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Introduction

Inflammation is a microcirculation-based physiological
response that is required to fight invading pathogens and
regulate damage repair; it is involved in almost all disease
processes, including DNA access and epigenetic regula-
tion.”? Necrotic tissue fragments and pathogens can be
removed by various immune cells and inflammatory factors;
however, inflammatory diseases such as inflammatory
bowel disease and cancer may still occur if inflammation
regulatory mechanisms are dysregulated or pathogen
stimulation is strong.>* As inflammation also initiates and
guides damage repair in the body, tissue regeneration en-
gineering using inflammatory signals has been explored.
Numerous endogenous or exogenous factors, such as TGF-§,
NF-kB, and MAPKs, have been reported to promote appro-
priate levels of inflammatory response.” "’

BMPs belong to the TGF-B superfamily, which currently
has over 20 members.® In addition to osteogenesis and
cartilage functions, BMPs play a vital role in several pro-
cesses, such as embryogenesis and tissue homeostasis;
thus, they are also known as body morphogenetic proteins.’
BMP2, BMP6 and BMP7 are deeply involved in inflammatory
disorders, including fibrosis, inflammatory bowel disease,
ankylosing spondylitis, and rheumatoid arthritis.'® BMP9 is
considered a unique member of the BMP family as it has the
strongest osteogenic effect on mesenchymal stem cells
(MSCs), is resistant to the BMP signaling inhibitors, noggin
and BMP3,""'% and significantly affects vascular homeo-
stasis,’® angiogenesis,'® metabolism,’®> neurogenesis,'®'”
and pro- or anti-tumorigenesis.'®'? In recent years, several
studies have reported that BMP9 is associated with the
occurrence and development of inflammation, particularly
in the liver, blood vessels, bone, cartilage, and dental tis-
sues. It has been reported that endothelin, a high-affinity
BMP9 co-receptor, is expressed in various immune cells.?’
MAPKs, which are also widely involved in regulating
inflammation, are currently considered to be involved in
Smads-independent BMP9 signaling pathways.?""?? In this
paper, we have reviewed the relationships between BMP9
and inflammation, and summarized the expression profile
of BMP9 in different species, as well as the latest
achievements in crystal structure and signal transduction,
for an in-depth understanding of BMP9.

BMP9 overview: expression profile, signaling
pathways, and crystal structure

BMP9 expression profile

BMPs are widely distributed and increasingly recognized as
body morphogenetic proteins.?> BMP2- and BMP7-knockout
(KO) mice do not survive in utero and during early postnatal
life, respectively. Although BMP5-deficient mice are
healthy, they have many skeletal and soft tissue defects.
BMP6 overexpression causes skin lesions, while BMP12,
BMP13, and BMP14 may be critical for normal tendon
repair.”*%> In addition, BMP2, BMP4, BMP5, and BMP6 are
expressed in sundry tissues, including that of the brain,
skin, heart, liver, and lung. BMP10 is mainly produced in the

heart, and BMP7 is abundant in the adult kidney. BMP9,
cloned initially from a mouse liver cDNA library, is consid-
ered the least characteristic member of the family, which
in adult animals is generated by autocrine and paracrine
glands, and then released into the circulation; it existed in
both active and inactive forms.?*??” We do not yet have a
clear understanding of the role of BMP9 in embryonic
development and its distribution in adulthood. Both BMP9
and BMP10 influence mouse embryogenesis and are func-
tionally redundant in promoting vascular development.?®
However, while BMP9 is dispensable in mouse embryos and
neonates, BMP10-deficient mice die between embryonic
day (E) 9.5 and E10.5, due to cardiac dysplasia.?’ Anti-BMP9
antibodies alone weakly affect retinal and tracheal vascu-
lature development in postnatal mice, while a combined
BMP9 and BMP10 neutralization treatment can apparently
affect both blood and lymphatic vascular system.***! In
stomatology, BMP9 is also essential for odontogenesis,
which is extensively developed in odontoblasts, amelo-
blasts, dental pulp cells, and osteoblasts in alveolar
bones.>' BMP9-KO mice exhibite dentine dysplasia, which is
characterized by thin dentin, enlarged pulp canals, and
shortened roots, resembling the phenotypes of the common
hereditary dental disease, dentinogenesis imperfecta, and
alveolar bone with reduced volume and decreased mineral
density and trabecular thickness.>" However, the distribu-
tion of BMP9 in different species needs to be further stud-
ied. A study detected BMP9 in rat hepatic endothelial cells
and hepatic stellate cells,*” while another confirmed that it
is produced mainly in human and mouse hepatocytes and
biliary epithelial cells.?” This may be related to the use of
different research methods, which are based on RNA datas
obtained after in vitro cell culture and the results of tissue
immunohistochemical staining. Interestingly, BMP9 has also
been reported to be highly expressed in the liver and lung
tissues of young adult mice, which decreases in older
mice.>* Moreover, it has also been shown that BMP9
expression in developing bones is weak to moderate,
although it is the most potent osteogenic factor in the BMP
family. In general, it has been thought that, unlike the
multi-tissue expression of other BMP family members, BMP9
is mainly expressed in the liver of adult individuals, but the
facts are still worth exploring. A recent study using immu-
nohistochemical techniques in rats showed that BMP9 was
strongly expressed in most neurons and axons.>* Our group
also found high levels of BMP9 in the odontoblast cell layer
in adult pulp tissues by in situ hybridization and immuno-
histochemistry.> It seems that the site of BMP9 expression
may not be histologically confined, and it may be scattered.
Another related fact that cannot be ignored is the presence
of BMP9 in the circulation, whether it is related to BMP9
levels in other local tissues, and is there any involvement of
BMP9 in the inflammatory site of the system since blood is
an easy means of travel to other parts of the body (Fig. 1).

BMP9 signaling pathways

TGF-B superfamily ligands are powerful multipotent cyto-
kines. It includes three subclasses of TGF-B, activins, BMPs,
and concrete exceeding 30 members in the human body
that exceed the number of corresponding receptors, which
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The main expression sites of BMP9 in different species (current cognition). BMP9 is expressed in hepatocytes and bile

duct cells in human and mouse, and is mainly expressed in hepatic stellate cells in rats.

consist of seven type | and five type 11.%3¢3” Although it has
fewer receptors, the high degree of complexity between
ligand-receptor interactions favors signal transduction.>®
One ligand can bind to multiple receptors and vice versa.>®
Signal transduction in the cells can enhance Smads phos-
phorylation and Smads complex formation, and are then
transferred into the nucleus to activate downstream target
genes.*>*" Moreover, previous studies have reported that
the BMP9 signal transduction pathway has complex ligand-
receptor binding, complex intracellular conduction, and
insensitivity to existing inhibitors with high tissue and cell
specificity.

BMP9 signals are transduced through type Il (BMPR-II,
ActRlla, and ActRIIb) and type | (ALK1 and ALK2) trans-
membrane serine/threonine kinase receptors. After the
formation of BMP9-type /Il heterogeneous polymers, the
type | receptor is transphosphorylated by constitutively
active type Il receptors. ALK1, an endothelium-specific re-
ceptor, has a high affinity for BMP9 in the vascular sys-
tem.*>* In addition, recent studies have confirmed that
BMP10, another circulating factor, binds to ALK1.** Endo-
thelin, serving as a type Ill co-receptor of the TGF-B su-
perfamily, binds to BMP9 and BMP10 with high affinity*>*°
and acts as an inhibitor of BMP9-BMPRII coalition, because
of overlap of their action sites on BMP9.%® Interestingly,
BMP9 loses its strong osteogenic effect during circulation,
which may be related to its low circulating concentration.
This could illuminate the need for ALK1 and endothelin
high-affinity receptors. The susceptibility of BMP9 to redox-
dependent cleavage may be one reason for this low con-
centration.”’ Other studies have suggested that increased
BMP9 concentration or inflammation activates the ALK2
receptor in non-endothelial cells, such as MSCs and peri-
odontal ligament cells, and ALK1 and ALK2 are necessary
for BMP9-mediated cellular events.*®*° In addition, ovarian
cancer cell proliferation is facilitated by BMP9—ALK2

signaling. The type Il receptor is not particularly unique as
BMPRII binds to most BMP ligands, while ActRlla and ActRllb
have affinity for BMPs and activins. The combination of the
DNA-mutant technology and RNAi method has indicated
that BMPRIl and ActRlla may be the functional receptors
required for BMP9-induced osteogenic differentiation of
C3H10T1/2 cells. Although ActRllb plays a similar role, it is
not expressed in C3H10T1/2 stem cells.”® Another study
showed that BMP9 has greater affinity for ActRllb than to
BMPRII or ActRlla, using thermodynamic analysis.>’

Similar to other BMPs, BMP9-mediated intracellular
signaling consists of Smads-dependent (Smad1/5/8) and
Smads-independent (ERK1/2, p38, JNK) signaling pathways.
Some studies utilizing selective inhibitors or RNAi technol-
ogy have demonstrated synergistic or antagonistic in-
teractions between Smads and MAPKs.’?>* However,
whether there are cross-talks among these key intracellular
signaling molecules and their specific targets needs to be
further studied in different cell contexts. The general
thought, traditionally, is that phosphorylated Smads1/5/8
allies with Smad4 (Co-Smad), to form the heterogeneous
tetramer and then translocate into the nucleus, activating
downstream gene expression, such as inhibitors of DNA-
binding proteins (IDs). Interestingly, Smad2/3 has also
been confirmed to be involved in the induction of osteo-
genic differentiation by BMP9 in synovial mesenchymal
stem cells, and this study, unfortunately, did not mention
whether Smad1/5/8 is phosphorylated. In BMP9-treated
human chorionic cancer cells, Smad1/5/8 and Smad2/3
were simultaneously activated and similar phenomena also
occurs in human pulmonary artery endothelial and vascular
smooth muscle cells.®> >’ How did this event, which is
different from the conventional view, occurs, directly or
indirectly, deserves further study. Combined with the
above statement, we can summarize several potentially
indirect characteristics of BMP9 and inflammation.
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Endothelin is constitutively expressed on endothelial cells
of all vascular types and regulates neutrophil and macro-
phage responses, thereby regulating immune and vascular
functions during inflammation,>® and noncanonical MAPKs
members, ERK, p38, and JNK are all classic pathways
related to inflammation regulation.>**° Furthermore, we
also found that the pathways of BMP9 may be dysregulated
in an inflammatory environment.

BMP9 appears to be significantly different from other
members of the BMP subfamily. Common antagonists of the
BMP family, such as noggin and BMP3, appear to be insen-
sitive to BMP9. CV2 (Crossveinless 2) has been proven to
combine and preferentially inhibit BMP9 in vascular endo-
thelial cells, thereby providing strong feedback inhibition
for BMP9/ALK1 signaling.®’ CV2 has long been considered a
potential ligand trap for BMP9; however, a previous study
reported the opposite result in pulmonary artery endothe-
lium and C2C12 cells, in which the application of relatively
high concentrations of CV2 did not inhibit BMP9-induced
Smad1/5 phosphorylation and ALP activity.®> The former
differs from the latter as the BMP9-mediated intracellular
Smad1/5/8 phosphorylation level was not detected, but the
specific reasons still need further study.

BMP9 crystal structure

Owing to the interesting properties of BMP9, researchers
have focused on its crystal structure. It possesses the
typical structure of proteins belonging to the TGF-B su-
perfamily, comprising two large prodomains and a mature
dimer at the C-terminal, which resembles a big butter-
fly.?”>%> The prodomains can be digested by furin pro-
teases,* forming a non-covalent combination or separation
with mature growth factor (GF) domains after secretion and
is pivotal in the biosynthesis, stabilization, transport, and
signal transduction of GFs. BMP9 remains tightly associated
with the prodomain and exerts effects similar to those of
BMP9-GF.“°

To date, several key sites or residues involved in BMP9
signaling, including two finger regions and an «3-helix in GF
and arm domains, and a2 and o5 helix in the prodomain,
have been identified.®*%° It has been shown that the BMP9
predomain complex exists in the open or crossed arm con-
formations. It has also been speculated that the active
state of the open arm complex binds directly to the re-
ceptor, and the storage condition of crossed arms complex
is linked immediately with the extra cellular matrix com-
ponents, such as heparin, proteoglycan, and fibrillin.®* It
has been confirmed that the arm domain and «2 helix
occupy the type Il receptor binding site, while the a5 helix
blocks the type | receptor binding site. Thus, pro-BMP9
(predomain-BMP9) can readily bind to type | receptors,
displacing the o5 helix, and further binding to type Il re-
ceptors, leading to complete prodomain dissociation.®?¢* In
addition, the chordin family member CV2 binding site has
been found on the BMP9 interface and is commonly occu-
pied by the predomain. The von Willebrand factor C (VWC)
domain binds to a similar site on the GF finger in the arm
domain.®® Thus, the prodomain plays an essential role in
BMP9 signaling activation, including binding to receptors
and inhibitors, which also seems to be fundamental to some

of its unique properties. In addition, a function mapping
analysis of the different endoglin domains established that
endoglin and type Il receptors bind to overlapping sites on
BMP9“; however, this does not prevent BMP9 signal trans-
duction. The endoglin extracellular domain can be cleaved
and circulated as soluble ENG (sENG) during inflammation,
which is speculated to be a ligand trap for BMP9. Interest-
ingly, a recent study confirmed that increased levels of
circulating sENG might preferentially direct BMP9 signaling
via cell surface ENG at the endothelium, instead of having
an inhibitory effect.®® This study suggested that cell surface
ENG can capture and present circulating BMP9 and BMP10,
thereby increasing their local concentrations; however, the
key mechanism by which endothelin is replaced by type Il
receptors remains unknown. Endothelin is not replaced;
rather, they bind together as a whole. Further studies on
structural research will clarify the function of BMP9 pro-
domain and its mechanism of binding replacement with
different receptors, which will further explain the unique
functions of BMP9.

Relationships between BMP9 and inflammation
in different tissues

Since the topic of BMP9 and inflammation is still a relatively
new field, before elaborating, we first reviewed other
important members of the transforming growth factor-f
(TGF-B) superfamily, such as TGF-B, to gain more likely
consistent family characteristics and beneficial insights.

TGF-B—a key node of inflammatory regulatory
signaling

As a powerful representative of the super and sub clans,
TGF-B has been studied for decades and is recognized as an
effective regulator of inflammation and fibrosis, two pro-
cesses that occur together. Previous studies have estab-
lished that TGF-B is involved in the development of
inflammation in tissues and organs throughout the body,
and extensively investigated the phenotypes and mecha-
nisms.®” Over the past decade, studies aimed at diversified
inflammation further confirmed that TGF-8 is a key node for
different signal regulation or interventions in tissue
inflammation, which will provide the basis for clinical tar-
geted drug therapy.

TGF-B appears in the inflammatory areas of all parts of
the body, and is essential for many functions. In mice
arthritis, TLR4-mediated IL-12 production enhanced IFN-y
and IL-1B expression, suppressed TGF-B production, and
promoted antibody-induced inflammation.®® Resolvin D1
(RvD1) level was greatly increased in the peripheral nervous
system (PNS) during the recovery stage of experimental
autoimmune neuritis (EAN), which eventually upregulates
TGF-B levels and improves inflammation resolution and
disease recovery.®® In mouse and human lung fibroblasts,
integrinavp8-mediated activation of TGF-B regulates
airway inflammation and fibrosis.”® In various renal dis-
eases, TGF-B is involved in various signaling pathways, such
as that involving angiotensin (Ang)-converting enzyme
(ACE) 2 and thrombospondin-2 (TSP-2), which both prevent
TGF-p and inflammation activation.”"””> TGF-B also
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mediates inflammatory responses to various external stim-
uli, including microorganisms. Dysregulation of the micro-
biome can drive the occurrence of tumors. Bacteria and
even viral metabolites can activate TGF-B to regulate the
biological characteristics of tumor cells.”® TGF-B also plays
a nodal role in other microbial-induced inflammatory dis-
eases. River blindness is a chronic infection with the filarial
nematode Onchocer cavolvulus that affects the skin,
lymphatic system, and eyes and occurs in sub-Saharan Af-
rica, Yemen, and Latin America.”* TGF-B expression was
weak in all infection sites and then showed an association
with Th2-mediated hyperreactivity inonchocerciasis.”* In
the intestinal system, Lactobacillus acidophilus attenuates
Salmonella-induced intestinal inflammation via TGF-B
signaling, and impaired TGF-B signaling enhances perito-
neal infection induced by E. coli (Escherichia coli) in
rats.”>’® In the central nervous system, astrocytic TGF-p
signaling can withstand inflammation and reduce neuronal
damage caused by Toxoplasma infection. Nowadays,
traditional Chinese medicine has attracted attention in the
diagnosis and treatment of diseases, affecting the targeting
of TGF-B. Tanshinone lIA, the rhizome of Salvia miltiorrhiza
(Danshen), is used to treat chronic kidney disease (CKD) and
was found to suppress renal fibrosis and inflammation by
altering the expression of TGF-B/Smads and NF-«B path-
ways, and further supports the potential of tanshinone IIA
as a new therapeutic agent for slowing the progression of
CKD.”” Moreover, naringin, a dihydroflavonoid found in the
dry outer pericarp of pomelo and the citrus of Rutaceae,
can antagonize renal interstitial fibrosis by regulating the
TGF-B/Smads pathway and the expression of inflammatory
factors.”® Wen-pi-tang-Hab-Wu-ling-san (WHW) extract,
another important herbal medicine was used to treat renal
diseases, and has been shown to inhibit mouse fibrosis
associated with inflammatory responses, oxidative stress,
and the TGF-B/Smad2/3 signaling pathway.”® Theacrine, a
compound in tea that is consumed worldwide, also exerted
a superior antiarthritic effect through the suppression of IL-
6 and the activation of TGF-B. These herbal medicines have
a good effect in clinical application, and one of their
common targets is TGF-B.%° The anti-inflammatory mecha-
nism of western medicine also seems to be inseparable
from TGF-B. Rivaroxaban (RIVA) is a factor Xa inhibitor with
cardioprotective action, which inhibits atherosclerosis and
numerous inflammatory cascades. To cope with sunitinib-
induced cardiotoxicity, RIVA blocks TGF-B and Smads
signaling and inhibits oxidative stress-mediated inflamma-
tion.®" In addition, TGF-B bound with synthesized short
peptide polymers used for material surface modification
can continuously release TGF-B and regulate material-
induced inflammation, which would provide key functions
for tissue regeneration and repair.®?

Furthermore, the use of bone morphogenetic protein-2
(BMP-2), the only approved osteoinductive growth factor
for clinical application by the Food and Drug Administration
(FDA), has also highlighted various adverse events,
including ectopic bone formation, osteoclast-mediated
bone resorption, inappropriate adipogenesis, and post-
operative inflammation.®>®* TGF-B and BMP2 are the best
representatives of the TGF-B superfamily members. One is
an immune-related pleiotropic factor, and the other has a

strong osteogenic potential, but both have anti-
inflammatory or pro-inflammatory properties. Data on the
link between BMP9 and inflammation are scarce, but there
are indications; it need to be studied further.

BMP9 in liver fibrosis and injury

Fibrosis is a pathological process typically induced by an
inflammatory response.®” Liver fibrosis has been implicated
in many chronic liver diseases and is a common phenome-
non that leads to progressive liver dysfunction. Several
serum factors, such as TGF-B and hyaluronic acid (HA),
have been evaluated for monitoring liver fibrosis,®® and
BMP9 is also expected to be one of them. Both in vivo and
in vitro evidence confirmed that BMP9 promotes liver
fibrosis.®” A previous study showed that patients with
advanced liver fibrosis had elevated BMP9 levels. Further-
more, BMP9 overexpression accelerates liver fibrosis, and
adenovirus-mediated BMP9 knockdown attenuates liver
fibrogenesis in carbon tetrachloride (CCL4)-induced mouse
models.® Similarly, deletion of the BMP9 gene can reduce
3,5-diethoxicarbonyl-1,4 dihydrocollidine (DDC)-induced
cholestatic liver fibrosis.®* However, analysis of multiple
publicly available microarray datasets has indicated that
BMP9 does not have a major fibrogenic effect.’® Although
the function of BMP9 is controversial, several studies have
reported that BMP9 regulates inflammation associated with
liver fibrosis.

In various mouse models of liver injury, BMP9 expression
decreases briefly during the acute inflammatory phase,
which could be caused by lipopolysaccharide (LPS) and
might be necessary for the repair and regeneration of the
damaged area.!” This phenomenon also occurs in the
vasculature, which is discussed later in this study. Liver
inflammation is also enhanced in DDC-fed BMP9-KO
mice.®°" However, the effect of BMP9 on LPS-stimulated
hepatic inflammation is complex and variable, involving
fine regulation of numerous liver cells.”” Inflammation and
macrophage infiltration are critical elements for the
development of non-alcoholic fatty liver disease, which
may develop into liver fibrosis in some cases. Nevertheless,
BMP9 overexpression exacerbates steatohepatitis in mice
on a methionine choline deficiency (MCD) diet, as indicated
by hepatic inflammatory gene expression and M1 macro-
phage recruitment, during which monocyte chemo-
attractant protein-1 (MCP-1) may play an important role.”*
The function of BMP9 in causing inflammation in liver dis-
ease is indisputable; therefore, we can speculate that BMP9
can influence liver disease progression (e.g., liver fibrosis),
repair, and regeneration by regulating inflammation.
Fortunately, this new function has attracted the attention
of scholars. Future studies will reveal the mechanisms of
this process, and the liver may become the first relatively
complete model of BMP9-regulated inflammation.

BMP9 in vascular endothelial inflammation

BMP9 exists in the vasculature in a biologically active form,
which maintains vascular system homeostasis and endo-
thelial cell quiescence. A major study focused on the
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relationships between BMP9 and diseases associated with
vascular endothelial inflammation, including pulmonary
artery hypertension (PAH), hereditary hemorrhagic telan-
giectasia (HHT), atherosclerosis, and vascular calcification.
In the 21st century, several mutations in genes such as
BMPR2, SMAD9, ACVRL1, ENG, and GDF2, have been found
to cause PAH.°*~° Analogously, HHT, an autosomal domi-
nant inheritance, is clearly related to mutations in ENG and
ACVRL1, represented as HHT1 and HHT2, respectively.
BMP9 treatment reduces alveolarization, septal thickness,
inflammation, and type Ill collagen deposition in rat models
of bronchopulmonary dysplasia (BPD). Corresponding
in vitro experiments confirmed the anti-inflammatory ef-
fects of BMP9.°” Thus, it can be concluded that these
vascular endothelial inflammation-associated diseases are
specifically associated with BMP9 or its high-affinity re-
ceptors. Several studies have focused on this aspect, and
the current knowledge can be summarized in the following
aspects to illustrate the relationship between BMP9 and
vascular inflammation.

BMP9 regulates cytokines associated with inflammation
Direct and overall data of cDNA microarrays obtained after
BMP9 treatment of primary human endothelial cells
confirmed the variation among chemokine, adhesion, and
inflammation pathways, which are closely related to the
development of inflammation.®® Quantitative mass spec-
trometry analysis also revealed changes in the expression
levels of related secretory proteins. This almost confirms
that there is an association between BMP9 and inflamma-
tion in the vasculature, but the exact mechanism remains
unclear. Another study on vascular endothelial cells showed
that BMP9 can regulate the CCL2/CCR2 inflammatory
signaling axis, thereby inhibiting CCL2 and upregulating
CCR2; another chemokine, CCL5, was also upregulated
transiently.”® A recent study further noted that in healthy
conditions, physiological concentrations of BMP9 can inhibit
the expression of CCL2, thus reducing the adhesion of
monocytes to endothelial cells and maintaining vascular
homeostasis; however, in TNF-a-induced inflammatory
conditions, BMP9 had no effect on CCL2, but could slightly
upregulate IL-8, which does not necessarily promote the
inflammatory state.' Nevertheless, in PAH, BMP9 appears
to be dysregulated in the regulation of inflammation, and it
can promote endothelial mesenchymal transformation
through the increase of IL-6 signaling axis.'®" At this point,
we can clearly conclude that the role of BMP9 in normal and
pathological contexts is different. Vascular calcification is
an inflammatory disease that can be regulated by BMP9
through COX2, a proinflammatory factor, and one of the
important enzymes in prostaglandin synthesis. "%

BMP9 activates inflammation-associated immune cells

BMP9 can promote the recruitment of monocytes to endo-
thelial cells, mainly through the synergistic effect of BMP9
and TNFa to promote the expression of endothelial selectin
and adhesion molecules, which involves activation of ALK2
receptor and inhibition of Smad1/5 signaling molecule.'®
In addition, 5 ng/ml BMP9 enhanced neutrophil recruitment
in LPS-stimulated endothelial cells by synergistically

increasing the expression of selectin, vascular cell adhesion
molecule-1 (VCAM-1), IL-8, and IL-6."%* It seems that BMP9
does not work on immune cells in a physiological state, and
only does so when inflammation is present.

The inflammatory context can also affect BMP9
Conversely, BMP9 has been shown to be regulated by
inflammation. A previous study confirmed that the amount
of BMP9 produced by the liver decreased 3 h after intra-
peritoneal injection of LPS in mice and recovered after
18 h. It is important to note that the expression of BMP9
transiently decreased in the vasculature after intraperito-
neal LPS injection, similar to the findings in the liver.
Interestingly, although LPS is not injected into the liver or
the liver is not the inflammation center, the molecules
released from the liver are significantly affected. Whether
BMP9 is an important inflammation-related regulator or the
inflammation of tissues at a distance from the liver can still
affect the liver is worth studying.

In summary, we obtained a complex but seemingly clear
picture of BMP9 and vascular endothelial inflammation.
BMP9 affects the inflammatory process, which in turn af-
fects the production and survival of BMP9. The other two
drivers of this event are endothelial cells and innate im-
mune cells, such as neutrophils and monocytes, which are
linked by inflammatory factors, chemokines, and adhesion
factors, and chemokines, particularly CCL2, may be key
nodes. BMP9 interacts with endothelial cells and immune
cells to secrete inflammatory cytokines and chemokines,
leading to the migration of immune cells to the endothe-
lium for further interaction, which seems to be the core
event of this process.

BMP9 in bone injury and arthritis

Several studies have summarized the osteogenic functions
of BMP9, and unique osteogenic properties have been
identified. It regulates several downstream targets that
may play a role in bone induction; however, the ossification
pattern of BMP9-induced bone formation is different from
that of other BMP-induced bone formation.** MSCs treated
with adenovirus-loaded BMP9 showed varying degrees of
ossification and multiple areas of immature braided bone at
3 weeks, but in the BMP2-treated MSCs, the ossification was
significantly decreased and the areas of braided bone were
dysplastic and small, and the difference was even more
significant at 5 weeks.'? Similarly, BMP9-induced bone for-
mation is distinct from that induced by other BMPs and is
similar to physiological ossification.'® Interestingly, a study
reported that BMP9 induces heterotopic ossification (HO)
only in impaired muscles, while BMP2 promotes HO
regardless of skeletal muscle status.'”® These findings
indicate interesting characteristics of BMP9 and confirm a
connection between BMP9 and inflammation, which is
worth studying.

In rheumatoid arthritis, fibroblast-like synoviocytes
(FLSs) actively participate in inflammation development by
producing inflammatory mediators, such as proin-
flammatory cytokines, TNF-o and IL-6."” A recent study
further indicated that BMP9 expression decreases in rat
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arthritis models at 24 days, and BMP9 knockdown and
overexpression promote and inhibit FLS proliferation and
migration, respectively.'”® BMP9 may be involved in
atherosclerosis by regulating FLSs; however, BMP9 is
downregulated in arthritis synovial tissues, which is
consistent with the decrease in BMP9 expression during the
acute phase of liver injury, although it is not an instanta-
neous drop. This may be because the inflammatory envi-
ronment of BMP9 in the two tissues was different. However,
whether it is a transient or long-term reduction, it seems
that the inflammatory process can proceed smoothly only if
BMP9 is downregulated in the initial or entire stage of
inflammation. Osteoarthritis (OS) is an inflammatory dis-
ease mediated by adipose-derived mesenchymal stem cells
(ADMSCs), and BMP9 overexpression promotes cartilage
repair of the mouse knee joint with 0S.'°° Unfortunately,
whether BMP9 can influence the surrounding inflammatory
environment has not been studied, and previous de-
scriptions suggest a connection between them. Another
study confirmed that BMP2 and BMP9 can partially block
chondrogenic differentiation of MSCs inhibited by low IL-13
concentrations; however, BMP9 can maintain high Col2A1
expression irrespective of the IL-1B concentration.

Bone fracture is an inflammatory niche that incorporates
intricate interactions between signaling molecules. COX-2,
a prostaglandin synthetase, is highly expressed at inflam-
matory sites and plays an important role in the osteogenic
differentiation of BMP9-induced bone marrow MSCs."'% "
Another study showed that LPS inhibits BMP9-induced
osteogenic differentiation in vitro and affects BMP9
through the MAPKs pathway.''> However, whether the
reverse is also true needs to be studied. Thus, it can be
concluded that previous studies have focused on the oste-
ogenic capacity of BMP9 in bones and joints, but not on its
role in the presence of inflammatory factors in real situa-
tions. However, unlike other BMP family members, BMP9
shows more physiologic osteogenic approach, superior
osteogenic capacity, and decline in the osteoarthritic pro-
cess, supporting the hypothesis that BMP9 regulates both
inflammation and repair in bone and joint injury, thereby
resulting in a better repair effect, which needs to be
further validated.

BMP9 in tooth development, pulp and periodontal
diseases

The role of BMP9 in dental organs has been studied rela-
tively late, and its expression during tooth development has
been reported recently. BMP9 was expressed in mouse tooth
germ cells, ameloblast cells, dental pulp cells, and alveolar
bone osteoblasts. BMP9-KO mice possesses worn tooth tip,
short root, and thin dentin; similarly, the alveolar bone is
small and has poor mineral density, trabecular thickness,
and bone volume fraction.""® The functions of BUP9 in tooth
development have been reported to be linked with pulp
cells, periodontal cells,""* and apical papilla cells.'" Peri-
odontal disease and caries are the two main tooth-related
diseases, and caries can further develop into pulpitis and
periapical periodontitis. However, the relationships be-
tween BMP9 and the three types of inflammatory diseases

have been poorly studied. TNF-o is released in large
amounts in periapical inflammatory areas, and in vitro
studies have shown that it can inhibit the osteogenic repair
process, while BMP9 can partially restore this inhibitory
effect."’® The study also showed that BMP9 may act as a
cytokine to combat chronic inflammation-induced bone le-
sions, which is a critical and forward-looking point. TNF-o
weakens BMP9-induced tooth or osteogenic differentiation
in human periodontal ligament fibroblasts''”""® or rat tooth
sac cells."? Interestingly, DKK1 alone inhibits BMP9-induced
osteogenic differentiation, while promoting it in combina-
tion with TNF-«, the mechanism of which remains to be
further explored.'” After implantation, the surrounding
area can be flooded with inflammatory responses, and pro-
and anti-inflammatory factors can interact. A recent study
indicated that the surface modification of implants pro-
motes BMP9 expression in the early post-implantation
period.'?° Considering its performance in other tissues, it
is not difficult to imagine that BMP9 interacts with the in-
flammatory environment at this stage. Pulpitis, periodonti-
tis, and periapical periodontitis are regulated by many
cytokines and are good models for studying inflammation
and repair processes. BMP9 is a restorative factor for dentin
and alveolar bone formation, and coupled with the above
evidence of its association with inflammation, it is believed
that BMP9 plays a role in tooth-related inflammation
development and progression.

BMP9 in other inflammatory contexts

Skin is the body’s natural defense barrier, which can resist
all kinds of exoteric stimuli, such as bacteria and vi-
ruses.'?' Once injury occurs, highly integrated cellular and
molecular events are programmed to ensure proper and
timely wound healing. Although many elements that
regulate wound healing have been identified, the exact
mechanisms remain unclear. The dermis of BMP9-KO mice
was thinner than that of wild-type (WT) controls. When
dealing with skin wounds on the backs of mice, the wound
closure rate in BMP9-KO mice was significantly reduced,
suggesting that BMP9 plays a role in skin wounds. However,
in exploring the potential mechanism, the experiment was
not conducted in an inflammatory environment, and was
different from that in vivo.'?> Whether BMP9 has an effect
on skin cells in the inflammatory context and whether it
has an effect on the inflammatory state still needs to be
determined. Some studies have confirmed that cytokines
such as parathyroid hormone-related protein (PTH-rp), IL-
6, IL-8, and RANKL (the RANK ligand, RANK: receptor
activator of nuclear factor-kappa B) can directly or indi-
rectly promote the migration and invasion of cancer cells
by enhancing the activity of MAPKs and Akt signaling
pathways. 2>~ 12° Breast cancer cells often metastasize to
distant organs, including bone, where they interact with
cells in bone tissue to cause local microenvironment
changes that lead to osteolytic fractures. Based on this,
BMP9 was found to inhibit the expression of IL-6, PTH-rp,
and MMP9 matrix metalloproteinase (MMP) molecules by
inhibiting the MAPKs and Akt signaling axis, thus blocking
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cancer cell metastasis.'?” The most attractive thing is that
these signaling pathways and molecules are associated
with inflammation, which seems to directly indicate that
BMP9 can regulate inflammatory factors. The same
conclusion was obtained in the microenvironment of bone
tissue in lung cancer bone metastasis; BMP9 can inhibit the
expression of IL-6 and IL-8 through MAPK/ERK and NF-«B
signaling pathways.'?® It is believed that as the presence
of BMP9 is found in more tissues and its function is further
studied, the association between BMP9 and inflammation

Bone-arthrosis
damage repair

Tooth injury
repair

Model diagram of the potential mechanisms by which BMP9 regulates inflammation in different tissues.

will be confirmed in lesions and other

microenvironments.

more

Potential mechanisms between BMP9 and
inflammation

Compared with the relatively thorough studies on TGF-§, the
mechanisms by which BMP9 regulates inflammation is not
clear, and vice versa. BMP9 signals through classical Smad1/
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5/8 and non-classical MAPKs regulate many downstream
transcription factors, and can interact with multiple
signaling molecules, including Wnt, Notch, Hedgehog (Hh),
and epidermal growth factor (EGF). All these members work
together to regulate skeletal and bone formation, angio-
genesis, and the development and homeostasis of multiple
organ systems. Some reviews have reported detailed mech-
anisms of their interaction; however, unfortunately, we do
not know whether these also apply to BMP9 and inflamma-
tion, which requires further work to understand the mech-
anisms. Currently, most studies related to BMP9 and
inflammation are at the phenotypic stage, but there are still
two aspects that can be summarized. Mutations in the BMP9
ligand or its receptors in the vascular system can cause or
contribute to diseases with inflammatory phenotypes.
Inherited pulmonary hypertension, for example, is mainly
caused by mutations in preferred affinity receptor of BMP9,
BMPRII, which directly blocks BMP9 signal transduction;
although rare, mutations in another high-affinity receptor
ALK1 have been identified.”® Recent studies have confirmed
that BMP9 gene mutations occur in idiopathic pulmonary
arterial hypertension (IPAH).'? In addition, BMP9 can pro-
mote monocyte migration by inhibiting Smad1/5 and resis-
tant to the inflammatory environment for tumor cell
metastasis, and MAPK/ERK, NF-kB and Akt signaling mole-
cules are regulated in this process.'?'?® Therefore, it is not
difficult to see that BMP9 regulates the function of immune
cells and the expression of inflammatory cytokines through
inflammation-related signaling factors. BMP9 also coopera-
tively promotes TLR4 and TLR2 level to promote the
recruitment of LPS- and TNF-a-induced neutrophile gran-
ulocyte and monocytes to endothelial cells, respectively,
suggesting that BMP9 can directly control the key inflam-
matory molecules.'?>'%* |n summary, the mechanisms of the
interaction between BMP9 and inflammation is not yet
complete, but we can learn from other members, which may
help provide future research directions (Fig. 2).

Conclusion

Several features of BMP9 have been discovered, which
make it a potential target for the treatment of hepatic
fibrosis, vascular diseases, such as PAH and HHT, as well as
a candidate for promoting bone injury healing and bone
regeneration. The most important findings seem to be the
transient decrease in BMP9 expression in the liver during
different types of inflammation and a long-term decrease in
arthritis. However, the bidirectional regulation relation-
ships between BMP9 and inflammation seem to be almost
certain considering the evidence available, and further
work might be helpful in finding the answer. Thus, BMP9
appears to be a growth and differentiation factor that
regulates inflammation and promotes repair, which also
provides new insights into tissue damage and repair or
regenerative medicine. With further research, BMP9 is
likely to become a molecule that can both regulate
inflammation and have a strong repair ability and may be
used in clinical injury and repair research.
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