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Impact statement Abstract

Since epithelial injury is a common patho-
logical situation in the clinical context, the
repair of epithelial damage is very impor-
tant. This article focuses on the bone
morphogenetic protein (BMP) family and
summarizes the roles of BMPs in epithelial
injury, provides ideas for clinical epithelial
injury, and promotes further development
of this field. Specifically, the review pro-
vides new treatment ideas and enhances
the breadth of treatment options. In the
future, basic and clinical experiments
based on the key proteins discussed in this
article should be carried out to increase the
cure rate of epithelial injuries.

Epithelial tissue has important functions such as protection, secretion, and sensation.
Epithelial damage is involved in various pathological processes. Bone morphogenetic pro-
teins (BMPs) are a class of growth factors with multiple functions. They play important roles
in epithelial cells, including in differentiation, proliferation, and migration during the repair of
the epithelium. This article reviews the functions and mechanisms of the most profoundly
studied BMPs in the process of epithelial damage repair and their clinical significance.
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Introduction

Epithelial tissues are widely distributed, with diverse struc-
tures and functions.

Considering that epithelial damage is a key component
of various pathological processes, the repair of epithelial
damage is crucial. Bone morphogenetic proteins (BMPs)
are the largest branch of the transforming growth factor-
beta (TGF-) superfamily. They have been named for their
ability to form ectopic bone; however, in addition to their
regulatory effect on bone formation, recent studies have
shown their regulatory effects on epithelial cells.
Therefore, BMPs have a noticeable role in the process of
epithelial tissue repair. This review considers the nine
most extensively studied BMP family proteins among
those that play a significant role in the repair of epithelial
damage and discusses their effects on and clinical signifi-
cance for epithelial tissue repair.
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The process of epithelial repair

Damage repair includes regeneration and fibrosis.
Depending on the degree of repair, regeneration is divided
into complete regeneration and incomplete regeneration.
Based on the prerequisites for repair to occur, there are
physiological regeneration and pathological regeneration.
This article focuses on the repair of the damaged epitheli-
um, that is, on the pathological repair of the epithelium. If
the damage is not deeper than the basement membrane of
the epithelial tissue, the repair of the epithelium is com-
plete, and the structure and function of the original epithe-
lial tissue are completely restored. However, if the
basement membrane of the epithelial tissue and the under-
lying connective tissue are destroyed, incomplete repair
takes place and a scar is formed.

After the epithelial damage, local epithelial cells under-
go necrosis. The damaged epithelial cells and other
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damaged tissues instantly release a number of complex
signals to regulate the proliferation and differentiation of
epithelial cells and attract them to the trauma center. These
signals can be physical or chemical. For example, damage
of the surrounding epithelial cells leads to destruction of
desmosomes and hemidesmosomes of the wound marginal
epithelial cells, which eliminates physical tension. The
wound marginal cells generate lipid mediators and activate
membrane-associated kinases to increase the permeability
of the cell membrane to calcium ions—an epithelial repair
initiation signal. Then, under the action of certain cyto-
kines, epithelial cells change their structure and reduce
cell adhesion to the extracellular matrix and surrounding
cells, establishing sufficient conditions for the proliferation
and migration of the epithelial cells within the wound. A
gradient of recruitment factors guides the new epithelial
cells to gradually move to the center of the wound. When
the epithelial cell sheets extending from the wound edges
on both sides meet, the epithelial repair ends, and the injury
repair enters other stages' (Figure 1).

Overview of BMPs

BMPs are a subfamily of TGF-B. BMPs were first discovered
by Urist in 1965, when they were shown to have the capac-
ity to induce calcification of mouse cartilage in vitro® and
bone formation in the non-skeletal parts of rats.”

In addition to their regulatory effect on bone formation,
recent studies have shown that BMPs had a regulatory
effect on epithelial cells. For example, the BMP pathway
regulates the vertebrate mucociliary epithelium morpho-
genesis and differentiation,* and the inhibition of BMP-4
can regulate the stratification of corneal epithelium.” This

(a)

review discusses the nine most thoroughly studied BMP
family proteins that play a major role in the repair of epi-
thelial damage, and sheds light on their effects on and clin-
ical significance for epithelial tissue repair.

BMP signaling pathway

The BMP signaling pathway consists of three essential com-
ponents: ligands, receptors, and the downstream signaling
pathway inside cells (Table 1, Figure 2).

Ligands

Seven BMPs (from BMP-1 to BMP-7) were first identified.®”
Subsequently, more BMPs have been found, with the cur-
rent total of more than 20 proteins.® According to the
HUGO Gene Nomenclature Committee, BMPs include 11
types of molecules, such as BMP-1 to BMP-7, BMP-8A,
BMP-8B, BMP-10, and BMP-15, while other proteins are
put under the growth differentiation factor (GDF) name.

Initially, the ligand is translated into a precursor protein,
which facilitates the targeted delivery of ligands. The pre-
cursor protein is cleaved to form a ligand monomer which
must form a ligand homodimer or a heterodimer to func-
tion.”!? In the extracellular environment, ligands combine
with extracellular matrix components to form latent
ligands;11 when needed, latent ligands are activated alloste-
rically by integrins or enzymatically by proteases.

Receptors

Receptors of BMPs can be divided into two classes: type I
receptor and type II receptor. The type I receptor contains
ACVRL1 (also known as ALK1), ACVR1A (also known as
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Figure 1. The repairing process of stratified epithelium (a) and monolayer epithelium (b). This figure demonstrates the repairing process of stratified epithelium and
monolayer epithelium. The damage of epithelial cells leads to necrosis and the leakage of various inflammatory factors, which can attract many inflammatory cells,
including macrophages. The red cross in this image refers to the elimination of physical tension, which can be an initiation signal for the regeneration of the epithelium.
Macrophages clean out the trauma by phagocytosis, eating all the necrotic cells, foreign matters, and micro-organisms. Inflammatory cells release many cytokines
that can promote the migration ability of cells close to the trauma and promote the proliferation ability of cells far away from the trauma. (A color version of this figure is

available in the online journal.)



Hou et al. BMP family in epithelial repair 2271

ALK?2), BMPRI1A (also known as ALK3), and BMPR1B (also  In ligand-induced receptor complexes, type Il receptor sub-
known as ALK6). Type II receptor contains ACVR2A,  units mainly phosphorylate and activate type I receptors.
ACVR2B, and BMPR2'*? (Table 1). Type 1 receptors subsequently phosphorylate R-mothers

The signal transduction complex is composed of aligand  against decapentaplegic homologues (R-SMAD) in the
dimer, two type I receptors, and two type II receptors."””>  C-terminal domain."™

Table 1. BMP family members and their receptors.

Family member Type | receptor Type Il receptor Co-receptor
BMP-1 - - -
BMP-2 BMPR1A and BMPR1B ACVR2, ACVR2B, and BMPR2 RGM
BMP-3 ACVR1B ACVR2, ACVR2B, and BMPR2 -
BMP-4 BMPR1A and BMPR1B ACVR2, ACVR2B, and BMPR2 -
BMP-5 ACVR1A, BMPR1A, and BMPR1B ACVR2, ACVR2B, and BMPR2 -
BMP-6 ACVR1A, BMPR1A, and BMPR1B ACVR2, ACVR2B, and BMPR2 RGM
BMP-7 ACVR1A, BMPR1A, and BMPR1B ACVR2, ACVR2B, and BMPR2 -
BMP-8A ACVR1A, BMPR1A, and BMPR1B ACVR2, ACVR2B, and BMPR2 -
BMP-8B ACVR1A, BMPR1A, and BMPR1B ACVR2, ACVR2B, and BMPR2 -
BMP-10 ALK1 ACVR2 and BMPR2 Endoglin
BMP-15 BMPR1B BMPR2 -

-: not applicable; ACVR: activin receptor; BMP: bone morphogenetic protein; BMPR: bone morphogenic protein receptor; RGM: repulsion guidance molecules;
ALK1 as ACVRL1.
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Figure 2. The molecular mechanism of the BMP signaling pathway. The BMP ligand outside cells can combine with the receptor complex formed by the type | and
type Il receptors. The complex activates either the typical pathway or the atypical pathway. In the typical pathway, the signal transduction complex phosphorylates the
SMAD1/5/8. Being phosphorylated, the SMAD1/5/8 can bind to SMADA4 to form a complex, and then go through the nuclear membrane through the nuclear pore to
regulate the expression of target genes. Moreover, the combination of BMP and its receptor can regulate other signal cascades to adjust the target gene expression
(atypical pathway). (A color version of this figure is available in the online journal.)
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Downstream signaling pathway

The activation of the signal transduction complex stimu-
lates either typical or atypical downstream signaling
pathways.

The typical downstream signaling pathway mainly
involves SMAD signaling pathway. There are eight kinds
of mammal SMAD proteins; six of them have a stimulatory
effect (SMAD1 to SMAD5 and SMADS8—also known as
SMAD?9) and two have inhibitory effects (SMAD6 and
SMAD?)." SMAD proteins consist of globular N-terminal
and C-terminal domains, called MH1 and MH2 domains,
respectively, separated by a flexible connecting region.'>**
The activated type I receptors phosphorylate pathway-
specific R-SMADs (SMAD1/5/8), which can combine
with SMAD4 and translocate to the nucleus to regulate
the expression of target genes and create a macro effect.'?

The atypical signaling pathway always refers to the
signal cascades that adjust gene expression after the activa-
tion of the signal transduction complex.

Effect of BMP-1 on epithelial damage repair

BMP-1 is a matrix protease. Although it does not belong to
TGF-p family, its effect on epithelial damage repair is cru-
cial. BMP-1 and another protein, mammalian tolloid-like 1,
are co-released in various tissues and overlap in function.
They are collectively known as BMP-1/tolloid-like protei-
nases (BTPs).

In case of a BTP gene knockout, mice showed signs of
skin fragility."® In essence, BMP-1 promotes the synthesis of
core proteoglycans, disaccharides, and laminin-332, which
are the main components of the epithelial basement mem-
brane, required for matrix components. At the same time,
mice with BMP-1-like protein gene knockout suffered from
slow wound healing after skin trauma. It has been shown
that BMP-1-like protein activates TGF-f. However, the real
reason for slower wound healing is the defective laminin-
332 rather than the reduced activity of TGF-B.'*'” Defects in
laminin-332 causes dysfunction of hemidesmosomes and
leads to the connection failure between the epithelial cells
and the basement membrane, which in turn causes slow
healing and fragile skin.

However, the mechanism by which BMP-1 promotes the
maturation of laminin-332 still needs to be proved. As a
hydrolase, BMP-1 cuts and processes the precursor of
laminin-332, that is, the cutting of the laminin-y2 peptide
chain leads to laminin maturation, while the untreated pro-
tein has no activity.'>° Many intracellular factors can pro-
mote or enhance the role of BMP-1; for example, integrin
03p1 can upregulate the expression of BMP-1 gene,” while
procollagen c protease enhancer 1 can be combined with
BMP-1 to enhance its processing ability of collagen.'

In conclusion, as an extracellular protease, BMP-1 plays
a key role in the repair of the epithelium. As a protease, on
the one hand, BMP-1 reestablishes epithelium mainly by
the cleavage of the laminin-332 precursor. The maturation
of laminin-332, core proteoglycans, and disaccharides is a
significant process of the basement membrane re-
formation, which is the prerequisite for epithelial cells to

adhere, proliferate, and migrate. On the other hand, BMP-1
can rescue other BMP ligands from the latent complex and
activate other members in the BMP family.** It exerts a vari-
ety of significant effects, including the synthesis or degra-
dation of extracellular matrix proteins, the activation or
inactivation of cytokines and growth factors, the cleavage
of other substances that play an important role in the depo-
sition of collagen, the interaction between the cell and the
extracellular matrix, and the differentiation regulation of
cell phenotypes.”*

Effect of BMP-2 on epithelial damage repair

BMP-2 is the main member of the BMP family. In the dam-
aged epidermal area, it can promote the expression of friz-
zled proteins in keratinocytes and make keratinocytes more
sensitive to the WNT signaling pathway. Thus, it strongly
activates the WNT pathway and inhibits the degradation of
f-catenin to give it more opportunities to enter the nucleus,
which promotes the expression of target genes, increases
the migration and regeneration capacity of cells, and accel-
erates the repair of epithelium.?

Many related molecules are also involved in the regula-
tion of BMP-2. Tumor necrosis factor-o (INF-o) upregulates
the expression of BMP-2 and its receptors, which in turn
causes BMP-2 to induce TNF-o to downregulate the
amount of E-cadherin; these actions increase the ability of
cell migration, promote epithelial-mesenchymal transfor-
mation (EMT), and accelerate tissue repair.*~*

BMP-2 has been shown to promote the EMT process.
However, in another environment, BMP-2 can significantly
reverse TGF-Bl-induced a-smooth muscle actin (0-SMA),
fibronectin, and zinc fingers protein SNAI1 upregulation
and E-cadherin downregulation, thereby reversing the
EMT process induced by TGF-f1 and reducing renal inter-
stitial fibrosis.>® The differences between the two environ-
ments likely stem from the differential effects of the
involved factors; nevertheless, in both environments,
BMP-2 has an inseparable role in the repair of epithelial
damage.

BMP-2 also participates in the repair of vascular endo-
thelium. BMP-2 can increase the migration ability of endo-
thelial cells through the signaling pathway SMAD1/5/8/
Id1 to form a tube and complete the repair of blood ves-
sels.*® BMP-2-transduced endothelial progenitor cells effec-
tively improve the permeability of blood vessels and
promote endothelial repair.>* BMP-2 is also involved in
scar formation during the repair of damaged epidermis;*
it can also repair the endothelium and has a certain ability
to promote cell differentiation.

In general, BMP-2 shows different characteristics in dif-
ferent conditions. In one condition, it can promote the
secretion of frizzled proteins, which makes keratinocytes
more sensitive to the WNT signaling pathway. BMP-2 also
prevents B-catenin from being degraded and favors its
translocation to the nucleus, thereby upregulating E-cad-
herin to increase the migration capacity of the epithelial
cells. In other words, BMP-2 promotes the EMT process.
In the other condition, BMP-2 can inhibit the TGF-f1-pro-
moted EMT.

29



Effect of BMP-4 on epithelial damage repair

The role of BMP-4 protein in normal tissues is to inhibit
epithelial cell proliferation®® and maintain a relatively con-
stant number of cells in the tissue. After the epithelial tissue
is damaged, BMP antagonists are secreted to temporarily
stop the effect of BMP-4 and increase the proliferation abil-
ity of the epithelial cells. In the early stage of repair, the
accumulation of epithelial cells increases along the base-
ment membrane. When the cell density reaches a certain
level, active compression of cells occurs, expelling apopto-
tic cells and restoring density.>®

Under inflammatory conditions in the urethra, BMP-4
can combine with BMPRIA and BMPRIB to send out sig-
nals to regulate the differentiation and regeneration of the
urethral epithelial cells in the injured area.’”

Thymus endothelial cells can produce BMP-4; when the
thymus is acutely damaged, BMP-4 acts on thymic epithe-
lial cells by enhancing their expression of Foxnl. Foxnl is a
key transcription factor involved in the development,
maintenance, and regeneration of thymic epithelial cells,
and its downstream targets such as DII4 are the key medi-
ators of thymic cell development and regeneration.
Previous studies have confirmed the importance of the
BMP-4 pathway in endogenous tissue regeneration and
provided a potential clinical pathway for enhancing T cell
immunity.*®

Gremlin is one of the main endogenous antagonists of
BMPs.***° BMP signaling is combined with BMP receptors
(BMPRs), especially BMP-4 and BMP-7 with BMPRIA and
BMPRII. BMPRs are mainly expressed in the nuclei of
human lens epithelial cells. Increasing the concentration
of gremlin does not affect the content of BMP-4 in the
cells, but it affects the expression of BMPR. Specifically,
when the concentration of gremlin increases, the expression
of BMPRIA increases, while the expression of BMPRII
decreases. BMP-4 inhibits the expression of a-SMA, fibro-
nectin (Fn), and type I collagen through its downstream
SMAD1/5 pathway, thereby inhibiting the migration abili-
ty of cells. Therefore, BMP-4 inhibition may play an impor-
tant role in cell migration during wound healing.*!

The repair function of BMP-4 on epithelial cells mainly
involves the role of its downstream pathway SMAD. BMP-
4 and its downstream pathways can control the prolifera-
tion and migration of epithelial cells and can regulate the
fate of epithelial progenitor cells.**

Above all, BMP-4 protein plays a different or even oppo-
site role in the epithelium when the body is in two different
stages, physiological or pathological. Under physiological
conditions, the BMP-4 protein plays an inhibitory role to
maintain cell concentration and cell turnover rate in the
epithelial tissue. Under pathological conditions, BMP-4
often promotes cell division and differentiation to repair
the damaged epithelial tissue.

Effect of BMP-5 on epithelial damage repair

As a growth factor, BMP-5 is activated for various reasons.
It can be activated during embryonic development or
induced by tissue damage in adult animals. In case of a
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fracture, skin injury, or lung injury, gene expression of the
affected area is changed to activate BMP-5, which is neces-
sary for starting or accelerating the process of tissue repair
and regeneration.

BMP-5 affects the fate of epidermal stem cells.
damaged skin areas, the signaling cascade involving
BMP-5 activates epidermal stem cells and progenitor
cells, thereby enabling epithelial cells to proliferate and
cells at the wound edge to migrate. In the lungs, BMP-5
can promote the proliferation of club cells in damaged epi-
thelial tissues, re-epithelialize the airway, and complete or
accelerate the repair of damaged parts of the lung
epithelium.

BMP-5 exerts autocrine signaling in the epithelium of
the fallopian tube isthmus of cattle.*” An in vitro wound
healing experiment showed that BMP-5 stimulated cell
responses, induced apoptosis of the injured cells, and
enhanced migration of the regenerated cells rather than
cell proliferation.*®

BMP-5 also has a certain effect on the regeneration of
animal ears,****° and genetic studies have shown that
BMP-5 plays an indispensable role in maintaining the
number of normal epidermal stem cells.***® Indeed, BMP-
5 plays an important role both in maintaining the steady-
state of various tissues under normal conditions and in
repairing tissues after injury.*’

Above all, as a growth factor, BMP-5 is activated in the
damaged epithelium to promote the regeneration regulated
by epidermal stem cells; at the same time, it can induce the
migration of the regenerated cells. In normal epithelial
tissue, it maintains the density and stability.

43-46 In

Effect of BMP-7 on epithelial damage repair

In the damaged corneal tissue, the expression of BMP-7
mRNA increased under the action of substance P and
nerve growth factor. Exogenous BMP-7 stimulates and acti-
vates the TGF-P signaling pathway and cell cycle pathway.
After BMP-7 treatment, the ability of the epithelial cells to
move and migrate was enhanced, and the activation of
MAPK cascade protein in epithelial cells and stromal cells
was accompanied by an increase in phosphorylation of
cofilin. The expression of zinc finger E-box-binding homeo-
box also changed, and when BMP-7 acted on stromal cells,
a-SMA upregulation was favored. After BMP-7 stimula-
tion, corneal epithelial cells and stromal cells were also
observed to increase the level of epidermal growth factor
receptor phosphorylation. Taken together, BMP-7 has a
very important function in corneal epithelial repair.>’
BMP-7 also plays a role in the development of lacrimal
glands. During the repair or development of the lacrimal
gland, BMP-7 is expressed in the glandular bud epithelium
and interstitial tissue. In the lacrimal gland interstitium,
BMP-7 promotes the proliferation and aggregation of mes-
enchymal cells; moreover, it promotes the interstitial
expression of connexin 43, cadherin, and o-SMA to stimu-
late branching of the glands. In the epithelium of lacrimal
gland buds, BMP-7 also promotes cell proliferation.”!
BMP-7 also plays an important role in lung injury caused
by long-term ingestion of silica dust. Without drug



2274 Experimental Biology and Medicine Volume 246 November 2021

Table 2. The comparison of functions and pathways of the BMP family members.

BMPs Molecular type Function Pathway
BMP-1 Matrix metalloproteinase Provided by inflammatory cells; hydrolysis, modifica- None
tion, and maturation of the adhesion protein-332 in
the basement membrane of epithelial cells, and
promotion of the maturation of extracellular matrix
components to provide a stable extracellular envi-
ronment for the repair of epithelial damage
BMP-2 Growth factor Regulation of EMT, promotion of migration and SMAD 1/5/8/Id1 pathway
proliferation WNT signal cascade
BMP-4 Growth factor Maintaining the density of epithelial cells in epithelial SMAD 1/5 pathway
tissue, inhibiting cell proliferation and migration
when in the physiological situation; promoting epi-
thelial cell differentiation and regeneration when in
the pathological situation
BMP-5 Growth factor Inducing the proliferation and differentiation of epi- Not clear so far
thelial cells
Inducing stem cell differentiation, maintaining tissue
homeostasis, and accelerating tissue repair
BMP-7 Growth factor Promotion of the migration of epithelial cells Inhibition of SMAD 2/3 pathway,
Promotion of the proliferation of epithelial cells upregulation of SMAD 1/5 pathway
BMP-9 Growth factor Anti-inflammatory function SMAD 1/5/8 pathway,
Promotion of the EMT process p38 MAPK, and PI3K/AKT signal cascade
Promoting cell proliferation and survival, inhibiting SMAD 1/5
epithelial cell apoptosis
Maintaining the density of epithelial cells in epithelial
tissue
GDF-7 Growth factor Promotion of EMT Not clear so far
Promotion of epithelial cells development
GDF-6 Growth factor Promotion of EMT Not clear so far
GDF-5 Growth factor Promotion of EMT Not clear so far

Inhibition of the proliferation of epithelial cells

SMAD: drosophila mothers against decapentaplegic protein; EMT: epithelial-mesenchymal transition; Id: inhibitors of differentiation; MAPK: mitogen-activated

protein kinase; AKT as protein kinase B; GDF: growth differentiation factor.

This table lists the main functions of the BMP family members mentioned in this review and the downstream signaling pathways of these molecules. The pathway

does not correspond to the function.

intervention, the damaged alveolar epithelial cells are
affected by the SMAD2/3 pathway, which in turn causes
fibrosis of the entire lung and endangers life. The presence
of BMP-7 blocks the SMAD2/3 pathway, upregulates the
SMAD1/5 pathway, reduces the aggregation of type I and
type Ill collagen, and prevents fibrosis of the damaged alve-
olar epithelium.”

In addition, BMP-7 inhibits the EMT process; it exerts an
anti-invasive effect by inhibiting the expression of integrin
induced by TGF-B.” BMP-7 has an inhibitory effect on TGF-
B-induced fibrosis; this effect is mediated not by inhibiting
the phosphorylation of TGF-P receptor but rather by inhib-
iting the related genes in the process of EMT (zinc finger
transcription coding gene 1, zinc finger transcription
coding gene 2, zinc finger protein Snail, zinc finger protein
Snai2, N-cadherin, vimentin, and type I collagen) and sig-
nificantly reversing the decline in E-cadherin caused by
TGF-B1.>®> BMP-7 also has a role in regulating the fate of
epithelial progenitor cells.”*

In summary, the effect of BMP-7 on epithelium mainly
involves promoting the proliferation and migration of epi-
thelial cells, stromal cells, and mesenchymal cells, and
inhibiting collagen aggregation by regulating a series of
signaling pathways. These mechanisms are prominent in

damaged corneal tissue, lacrimal glands, and alveolar
epithelium.

Effect of BMP-9 on epithelial damage repair

BMP-9, also known as GDF-2, is close to BMP-10 in genetic
structure and is also one of the main members of BMPs.
Studies have shown that BMP-9 has anti-inflammatory
effects in human epithelial cells and endothelial cells cul-
tured in vitro and participates in the repair of epithelial
damage.”® In normal epithelial tissues, similar to other
BMPs, BMP-9 can maintain the normal density and
number of epithelial cells; in contrast, under pathological
conditions, such as injury or cancer, BMP-9 induces cell
growth, promotes EMT in epithelial cells, and increases
migration ability.”® BMP-9 has a strong EMT-promoting
function;’”®' therefore, it has the ability to enhance the
migration of wound margin cells after epithelial tissue
injury and accelerate the repair of epithelial tissue. BMP-9
also has the ability to promote cell proliferation and surviv-
al in epithelial cells. In breast epithelial cells, BMP-9 inhibits
epithelial cell apoptosis via its downstream SMAD1/5 sig-
naling pathway.> BMP-9 regulates the cell cycle and sur-
vival ability of epithelial cells through its downstream
SMAD1/5/8, p38MAPK, and PI3K/AKT signaling



cascade. Among them, the growth-promoting effect of
BMP-9 on epithelial cells mainly comes from the MAPK
signaling cascade rather than from PI3K, although PI3K is
often involved in regulating the cell survival and prolifer-
ation ability.”"

In summary, BMP-9 can promote the proliferation and
migration of epithelial cells through SMAD1/5/8,
p38MAPK, and PI3K/AKT signaling cascades in patholog-
ic conditions and some physiological conditions. In the
normal epithelial tissue, BMP-9 maintains the density of
epithelial cells by inhibiting proliferation and migration
caused by contact inhibition.

Effects of BMP-12, BMP-13, and BMP-14 on
epithelial damage repair

BMP-12, BMP-13, and BMP-14 are highly similar in gene
structure, so these three factors are discussed together in
this article.

BMP-12 is also known as GDEF-7. Studies have shown
that the presence of BMP-12 promotes the growth and
development of seminal vesicle epithelial cells, maintains
their viability, and controls the ratio of basal epithelial cells
to luminal epithelial cells. BMP-12 is necessary for the
growth of seminal vesicle epithelial cells, either as a per-
mission signal for the growth of seminal vesicles or through
cooperation with several other molecules to control the
development of seminal vesicle epithelium.®®

BMP-13 is also known as GDF-6. At present, the func-
tions of BMP-13 in the epithelium are not clear enough, but
itis undeniable that it plays an important role in the process
of EMT, which can increase the migration ability of
cells.®*%°

BMP-14, also known as GDF-5, has been reported to
inhibit the proliferation of corneal epithelial cells, but the
mechanism is not yet clear.”® BMP-14 also promotes the
EMT process, which plays an important role in the repair
of epithelial tissue damage.®”

In conclusion, although the effects of these three types of
BMP family members on the epithelium have not been
thoroughly studied, they can still be shown to have a crit-
ical role in epithelial repair. Similar to other members of the
BMP family, BMP-13 and BMP-14 have the same capacity to
promote EMT. Moreover, BMP-14 can inhibit the prolifera-
tion of epithelial cells. Conversely, BMP-12 can promote the
growth and the development of epithelial cells.

Comparison of the functions of BMPs in the
repair of epithelial damage

Through their downstream SMAD pathway, BMPs can pro-
duce various effects on epithelial tissue, including the cell
proliferation and differentiation ability and cell migration
ability required when the epithelial tissue is damaged.
Table 2 compares the specific functions and mechanisms
of several BMPs in the process of epithelial damage repair.
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Conclusions

Although BMP-1 is not a BMP family member, it plays an
indispensable role in epithelial tissue repair. The remaining
BMPs use related pathways to connect and directly act on
damaged epithelial tissue cells to increase their prolifera-
tive and migration ability to promote epithelial tissue
repair. However, the mechanisms of action of many of
these factors on epithelial damage repair remain unclear,
and more research is needed.
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