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BMP9-Induced Osteogenic Differentiation of Preadipocytes
Through Wnt/B-Catenin and VEGFa Signaling Pathways
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(Department of Orthopaedics, Second Affiliated Hospital, Chongqing Medical University, Chongqing 400010, China)

Abstract The aim of this study is to examine how Wnt/B-catenin and VEGFa (vascular endothelial growth
factor a) signaling pathways influence the osteogenic differentiation of preadipocytes induced by BMP9 (bone mor-

phogenetic protein 9). Preadipocytes were infected with AABMP9 (BMP9 recombinant adenovirus). Western blot
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analysis was conducted to assess the protein expression levels of B-catenin and VEGFa, while a luciferase reporter as-
say was utilized to evaluate the activation of the Wnt/B-catenin signaling pathway. After overexpressing or silencing
B-catenin and VEGFa, the cells were infected with AABMP9. ALP (alkaline phosphatase) activity, an early osteogenic
marker, was assessed through enzyme activity assays and staining. Western blot was used to detect the protein expres-
sion of late osteogenic markers, including OPN (osteopontin), OC (osteocalcin), and the osteogenic transcription fac-
tor Runx2 (Runt-related transcription factor 2). Alizarin red staining was used to assess calcium deposition. Ectopic
bone formation of preadipocytes in nude mice was examined using Micro-CT and H&E staining. It was found that
BMP9 upregulated the protein levels of B-catenin and VEGFa in preadipocytes and increased p-catenin/Tcf4 transcrip-
tional activity. Activation of the Wnt/B-catenin signaling or overexpression of VEGFa promoted BMP9-mediated ALP
activity, OPN and OC protein expression, and calcium deposition. Overexpression of -catenin and VEGFa enhanced
BMP9-induced ectopic bone formation in preadipocytes in nude mice. Additionally, overexpression of B-catenin and
VEGFa promoted BMP9-induced Runx2 expression, while silencing VEGFa inhibited the BMP9-induced increase in
B-catenin/Tcf4 transcriptional activity. These results imply that the Wnt/B-catenin and VEGFa signaling pathways are

crucial regulators in the osteogenic differentiation of preadipocytes induced by BMP9.
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sion of VEGFa. **P<0.01 vs control group.

El1 BMPFERTBE A 4B Wnt/B-cateninFIVEGFa (55
Fig.1 BMP9 activated Wnt/p-catenin and VEGFa signaling in preadipocytes
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A-C: effect of B-catenin, Wnt3a and Wnt10b overexpression on BMP9-induced ALP activity; D: effect of B-catenin inhibition on BMP9-induced ALP
activity; E: effect of VEGFa overexpression on BMP9-induced ALP activity; F: effect of VEGFa inhibition on BMP9-induced ALP activity. ""P<0.01
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Fig.2 The effect of Wnt/B-catenin and VEGFa signaling on BMP9-induced ALP activity in preadipocytes
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Fig.3 PB-catenin and VEGFa promoted BMP9-mediated late stage of osteogenesis in preadipocytes
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Fig.4 The effect of B-catenin and VEGFa on BMP9-induced ectopic bone formation of preadipocytes

i+ VEGFa/& 75 5 BMPR-Smadsi Hi A& 4% 4H ¢,
D 1 5 23E — A AR SE

FEUESE | BMPORELE HI AR 15 4H i o i Wnt/B-
cateninfl VEGFaf& Si& )5, FAIBE G Rl T =35 1E
BMPO 51l it 7 20 M B i oA b e VR o T
BB, NERIEARINEZARNIAEE T, Wnt/B-catenin
H VEGFaf5 5 £ BMP95 3 Hil IR /7 48 g i & 73 AL 1)
R R T EERMREEH . X—4RE5T 2
Z AT R I — B, IX e FUARIIESE T BMPsE
Z PP i 2 A A 5 AT Wnt/B-cateninil VEGFa
5 O F R BE B T B A= 2 A F 171936400 8k Ty
FRATT RISt % W B 2380 Wnt/B-cateninil VEGFafs

5 A B o8 I U 440 L) R A R G B RAE T, 4R
7N 3 R 3 BMPOS 3 117 I 7 28 M ki 23 A0 PR 3808
FEASIE ] BRI AT BMPO ) B A FH, 1 A& T B Ji i F
SE ) B AH DGR AT 5T 1

Runx2{F 4y 5 B (1) Bl W 4% R 7, AR SE
RELE HU 6 7 40 it o 323K IA2 32F 7 8 o7 40 I e i 29
A #1421 51 H 5 Wnt/B-cateninfll VEGFafs 5 & 1% il
BAEH B TIAH SISy T 3RATTHT B FU I8 IR
BMPIRESE 1 AT A 7 40 B A Runx2 (935 14 ), Fir DAER,
AT 14 Wnt/B-cateninfl VEGFaf5 5 1 5 BMP9 % 3
AR 7 4 M i 23 AR I PT BB S Runx2AH G . 45
BRI, LKA B-cateninBl, VEGFats 8 & 3 14 i1



T FITEE: BMPIE i Wnt/B-cateninTVEGFafs 515 5 1l g 115 40 Mo e B 404k 15

(A)
Runx2

N 9 C A4
Coi\“o %@? @?q)& gﬂg@
) QI\?
0.8 Runx2
[ Control
B BMP9

Relative protein levels (of GAPDH)

0-

** |l BMP9+BC
0.64 Il BMP9+VEGFa

Relative B-catenin/Tcf4 activity

A
Z

10 0004 -
*
5000 -
0 -
> O > >
&L S $ &
& & & &
&
o’x% N\
Q;Q ®

A: FRE T Runx2 B & B RIA S B: SOERER A pTOP-Lucif . "P<0.01, 5314 H#; *P<0.05, #*P<0.01, 5BMPAL AL .
A: the protein expression of Runx2; B: luciferase activities of pTOP-Luc reporter. ""P<0.01 vs control group; *P<0.05, **P<0.01 vs BMP9 group.

E5 p-cateninFIVEGFasxiBMP9i%E S5 B4 R E F5E M

E/
32

M A X VEGFaXi BMPOEE Wnt/B-catenin{s S AU 220

Fig.5 The effect of B-catenin and VEGFa on BMP9-induced osteogenic transcriptional factor and the effect of VEGFa
on BMP9-induced Wnt/B-catenin signaling

BMPOE fij i 57 28 i 1 753 ) Runx2 (R 215 7K1, A
M XHZ A BB AT T 30E . T VEGFat iF SEAg
I 52 1 5 2AAEAS [E Fh 240 i b 1 3 Wnt/B-catenin
5T E L R FRAT AT T VEGFaX BMP9
TE 117 A W7 40 i P 0 Wnt/B-catenind{s 5 HI 52, 45 5
KILVEGFaxf BMPOBIE ) Wnt/B-catenin{z ‘5 iG PEAH
IE VAR DL R X R IR 7R T Wnt/B-catenin
H VEGFafi 5 % BMPO % 5 Hif I 17 4H A B i 7314
(] e o HL .
g b, B  SEEGIE SEAE BMPOS S R IR

Jifi 4 A o AL s B2 H , Wnt/B-cateninfl VEGFafs 5
o HERHEER, 1IX— 45 Rt — D B 7 BMPY
RAERE A EE R 3 L, I BMPOFE B B ik
D AH T I R S, it 1 BEAR BEAil

S E YR (References)

[1]  MEUNIER P, AARON J, EDOUARD C, et al. Osteoporosis and
the replacement of cell populations of the marrow by adipose
tissue. A quantitative study of 84 iliac bone biopsies [J]. Clin Or-
thop Relat Res, 1971, 80(80): 147-54.

[2]  WRONSKI T J, WALSH C C, IGNASZEWSKI L A. Histologic
evidence for osteopenia and increased bone turnover in ovariec-
tomized rats [J]. Bone, 1986, 7(2): 119-23.

[3] MARTIN R B, CHOW B D, LUCAS P A. Bone marrow fat con-

(4]

(3]

[l

(7

(8]

(9]

[10]

[11]

tent in relation to bone remodeling and serum chemistry in intact
and ovariectomized dogs [J]. Calcif Tissue Int, 1990, 46(3): 189-
94.

JUSTESEN J, STENDERUP K, EBBESEN E N, et al. Adipocyte
tissue volume in bone marrow is increased with aging and in pa-
tients with osteoporosis [J]. Biogerontology, 2001, 2(3): 165-71.
VERMA S, RAJARATNAM J H, DENTON J, et al. Adipocytic
proportion of bone marrow is inversely related to bone formation
in osteoporosis [J]. J Clin Pathol, 2002, 55(9): 693-8.

SOTTILE V, SEUWEN K, KNEISSEL M. Enhanced marrow
adipogenesis and bone resorption in estrogen-deprived rats treat-
ed with the PPARgamma agonist BRL49653 (rosiglitazone) [J].
Calcif Tissue Int, 2004, 75(4): 329-37.

GESTA S, TSENG Y H, KAHN C R. Developmental origin of
fat: tracking obesity to its source [J]. Cell, 2007, 131(2): 242-56.
LIU Y, LIU Y, ZHANG R, et al. All-trans retinoic acid modu-
lates bone morphogenic protein 9-induced osteogenesis and adi-
pogenesis of preadipocytes through BMP/Smad and Wnt/B-catenin
signaling pathways [J]. Int J Biochem Cell Biol, 2014, 47: 47-
56.

BERENDSEN A D, OLSEN B R. Regulation of adipogenesis
and osteogenesis in mesenchymal stem cells by vascular endo-
thelial growth factor A [J]. J Intern Med, 2015, 277(6): 674-80.
PENG H, WRIGHT V, USAS A, et al. Synergistic enhancement
of bone formation and healing by stem cell: expressed VEGF and
bone morphogenetic protein-4 [J]. J Clin Invest, 2002, 110(6):
751-9.

KANCZLER J M, GINTY P J, WHITE L, et al. The effect of
the delivery of vascular endothelial growth factor and bone mor-

phogenic protein-2 to osteoprogenitor cell populations on bone



16

)

BRI

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

formation [J]. Biomaterials, 2010, 31(6): 1242-50.

CUI F, WANG X, LIU X, et al. VEGF and BMP-6 enhance bone
formation mediated by cloned mouse osteoprogenitor cells [J].
Growth Factors, 2010, 28(5): 306-17.

PENG H, USAS A, OLSHANSKI A, et al. VEGF improves,
whereas sFlt1 inhibits, BMP2-induced bone formation and bone
healing through modulation of angiogenesis [J]J Bone Miner
Res, 2005, 20(11): 2017-27.

PICIJ, LIANG K L, KE Z Y, et al. Adenovirus-mediated expres-
sion of vascular endothelial growth factor-a potentiates bone
morphogenetic protein9-induced osteogenic differentiation and
bone formation [J]. Biol Chem, 2016, 397(8): 765-75.

HU K, OLSEN B R. Osteoblast-derived VEGF regulates osteo-
blast differentiation and bone formation during bone repair [J]. J
Clin Invest, 2016, 126(2): 509-26.

HU L, CHEN W, QIAN A, et al. Wnt/B-catenin signaling com-
ponents and mechanisms in bone formation, homeostasis, and
disease [J]. Bone Res, 2024, 12(1): 39.

NI T, SONG W X, LUO J, et al. BMP-9-induced osteogenic
differentiation of mesenchymal progenitors requires functional
canonical Wnt/B-catenin signaling [J]. J Cell Mol Med, 2009,
13(8b): 2448-64.

LIN L, QIU Q, ZHOU N, et al. Dickkopf-1 is involved in BMP9-
induced osteoblast differentiation of C3H10T1/2 mesenchymal
stem cells [J]. BMB Rep, 2016, 49(3): 179-84.

CHEN Y, WHETSTONE H C, YOUN A, et al. Beta-catenin
signaling pathway is crucial for bone morphogenetic protein 2 to
induce new bone formation [J]. J Biol Chem, 2007, 282(1): 526-
33.

XIAO H, WANG X, WANG C, et al. BMP9 exhibits dual and
coupled roles in inducing osteogenic and angiogenic differentia-
tion of mesenchymal stem cells [J]. Biosci Rep, 2020, 40(6):
BSR20201262.

LIU Z, L1'Y, YANG J, et al. Bone morphogenetic protein 9 en-
hances osteogenic and angiogenic responses of human amniotic
mesenchymal stem cells cocultured with umbilical vein endothe-
lial cells through the PI3K/AKT/m-TOR signaling pathway [J].
Aging, 2021, 13(22): 24829-49.

GENG Y, DUAN H, XU L, et al. BMP-2 and VEGF-A mo-
dRNAs in collagen scaffold synergistically drive bone repair
through osteogenic and angiogenic pathways [J]. Commun Biol,
2021, 4(1): 82.

LI CJ, MADHU V, BALIAN G, et al. Cross-talk between VEGF
and BMP-6 pathways accelerates osteogenic differentiation
of human adipose-derived stem cells [J]. J Cell Physiol, 2015,
230(11): 2671-82.

ZHANG Y, MADHU V, DIGHE A S, et al. Osteogenic response
of human adipose-derived stem cells to BMP-6, VEGF, and
combined VEGF plus BMP-6 in vitro [J]. Growth Factors, 2012,
30(5): 333-43.

PAPATHANASIOU I, MALIZOS K N, TSEZOU A. Bone mor-
phogenetic protein-2-induced Wnt/B-catenin signaling pathway
activation through enhanced low-density-lipoprotein receptor-
related protein 5 catabolic activity contributes to hypertrophy in
osteoarthritic chondrocytes [J]. Arthritis Res Ther, 2012, 14(2):
1-14.

ZHANG M, YAN Y, LIM Y B, et al. BMP-2 modulates B-catenin

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

signaling through stimulation of Lrp5 expression and inhibition
of B-TrCP expression in osteoblasts [J]. J Cell Biochem, 2009,
108(4): 896-905.

YANG L, YAMASAKI K, SHIRAKATA'Y, et al. Bone morpho-
genetic protein-2 modulates Wnt and frizzled expression and
enhances the canonical pathway of Wnt signaling in normal kera-
tinocytes [J]. J Dermatol Sci, 2006, 42(2): 111-9.

HADUONG J H, BLAVIER L, BANIWAL S K, et al. Interac-
tion between bone marrow stromal cells and neuroblastoma cells
leads to a VEGFA-mediated osteoblastogenesis [J]. Int J Cancer,
2015, 137(4): 797-809.

SHIMIZU T, MAGATA F, ABE Y, et al. Bone morphogenetic
protein 4 (BMP-4) and BMP-7 induce vascular endothelial
growth factor expression in bovine granulosa cells [J]. Anim Sci J,
2012, 83(9): 663-7.

DECKERS M M, VAN BEZOOIJEN R L, VAN DER HORST
G, et al. Bone morphogenetic proteins stimulate angiogenesis
through osteoblast-derived vascular endothelial growth factor A
[J]. Endocrinology, 2002, 143(4): 1545-53.

KIM H K W, OXENDINE I, KAMIYA N. High-concentration
of BMP2 reduces cell proliferation and increases apoptosis via
DKKI1 and SOST in human primary periosteal cells [J]. Bone,
2013, 54(1): 141-50.

KAMIYA N, KOBAYASHI T, MOCHIDA'Y, et al. Wnt inhibi-
tors Dkk1 and Sost are downstream targets of BMP signaling
through the type IA receptor (BMPRIA) in osteoblasts [J]. ] Bone
Miner Res, 2010, 25(2): 200-10.

BAI'Y, WANG J, MORIKAWA'Y, et al. Bmp signaling represses
Vegfa to promote outflow tract cushion development [J]. Devel-
opment, 2013, 140(16): 3395-402.

ZHU J H, LIAO Y P, LI F S, et al. Wntll promotes BMP9-
induced osteogenic differentiation through BMPs/Smads and p38
MAPK in mesenchymal stem cells [J]. J Cell Biochem, 2018,
119(11): 9462-73.

CLEVERS H. Wnt/beta-catenin signaling in development and
disease [J]. Cell, 2006, 127(3): 469-80.

GEORGES R, BEATRICE V, FRED D, et al. BMP-2 controls
alkaline phosphatase expression and osteoblast mineralization by
a Wnt autocrine loop [J]. J Bone Miner Res, 2010, 18(10): 1842-
53.

ZHANG H, WANG J, DENG F, et al. Canonical Wnt signaling
acts synergistically on BMP9-induced osteo/odontoblastic dif-
ferentiation of stem cells of dental apical papilla (SCAPs) [J].
Biomaterials, 2015, 39(5): 145-54.

SHEN J, JAMES A W, ZHANG X, et al. Novel Wnt regulator
NEL-like molecule-1 antagonizes adipogenesis and augments
osteogenesis induced by bone morphogenetic protein 2 [J]. Am J
Pathol, 2016, 186(2): 419-34.

SAMEE M, KASUGALI S, KONDO H, et al. Bone morphoge-
netic protein-2 (BMP-2) and vascular endothelial growth factor
(VEGEF) transfection to human periosteal cells enhances osteo-
blast differentiation and bone formation [J]. J Pharmacol Sci,
2008, 108(1): 18-31.

SHARMA S, SAPKOTA D, XUE Y, et al. Delivery of VEGFA in
bone marrow stromal cells seeded in copolymer scaffold enhanc-
es angiogenesis, but is inadequate for osteogenesis as compared
with the dual delivery of VEGFA and BMP2 in a subcutaneous



F ST EE: BMPOIE i Wnt/B-cateninfIVEGFafs 5175 5 5 fig 5 40 fo e B 431k 17

[41]

[42]

[43]

[44]

[45]

mouse model [J]. Stem Cell Res Ther, 2018, 9(1): 23.
TAKAHASHI T. Overexpression of Runx2 and MKP-1 stimu-
lates transdifferentiation of 3T3-L1 preadipocytes into bone-
forming osteoblasts in vitro [J]. Calcif Tissue Int, 2011, 88(4):
336-47.

ZHANG Y, LI X, QIAN S, et al. Down-regulation of type I
Runx2 nediated by dexamethasone is required for 3T3-L1 adipo-
genesis [J]. Mol Endocrinol, 2012, 26(5): 798-808.

DUCY P, ZHANG R, GEOFFROY V, et al. Osf2/Cbfal: a tran-
scriptional activator of osteoblast differentiation [J]. Cell, 1997,
89(5): 747-54.

TRIPTI G, LENGNER C J, HAYK H, et al. Canonical WNT sig-
naling promotes osteogenesis by directly stimulating Runx2 gene
expression [J]. J Biol Chem, 2005, 280(39): 33132-40.
KOMORI T. Whole aspect of Runx2 functions in skeletal devel-
opment [J]. Int J Mol Sci, 2022, 23(10): 5776.

[46]

[47]

[48]

[49]

ZHANG Z M, HUANG C X, HUO J Z. Circ_C4orf36 promotes
the proliferation and osteogenic differentiation of BMSCs by
regulating VEGFA [J]. Biochem Genet, 2023, 61(3): 931-44.

DA SILVA SASSO G R, FLORENCIO-SILVA R, SASSO-
CERRI E, et al. Spatio-temporal immunolocalization of VEGF-
A, Runx2, and osterix during the early steps of intramembranous
ossification of the alveolar process in rat embryos [J]. Dev Biol,
2021, 478: 133-43.

WANG L, ZHANG L, ZHAO L, et al. VEGFA/NRP-1/GAPVDI
axis promotes progression and cancer stemness of triple-negative
breast cancer by enhancing tumor cell-macrophage crosstalk [J].
Int J Biol Sci, 2024, 20(2): 446-63.

WU X, YANG X, DAI X, et al. 5-Aza-2’-deoxycytidine amelio-
rates choroidal neovascularization by inhibiting the Wnt/B-catenin
signaling pathway [J]. Invest Ophthalmol Vis Sci, 2024, 65(2):
23.



