI3K/AKT pathway, antagonize the proliferative
effects of WNT, and induce the differentiation of colo-
rectal cancer stem cells (Lombardo et al. 2011). Thus,
BMP signaling is considered a vital suppressor of intes-
tinal tumorigenesis.

The secretion of BMP antagonists, such as Gremlinl,
Gremlin2, and Noggin, is also tightly regulated in the
intestine (Stzepourginski et al. 2017). These antagonists,
which are derived exclusively from subcrypt myofibro-
blasts, act locally within the basal stem cell of the crypt
to inhibit BMP signaling and maintain stemness (Kosin-
ski et al. 2007). A duplication of approximately 40 kb
upstream of the GREM1 gene leads to hereditary mixed
polyposis syndrome (HMPS), an autosomal dominant
disorder that predisposes untreated patients to develop
colorectal cancer at a median age of 47 years (Jaeger et al.
2012). Aberrant epithelial expression of GREMI1 dis-
rupts the intestinal morphogenetic gradient and alters
daughter cell fate, initiating colonic tumorigenesis from
cells outside of the crypt base stem cell niche (Davis et al.
2015). Inhibition of BMP signaling in epithelial cells by
transgenic overexpression of Noggin leads to the forma-
tion of ectopic crypts and polyps in the mouse intestine,
mimicking the intestinal histopathology of juvenile poly-
posis (Batts et al. 2006; Haramis 2004).
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Transcription factors also play a pivotal role in BMP
signaling regulation. BMP signaling exerts a growth-sup-
pressive effect in HT-29 through upregulation of RUNX3,
which binds with T-cell factor 4 (TCF4) to form a com-
plex with p-catenin. This complex negatively regulates
WNT signaling by inhibiting the transcriptional activity
of B-catenin/TCF4 on promoters of WNT target genes
like the oncogene c-MYC. However, TGE-p has no effect
on RUNX3 expression (Lee et al. 2010). Interestingly, ele-
vated expression of BMP4 is specific to colorectal cancer,
while other BMPs are not elevated in colorectal cancer
cells (Yokoyama et al. 2017). Additionally, studies have
found that BMP2 is silenced by promoter hypermethyla-
tion in a subgroup of CRCs. Statin treatment can inhibit
DNA methyltransferase activity, demethylate the pro-
moters of BMP2, and promote a shift from a stem-like
state to a more differentiated state in CRCs (Kodach et al.
2011).

The potential of BMP signaling in the treatment of
CRC has been explored, and it has been found that BMP
signaling enhances the cytotoxic effects of chemotherapy,
suggesting that combining BMP4 administration with
current standard chemotherapy could provide clinical
benefits for CRC patients (Lombardo et al. 2011). Fur-
thermore, BMP2 has been identified as a differentiating
and radiosentizing agent for colorectal cancer stem cells,
suggesting that restoring the BMP signaling pathway may
offer novel therapeutic approaches for colorectal cancer
(Mahmoudi et al. 2023). In light of the systemic effects
of BMP signaling on patients, future clinical strategies
should focus on targeting specific members of BMP path-
way to maximize benefits.

BMP signaling in acute Myeloid Leukemia (AML)
Acute myeloid leukemia (AML) is a highly aggressive
hematological malignancy that is characterized by the
uncontrolled proliferation of hematopoietic stem/pro-
genitor cell (HSPCs) and blockage of myeloid differentia-
tion (De Kouchkovsky and Abdul-Hay 2016; Dohner et al.
2015). The self-renewing leukemia stem cells (LSCs),
which share properties with normal hematopoietic stem
cells (HSCs) producing normal blood cells, initiate and
sustain AML cells (Gal et al. 2006). The WNT and BMP
signaling pathways have been implicated in the aberrant
proliferation of AML cells during disease progression
(Gruber et al. 2012; Raymond et al. 2014; Voeltzel et al.
2018). Studies have revealed that activation of BMP sign-
aling maintains progenitors in an undifferentiated state,
resulting in therapeutic resistance (Gruber et al. 2012;
Raymond et al. 2014; Voeltzel et al. 2018), while others
have reported that BMP signaling inhibits growth and
induces differentiation of myeloid progenitors and AML
cells (Imai et al. 2001; Wang et al. 2006).
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Increased BMP signaling has been shown to induce
differentiation of CD34* cells into megakaryocytes
(Jeanpierre et al. 2008). In contrast, fusion-positive
acute megakaryoblastic leukemias (AMKLs) with the
CBFA2T3-GLIS2 fusion exhibit altered expression of
BMP, SHH, and WNT pathway genes, particularly BMP2
and BMP4 (Gruber et al. 2012). BMP2/4 act in an auto-
crine or paracrine manner to promote growth and induce
a megakaryocytic lineage phenotype in AMKL blasts and
hematopoietic progenitors (Crispino and Le Beau 2012;
Gruber et al. 2012). Another study has identified intrinsic
and extrinsic upregulation of the BMP signaling in AML
patients at diagnosis. They found BMP4 controls the
expression of the survival factor ANp73 through its bind-
ing to BMPR1A, which results in the direct induction of
NANOG expression and an increase of stem-like features
in AML cells (Voeltzel et al. 2018).

Additionally, study reported that the secreted stem cell
growth factor R-spondin 2 (RSPO2) inhibits BMP sign-
aling to promote self-renewal in AML cells, which acts
as a BMP signaling antagonist (Sun et al. 2021). Interest-
ingly, the truncated isoform, SMADS5-beta, was found
to have higher expression levels in the undifferentiated
CD34" HSCs/LSCs than in the terminally differentiated
leukemia, thereby suggesting its implication in stem cell
homeostasis. Furthermore, the lack of physical interac-
tions between SMAD5-beta and SMAD4 may represent
a novel mechanism to protect pluripotent stem cells and
malignant cells from the growth inhibitory and differen-
tiation signals of BMPs (Jiang et al. 2000).

In summary, the role of the BMP signaling in AML is
context-dependent, particularly in LSCs. Activation of
BMP signaling is necessary for maintaining stemness
and promoting AML lineage phenotype production in
progenitor cells. Conversely, inhibiting BMP signaling
can protect against AML differentiation in specific cel-
lular contexts. These findings underscore the pleiotropic
nature of BMP signaling in AML and emphasize the
importance of developing precise and personalized ther-
apies for AML in the future.

BMP signaling in lung cancer

Lung cancer is the leading cause of cancer mortality and
accounts for 30% of all deaths from cancer (Jemal et al.
2010; Siegel et al. 2013). Despite advancements in medi-
cal care, the prognosis for lung cancer remains poor, with
85% of patients succumbing to the disease. BMP signal-
ing, which is normally absent in adult lung tissue (Soun-
toulidis et al. 2012), becomes reactivated in lung injury
as well as non-small cell lung carcinomas (NSCLC) and
small cell carcinomas (Langenfeld et al. 2005). NSCLC
exhibits significant overexpression of BMP2 compared to
normal lung tissue and benign tumors, and depletion of
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BMP2 or its receptor BMPR2 has been shown to reduce
cell migration and invasiveness (Wu et al. 2022).

Recent studies have shown that the BMP signaling plays
a crucial role in promoting lung cancer cell growth and
survival (Langenfeld et al. 2013). Downregulation of type
I BMP receptors with siRNA or small molecule inhibi-
tors (DMH1, DMH?2) in lung cancer cells caused growth
inhibition and cell death, while the forced expression of
ID3 attenuated growth suppression and cell death caused
by BMP receptor inhibitors. These findings suggest that
BMP signaling is a potential therapeutic target for lung
cancer treatment (Augeri et al. 2016). Furthermore, com-
bining inhibition of BMP signaling with mitochondrial
targeting agents induces AIF (apoptosis-inducing fac-
tor) caspase-independent cell death by hyperactivating
AMPK, indicating the potential use of this combination
as a novel therapeutic strategy for lung cancer treatment
(Mondal et al. 2022). Moreover, RUNX2 could recruit
histone H3K9-specific methyltransferase Suv39hl to
BMP3B (GDFI10) proximal promoter and then suppress
the BMP3B expression, which is regarded as a tumor
growth inhibitor and a gene silenced in lung cancers (Dai
et al. 2004; Tandon et al. 2012).

Taken together, these finding demonstrate that BMP
signaling plays an essential role in lung cancer cell growth
and survival. BMP signaling inhibitors could present a
potential therapeutic target for lung cancer treatment,
alone or in combination with other agents. However, fur-
ther research is needed to investigate the clinical utility of
targeting BMP signaling for lung cancer treatment.

BMP signaling in prostate cancer

Prostate cancer is a significant cause of male cancer-
related mortality (Siegel et al. 2016). The interplay
between TGF-p and BMP signaling pathways within
prostate cancer is intricate, with distinct roles (Lu et al.
2017). Genetic deletions of Tgfbr2 and Bmpr2 in a Pten-
null mouse model reveal that TGEp restrains cancer pro-
gression, while BMP signaling drives advancement (Lu
et al. 2017). BMP signaling interacts with pathways like
WNT and PI3K/AKT, fostering cancer progression and
therapy resistance (Chen et al. 2016; Lee et al. 2014a;
Murillo-Garzén and Kypta 2017). BMP ligands are key
subjects in research on prostate cancer stemness, migra-
tion, invasion, growth, and metastasis.

Within the intricate landscape of prostate cancer,
the architects of disorder manifest as basal and ductal
stem cells, wielding the potential to spark tumorigen-
esis and invariably contributing to the unsettling specter
of tumor recurrence (Choi et al. 2012; Goldstein et al.
2010). Intriguingly, emerging reports cast a spotlight
on BMP signaling as a vigilant guardian of stem/pro-
genitor cell preservation nestled within the basal cell
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enclave. Noteworthy is the fact that taming the tempes-
tuous BMP5 signaling alone showcases the capacity to
impede the otherwise relentless march of cancer pro-
gression within prostate basal cells, offering a promising
ray of hope (Tremblay et al. 2020). Deeper intricacies are
unveiled as BMP6 assumes a central role, conducting a
sophisticated symphony of migration and invasion within
the domain of prostate cancer cells. Amplifying its sig-
nificance, BMP6 intricately coordinates the heightened
expression of MMP and ID1, propelling prostate cancer
cells towards an elevated prowess in migration and inva-
sion (Darby et al. 2008).

However, not all BMP ligands assume tumor-promot-
ing roles in prostate cancer; BMP7, in particular, stands
as an exception. Initial reports highlighted BMP7’s abil-
ity to curtail tumor growth by upregulating CDKN1A in
prostate cancers (Miyazaki et al. 2004). BMP7 exercises
control over epithelial homeostasis within the human
prostate, safeguarding the epithelial phenotype and
impeding bone metastases of prostate cancer in vivo
(Buijs et al. 2007). Furthermore, BMP7 induces revers-
ible senescence and growth arrest of cancer stem cells
(CSCs) both in vitro and in vivo, achieved by upregulat-
ing NDRG1 through the p38 pathway in prostate cancer
(Kobayashi et al. 2011).

BMP signaling also assumes crucial significance in
the context of bone metastases in prostate cancer, a
factor responsible for 80% of patient deaths (Ibrahim
et al. 2010). In vitro investigations have illuminated the
cooperative impact of BMP4 and SHH on fostering the
survival of prostate cancer cells alongside the differentia-
tion of bone stromal cells, potentially culminating in the
osteoblastic metastasis characteristic of prostate cancer
(Nishimori et al. 2012). Moreover, findings from in vivo
studies have underscored the involvement of BMP4 in
osteogenesis within a xenograft model of prostate cancer
bone metastasis. Notably, inhibition of BMP receptors by
LDN193189 has been shown to impede osteoblast differ-
entiation and restrain tumor growth (Lee et al. 2011).

In summary, BMP signaling significantly impacts pros-
tate cancer malignancy, with BMP ligands being key fac-
tors. Certain BMP ligands maintain cancer stemness,
enhance migration and invasion, and drive metastasis.
Noteworthy is BMP7’s unique role, reducing prostate
tumor growth. These studies illuminate intricate BMP
coordination with other pathways, fueling cancer pro-
gression and suggesting BMP modulation as a prom-
ising therapeutic strategy for curbing prostate tumor
advancement.

BMP signaling in osteosarcoma and chondrosarcoma
BMPs, originally recognized for their bone-form-
ing prowess, play pivotal roles in bone and cartilage
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development throughout life (Salazar et al. 2016). Nota-
bly, disrupted BMP signaling frequently underpins
human bone and cartilage disorders, particularly osteo-
sarcomas and chondrosarcoma. These two malignancies,
accounting for around 30% of primary bone sarcomas,
often exhibit altered BMP presence (Evola et al. 2017).
In osteosarcomas, BMPs tend to be linked with less
differentiated mesenchymal cells, contributing to an
unfavorable prognosis (Nguyen et al. 2014). Malignant
dedifferentiated chondrosarcomas also display BMP
expression and undifferentiated characteristics. Clinical
investigations reveal that osteosarcomas with active BMP
signaling exhibit resistance to chemotherapy, heightened
metastasis tendencies, and significantly reduced five-year
survival rates (Yoshikawa et al. 1988). However, BMP
signaling’s role in osteosarcomas is diverse. Patients with
BMP-signaling-negative tumors have reported lower
overall survival (Mohseny et al. 2012).

Recent studies have delved into the potential impact of
BMP signaling on osteosarcoma. An earlier investigation
documented the inhibitory prowess of BMP2 in curbing
sarcomagenesis within “cancer stem cells” of osteosar-
coma. This inquiry pinpointed osteosarcoma stem cells
derived from the OS99-1 cell line, displaying elevated
ALDH activity, a trait profoundly dampened by BMP2
treatment both in controlled laboratory conditions and
in live subjects (Wang et al. 2011). Conversely, an alter-
nate study highlighted the limitations of BMP2/9 over-
expression in prompting osteogenic differentiation. In
osteosarcomas afflicted with differentiation anomalies,
BMP exerted pro-mitogenic effects, revealing a complex
interplay between BMP signaling and osteosarcoma pro-
gression (Luo et al. 2008). Intriguingly, the exposure of
osteosarcoma cells to diverse extracellular matrix (ECM)
components, in the presence or absence of BMP2, led to
an unexpected revelation. BMP2 emerged as a driver of
osteosarcoma cell migration, achieved through its mod-
ulation of fibronectin-integrin-p1 signaling pathways
(Sotobori et al. 2006).

In summary, BMPs have been extensively studied
as osteoinductive molecules, exhibiting documented
expression patterns in both benign and malignant bone
tumors. However, the effects of BMPs on osteosarcoma
and chondrosarcoma biology are diverse and multifac-
eted. In the context of osteosarcoma, BMP signaling
demonstrates a dichotomy of effects. It exerts anti-tumor
influences on osteosarcoma cancer stem cells (CSCs),
orchestrating transitions from a stemness state to a dif-
ferentiation state. Simultaneously, BMP signaling can
paradoxically stimulate osteosarcoma cell migration
and invasion, particularly when certain osteosarcoma
cells develop resistance to BMP-induced osteogenic
differentiation. This intricate interplay is facilitated
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through crosstalk with fibronectin-integrin-p1 signaling
pathways.

These discoveries provide a foundational framework
for evaluating the clinical relevance of BMP signaling in
predicting the outcomes of osteosarcoma and chondro-
sarcoma. Furthermore, they underscore the potential of
modulating BMP signaling as a therapeutic avenue for
curbing osteosarcomagenesis, inhibiting growth, and
thwarting invasive tendencies in these malignancies.

BMP signaling in cancer metastasis

Tumor metastasis stands as the primary culprit behind
cancer-related fatalities. Grasping the intricate molecular
mechanisms that underlie this menacing process holds
the key to reigning in this formidable ailment. Within the
metastatic cascade, numerous signaling pathways cho-
reograph the intricate cellular ballet, encompassing stal-
warts such as TGFp (Massagué 2008), BMP (Ren et al.
2020), PDGF (Nissen et al. 2007), and the JAK/STAT
pathways (Yadav et al. 2011).

In the realm of cancer, the TGFp pathway’s duality
has been long acknowledged. Its role wavers between
anti-tumor sentinel and pro-metastasis instigator, its
inclination hinging upon cellular phenotype, genetic
aberrations, and an array of allied factors (Massagué
2008). Similarly, mirroring TGEB’s enigmatic behavior,
BMP engagement with tumor cells showcases a dual
face. While initially stifling cellular proliferation, BMP
stimulation paradoxically emboldens the machinery of
cell migration and invasion, as observed in compelling
research (Ketolainen et al. 2010).

BMP signaling frequently intersects with other signal-
ing pathways, sometimes acting as a facilitator of tumor
metastasis. Recent investigations have unveiled intrigu-
ing insights. Notably, in the context of highly inva-
sive breast cancers, TGFp signaling has been found to
counteract BMP-induced SMAD1/5/8 activation. This
interplay leads to a substantial reduction in tumor self-
seeding, as well as diminished liver and bone metasta-
sis (Ren et al. 2020). In a related context, the interplay
between BMP and SHH pathways forms a cooperative
and intricate cycle that fuels the bone metastasis of pros-
tate cancer, as observed in prior studies (Nishimori et al.
2012).In addition, the interwoven connection of BMP
and NF-«B signaling pathways emerges as a pivotal driver
of both oncogenesis and metastasis in esophageal squa-
mous cell carcinoma, a revelation elucidated through
research endeavors (Lau et al. 2017).

Moreover, the activation of BMP signaling within the
neighboring tumor microenvironment has been found to
potentiate the metastatic dissemination of tumors. Spe-
cifically, the stimulation of fibroblasts by BMP can exert
diverse effects. In the context of prostate tumors, BMP
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stimulation of fibroblasts has been demonstrated to fos-
ter angiogenesis (Yang et al. 2008). Similarly, when mam-
mary fibroblasts are exposed to BMP stimulation, it leads
to an augmentation in tumor cell invasion. This is cou-
pled with an escalation in the secretion of inflammatory
cytokines and the remodeling of the extracellular matrix
(Owens et al. 2013).

Recent investigations have illuminated the poten-
tial of systemic BMP signaling inhibition as a means to
halt tumor progression and metastasis, encompass-
ing both the tumor itself and its microenvironment. A
noteworthy illustration comes from the use of DMHI,
a BMP antagonist, which has exhibited promising out-
comes. Treatment with DMH1 has shown the capability
to curtail lung metastasis in breast cancer. Additionally,
in vivo results displayed a reduction in tumor prolifera-
tion and an increase in apoptotic processes, highlighting
the potential therapeutic significance of modulating BMP
signaling (Owens et al. 2015).

Collectively, these investigations substantiate the mul-
tifaceted role of BMP signaling in the intricate landscape

GBM

- Promote differentiation
- Tumor supprressor

AML

- Contextually influenc
stemness and differentiation
- Inhibit tumor growth/ii AML
while promote growth in AMKLs

/;

Prostate cancer

- Induce differentiation
and apoptosis

- Promote migration,
invasion, and metastasis
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of cancer evolution and advancement. BMP signaling
exhibits a dichotomy, capable of curbing tumor stemness
while concurrently fostering the orchestration of organ-
specific tumor metastasis (Fig. 2). The intricate interplay
between BMP signaling and other prominent pathways
serves as a facilitator, steering the course of tumor met-
astatic spread and overall progression across various
cancer types. Emerging as a promising avenue for thera-
peutic intervention, the restraint of BMP signaling within
both the tumor and its encompassing microenvironment
emerges as a prospective approach in combatting the
specter of future cancer metastasis.

Conclusions and perspectives

This review provides an overview of the findings from
numerous studies that have investigated the function
of BMP signaling in cancer stemness and differentia-
tion. Similar to the TGFp signaling pathway, the role of
the BMP pathway in tumorigenesis is complex and var-
ies depending on the specific cellular context, acting as
either a tumor suppressor or a tumor promoter.

DIPG

- Inhibit stemness and growth
in H3.3K27M subtypes

- Drive tumorigenesis in
H3.1K27M subtypes

Lung cancer

- Promote growth
and survival

- Promote migration
and invasiveness

Colorectal cancer

- Inhibit stemness,
proliferation, migration
and invasion

Osteosarcoma and
chondrosarcoma
- Reduce stemness

- Stimulate migration
with ECM

Fig. 2 The role of BMP signaling in various human cancers. BMP signaling exhibits context-dependent pleiotropic effects across diverse cancers.
In certain cancer types (e.g., lung cancer), BMP signaling can drive tumorigenesis, whereas in others (e.g., GBM), it exerts inhibitory influence
on tumor progression. Notably, within distinct tumor subtypes of DIPG and AML, BMP signaling assumes a dual role. Furthermore, the functions

of BMP signaling in prostate cancer and osteosarcoma are contingent upon
with BioRender.com

the cellular context, introducing variability in its impact. Created
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Understanding the precise mechanisms and the
intricate crosstalk between the BMP and TGEFp sign-
aling pathways is of great importance to unravel the
complexities of tumorigenesis. While the BMP signal-
ing has been implicated in various aspects of cancer
development, including tumor growth, metastasis, and
stemness (Table 1 and Fig. 2), there are still many unan-
swered questions. One such question pertains to the
potential overlapping and distinct roles of the BMP and
TGEP pathways in different types of cancers. Further
investigation is needed to elucidate the interplay and
competitive effects between these two signaling path-
ways within tumor cells.

Importantly, the activity of BMP signaling is tightly
regulated by a plethora of factors, and disrupting this
delicate balance can alter the characteristics of nor-
mal cells and lead to their transformation into tumor
cells (Table 1). Understanding the key factors involved
in this regulatory process is crucial for comprehend-
ing the development and progression of cancer. In this
regard, secreted antagonists play a significant role in the
regulatory network of BMP signaling. The tumor micro-
environment is enriched with various secreted factors,
including BMP signaling antagonists. The concentration
and activity of BMP ligands and antagonists may depend
on intricate cell-to-cell communication, and it has been
suggested that cancer stem cells may secrete BMP signal-
ing antagonists as a means to inhibit the BMP pathway
within the tumor microenvironment. Hence, investigat-
ing the roles of BMP ligands and antagonists within the
tumor microenvironment may provide valuable insights
into the regulatory networks that influence cancer devel-
opment and progression.

BMP ligands introduce further layers of intricacy to the
already complex regulatory landscape within different
tumors. It's noteworthy that distinct BMP ligands might
execute analogous functions within a given tumor. Para-
doxically, a singular BMP ligand could even yield dispa-
rate functions when situated in diverse tumor types. As a
result, the influence of BMP signaling takes center stage
within specific tumor contexts. Delving into the opera-
tional mechanisms of these ligands becomes imperative,
as it holds the potential to elucidate the exact contribu-
tion of the BMP pathway within these specific tumor
types.

Given the diverse roles of BMP signaling in cancer,
there is considerable potential for the development of
novel therapeutic approaches targeting these pathways.
In cases where BMP signaling acts as a tumor suppres-
sor, delivering exogenous BMP ligands to tumors using
various methods, such as through the use of vaccinia
viruses, may hold clinical promise and offer poten-
tial benefits to patients. Additionally, targeting BMP
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signaling pathway antagonists or negative regulators,
such as NOG (noggin) and SMADS6, using small mole-
cule inhibitors could effectively promote BMP signaling
activity and potentially inhibit tumor growth.

Conversely, in situations where BMP signaling act as
tumor promoters, interventions at different levels could
be considered. Direct delivery of inhibitors, such as anti-
sense oligonucleotides, specifically targeting BMP ligand
production within the tumor, could potentially offer a
means to prolong patient survival. Furthermore, inhibit-
ing ligand-receptor interactions using antibodies against
BMP ligands or BMP receptors, as well as employ-
ing small molecule inhibitors that target BMP receptor
kinases, like LDN-193,189, could provide alternative and
potentially more effective therapeutic approaches for
blocking BMP signaling in tumors.

Lastly, since BMP ligands and antagonists are secreted
proteins, the measurement of their concentrations in a
patient’s blood or specific tissues may have diagnostic
value and could aid in assessing the level of tumorigen-
esis. Monitoring the levels of these signaling molecules
may offer valuable insights into disease progression and
guide treatment decisions.

In conclusion, the comprehensive understanding of
BMP signaling in cancer is a complex and evolving field.
The intricate interplay between BMP, TGEP and other
signaling pathways, the balance of BMP ligands and
antagonists in the tumor microenvironment, and the
potential for targeted therapeutic interventions make this
an area of great interest for future research and the devel-
opment of personalized cancer therapies.
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