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Bone morphogenetic protein 7 derived from DPP4*
cells in beige fat ameliorates age-associated metabolic

dysfunction

Dear Editor,

Beige fat is a highly flexible adipose tissue. It is indistinguishable
from white fat under basal state but is activated under thermal
stresses such as cold stimuli, mild hyperthermia, and 3-adrener-
gic signaling via a process called ‘browning of white fat’ to strongly
promote energy expenditure and lipid/glucose metabolism. During
aging, beige fat mass and functionality experience programmed
loss, which contributes greatly toward the onset and development
of age-associated metabolic dysfunction, including increased adi-
posity, insulin resistance, and hyperlipidemia, yet detailed mecha-
nisms remain unclear [1].

The bone morphogenetic proteins (BMPs) regulate numer-
ous physiological and pathological processes such as prolifera-
tion, differentiation, and morphogenesis [2]. Among them, bone
morphogenetic protein 7 (BMP7) has been shown to induce adi-
pogenesis and activation of brown and beige fat, thus protecting
against diet-induced obesity and insulin resistance [3]. However,
the cellular source of BMP7 secretion and its upstream regulators
in beige fat, as well as its role in age-associated metabolic dys-
function remains unclear.

In the present study, we found that BMP7 mRNA levels fea-
ture an age-dependent decrease, suggesting it may involve in
the alteration of beige fat function in the aging scenario (Fig. 1A).
We then replenished BMP7 in beige adipocytes of 18-month-old
aged mice by local injection of AAV-BMP7 into bilateral inguinal fat
(IWAT), a fat type enriched with beige adipocytes (Fig. 1B). Local
BMP7 overexpression was successfully achieved and maintained,
accompanied with downstream p-p38 and p-SMAD1/5/8 signaling
activation (Fig. STA and S1B). BMP7 overexpression resulted in
a sharp increase in iWAT weights in AAV-BMP7 mice compared
to AAV-GFP mice, without overt change in body weights (Figs. 1C
and S1C). Besides, BMP7 mRNA levels were positively correlated
with iIWAT weights in these mice (Fig. S1D). Detailed molecular
analysis revealed that BMP7 overexpression in iWAT significantly
induced proliferative, adipogenic, and thermogenic genes expres-
sion (Fig. 1D). Consistent with that, when preadipocytes isolated
from a stromal vascular fraction (SVF) of iWAT were treated
with BMP7 recombinant protein, preadipocyte proliferation was
dramatically increased as evident by enhancement in Ki67 and
Ly6a expression, total cell number, and proliferating cell number
(Figs. 1E and S1E-F). Moreover, BMP7 administration along the

differentiation process of primary adipocytes enhanced adipogen-
esis as shown by elevated adipogenic genes expressions such
as Ppary and Perilipin and stronger oil red staining (Figs. 1E and
S1G), while treatment of mature adipocytes with BMP7 dramati-
cally increased thermogenic genes such as Ucp1, Cidea, Elovi3,
and Prdm16 (Fig. 1E). In addition, in vivo BMP7 administration
in iWAT promoted preadipocyte proliferation and enhanced novel
adipocytes formation, as shown by increased EdU staining and
more small adipocytes in BMP7 group compared to controls (Fig.
S1H).

In addition, consistent with a role of BMP7 in stimulating beige
adipocyte formation and suppressing TGF-f3 signaling, which is
critical for tissue fibrosis [4], we found that beige fat in aged mice
treated with AAV-BMP7 showed largely improved age-associated
fibrotic phenotype, accompanied with reduced expressions of
collagens and MMPs (Fig. 1F and 1G). In the physiological level,
we found that AAV-BMP?7 treated mice exhibited improved insulin
sensitivity as shown by glucose and insulin tolerance test (ITT),
increased thermogenic capacity as revealed by cold exposure
analysis, as well as reduced total cholesterol (TC) and low-density
lipoprotein levels under serum parameter analysis, compared with
AAV-GFP group mice (Fig. 1H-K). Taken together, both in vivo
and in vitro data demonstrated that ectopic expression of BMP7 in
beige fat of aged mice ameliorated age-associated metabolic dys-
function by inducing proliferative and adipogenic genes of preadi-
pocytes and thermogenic genes of mature beige adipocytes.

Having shown that BMP7 is vital for the maintenance of beige
fat functionality while its level declines during aging, we aim to
understand the source of BMP7 secretion and its upstream regu-
lator. Firstly, we found higher BMP7 expression in SVF than mature
adipocytes (Fig. 2A). Considering the heterogenous nature of SVF,
to further explore which cell population in SVF mainly responsi-
ble for BMP7 production, we comprehensively studied cell pop-
ulation and marker gene changes in iWAT SVF (depleting CD45+*
cells) of 2- and 24-month-old mice via single cell RNA sequencing
(scRNA-seq) (Fig. 2B). Single cell atlases of subcutaneous fat tis-
sues in murine and human have deciphered the heterogeneity of
stromal cells [5]. We mapped composition of cell populations in
iWAT according to t-SNE analysis (Fig. 2C). Of note, violin plot
analysis showed that BMP7 is uniquely expressed in DPP4+ pop-
ulation (Fig. 2D and 2E). Importantly, BMP7 levels featured a spe-
cific decline in DPP4+ subgroup in aged mice compared to young
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Figure 1. AAV-mediated BMP7 delivery in iWAT ameliorates age-associated metabolic dysfunction.

(A) The relative mRNA level of BMP7 in iWAT of 3-, 12-, 18-, and 24-month-old mice. (B) Phenotypical and molecular analysis of aged mice (18
months old) locally administrated with AAV-GFP or AAV-BMP7 in iWAT for 8 weeks. n = 6 per group. (C—K) Diagram showing in vivo intervention
strategy. (C) iWAT weights; (D) mRNA levels of proliferative, adipogenic, and thermogenic genes in iIWAT administrated with AAV-GFP or
AAV-BMP7; (E) mRNA levels of proliferative, adipogenic, and thermogenic genes of SVF treated with BMP7 recombinant protein or His-tag;
(F) Histological analysis of sirius red and masson staining; (G) mRNA levels of fibrotic genes; (H) glucose tolerance test and area under the
curve (AUC); (I) ITT and AUC; (J) Core body temperature hourly under cold exposure; (K) Serum parameters analysis for TC and low-density
lipoprotein cholesterol (LDL-C). Data are presented as mean + SEM and *P < 0.05, **P < 0.01 compared with a control group. Scale bar, 100 pm.
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Figure 2. Existence of EMX2-BMP7 axis in DPP4* cells of beige fat.
(A) The relative mRNA level of BMP7 in SVF or adipocytes of iWAT from young mice. (B) Diagram showing single cell RNA sequencing in SVF
of 2- and 24-month-old mice. (C) t-SNE plot of cell cluster 0-9. (D) Violin plot showing BMP7 specificity in cell clusters. (E) t-SNE plot showing
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controls (Fig. S2A). Pseudo-time analysis revealed that DPP4+
marked adipocyte progenitor cells were original source of other
cell populations (Fig. S2B), which were in line with previous report
that DPP4+ population in adipose tissue gives rise to committed
ICAM1+ and CD142* preadipocyte to form mature adipocytes [5].
Critically, we found that DPP4 levels and DPP4+ cell numbers were
decreased in aged mice compared to young ones (Figs. 2F-G and
S2C-D), which may underlie the reduction in BMP7 levels in beige
fat during aging. We then further analyzed whether BMP7 from
DPP4+ cell population is main mediator for proliferation and adi-
pogenesis of SVF and thermogenesis of mature beige adipocytes
with a paracrine manner. Similar to BMP7 recombinant protein
treatment, co-culture experiments revealed that DPP4-+ cells pro-
moted proliferative and adipogenic genes in preadipocytes, as
well as thermogenic genes in mature beige adipocytes (Fig. 2H),
which were blunted by pretreatment with DMH1, an inhibitor of
BMP7 receptor [6] (Fig. 2H). Overall, these data suggested that
DPP4+ population is the main source of BMP7 production in beige
fat and that DPP4+-originated BMP7 contributed to improvement
in age-associated metabolic dysfunction.

In investigating the upstream regulator of BMP7 production
in DPP4+ cells, we noticed that transcription factor EMX2 is also
specifically expressed in DPP4- cells (Fig. 21) and exhibited a sim-
ilar expression pattern as BMP7, since EMX2 expressions were
also higher in SVF than mature adipocytes (Fig. 2J) and reduced
during aging (Figs. 2K and S2E). Indeed, Pearson analysis indi-
cated a close correlation of mRNA levels between EMX2 and
BMP7 (Fig. 2L). EMX2 is a transcription factor critical for devel-
opment by binding to TAATT (DNA-binding motif of EMX2) ele-
ments in enhancer to induce target gene transcription [7]. Of note,
gene expression analysis showed that knockdown of EMX2 led to
reduction of BMP7 levels (Fig. 2M). Via in silico analysis, we iden-
tified a putative TAATT element in BMP7 enhancer and luciferase
assay indicated that EMX2 induced the transcriptional activity
of a BMP7 enhancer-luc construct in a dose-dependent manner
(Fig. 2N), while deleting TAATT element in enhancer region fully
blunted this activation (Fig. 20). Taken together, these data sug-
gested that EMX2 regulates BMP7 transcription in DPP4+ cell
populations.

In summary, we demonstrated that BMP7 is derived from
DPP4+ cell in SVF compartment of beige fat and mediated

paracrine crosstalk between DPP4+ cells and preadipocytes or
mature adipocytes to induce proliferation, adipogenesis and
thermogenesis for enhanced beige fat functionality and reduced
adipose tissue fibrosis. Besides, we revealed that the upstream
transcription factor EMX2 regulates BMP7 levels in DPP4+ cells
for BMP7 transcriptional activation (Fig. 2P). Since DPP4* pro-
genitor cell population, along with BMP7 and EMX2, were all
reduced in iIWAT of aged mice, the present study provides a basis
for enhancing EMX2-BMP7 axis and DPP4* progenitor cells
to improve age-associated impaired fat biology and metabolic
dysfunction. It has to be noted that circulating BMP7 may also
contribute to the adipose tissue biology. Indeed, BMP7 decline
is associated with liver and renal diseases, as well as muscle dys-
function and sarcopenia, which normally happen during aging.
Besides, BMP7 overexpression has been shown to ameliorate
these diseases, which may potentially improve adipose tissue
thermogenic remodeling [8].

We also examined BMP4, another well-established BMP fam-
ily member regulating the browning of white fat [9] and found that
similar to BMP7, BMP4 mRNA levels in iWAT were also declined in
an age-dependent manner (Fig. S3A). Besides, BMP4 was dom-
inantly expressed in SVF compared with mature adipocytes and
decreased in aged mice (Fig. S3B and S3C). On the other hand,
via scRNA-seq analysis, we found that BMP4 expression is ubig-
uitously expressed in cluster 0, 1, 2, 3, and 7 cell types (Fig. S3D
and S3E). Future work to investigate other BMP family members
in the setting of aging would be interesting for fully understanding
adipose tissue aging. In addition, it has been recently shown that
IL33 secreted from PDGFRB*DPP4+ cells contribute to the forma-
tion of thermogenic fat in response to cold exposure [10]. Future
analysis of these secreted factors would provide vital information
to fully understand the crosstalk network in beige adipose tissues
during aging.

Research limitations

Our study systematically illustrated beige fat heterogeneity of stro-
mal cells during aging. However, future work on DPP4+ cell trans-
plant applications in aged mice would be useful to demonstrate its
role in secreting BMP7 and combating age-associated metabolic
dysfunction to achieve a better understanding of cellular network.
In addition, further examination and comparison of the alterations

DPP4 specificity in cell clusters. (F) The relative mRNA level of DPP4 in iWAT from 2- or 24-month-old mice. (G) Flow cytometry analysis of
CD45/CD31-DPP4+ cells from iWAT of 2- and 24-month-old mice. (H) mRNA levels of proliferative, adipogenic, and thermogenic genes of iWAT
SVF co-cultured with medium from DPP4+* and DPP4- cells pretreated with vehicle or DMH1 for 24 h. (1) Violin plot showing EMX2 specificity in
cell clusters. (J) The relative mRNA level of EMX2 in SVF or adipocytes of iWAT from 2-month-old mice. (K) The relative mRNA level of EMX2
in iIWAT from 2- or 24-month-old mice. (L) The correlation of relative mRNA level between EMX2 and BMP7. (M) The relative mRNA levels of
EMX2 and BMP7 in iWAT SVF were treated with siNC or siEMX2 for 24 h. (N) Luciferase assays show relative luciferase activities of EMX2
on BMP7 enhancer in a dose-dependent manner. (O) Luciferase assays showing relative luciferase activities of EMX2 on wildtype (WT) and
mutated TAATT element on BMP7 enhancer. (P) Schematic diagram showing the existence of EMX2-BMP7 axis in DPP4+ cells of beige fat.
Data are presented as mean + SEM and *P < 0.05, **P < 0.01 compared with a control group. n = 6 per group for in vivo data and n = 3 for in

vitro data.
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of DPP4+ cell population as well as EMX2-BMP7 axis in beige
fat of young and aged human are warranted for clinical purposes.

Supplementary data

Supplementary material is available at Life Medicine online.

Acknowledgements

We acknowledge Dr. Quanli Zou in Sinotech Genomics for technical
support. This project is supported by funds from the National Key Research
and Development Program of China (No. 2019YFA0904500), the National
Natural Science Foundation of China (Nos. 32022034, 32222024, 32271224,
32071148, 82200947), Natural Science Foundation of Chongging, China
(No. CSTB2022NSCQ-JQX0033), Science and Technology Commission
of Shanghai Municipality (No. 21140904300), the Fundamental Research
Funds for the Central Universities, ECNU public platform for Innovation
(011), and the instruments sharing platform of School of Life Sciences.

Author contributions

X.M. and L.X. devised and supervised the project. M.G., J.Z., J.Y., Y.M.,
X.W., DW.,, J.Q., PL, and B.C. performed biochemical and cellular
experiments. M.G., J.Z., and J.Y. established animal models and M.G.,
J.Q., PL., and Q.Z. participated in data analysis. J.W., X.M., and L.X. wrote
and edited the manuscript.

Conflict of interest

The authors declare that they have no conflict of interest.

Mingwei Guo'#, Jun Zhang'+,Ying Ma', Xia Wu', Jing Yao',
Dongmei Wang', Jin Qiu’, Peng Lu®®, Banru Chen?,
Jigiu Wang?*'/, Lingyan Xu'*, Xinran Ma'**

'Shanghai Key Laboratory of Regulatory Biology, Institute of Biomedical
Sciences and School of Life Sciences, East China Normal University,
Shanghai 200241, China

2Department of Endocrine and Metabolic Diseases, Shanghai Institute of
Endocrine and Metabolic Diseases, Ruijin Hospital, Shanghai Jiao Tong
University School of Medicine, Shanghai 200025, China

Life Medicine, 2023, Volume 2

3Shanghai Frontiers Science Center of Genome Editing and Cell
Therapy, Shanghai Key Laboratory of Regulatory Biology and School of
Life Sciences, East China Normal University, Shanghai 200241, China
“Chongging Key Laboratory of Precision Optics, Chongging Institute of
East China Normal University, Chongging 401120, China

*Department of Endocrinology, Shandong Provincial Hospital Affiliated to
Shandong First Medical University, Jinan 250021, China

*These authors contributed equally to this work.

*Correspondence: wangjq@shsmu.edu.cn (J.W.), lyxu@bio.ecnu.edu.cn
(L.X.), xrma@bio.ecnu.edu.cn (X.M.)

Received: 2 February 2023; Accepted: 29 June 2023.
https://doi.org/10.1093/lifemedi/lnad025

References

1. Bartelt A, Heeren J. Adipose tissue browning and metabolic health.
Nat Rev Endocrinol 2014;10:24—-36.

2. Salazar VS, Gamer LW, Rosen V. BMP signalling in skeletal develop-
ment, disease and repair. Nat Rev Endocrinol 2016;12:203—-21.

3. Tseng YH, Kokkotou E, Schulz TJ, et al. New role of bone morphoge-
netic protein 7 in brown adipogenesis and energy expenditure. Nature
2008;454:1000-4.

4. McDonald ME, Li C, Bian H, et al. Myocardin-related transcription
factor A regulates conversion of progenitors to beige adipocytes. Cell
2015;160:105—-18.

5. Maniyadath B, Zhang Q, Gupta RK, et al. Adipose tissue at single-cell
resolution. Cell Metab 2023;35:386—413.

6. Neely MD, Litt MJ, Tidball AM, et al. DMH1, a highly selective small
molecule BMP inhibitor promotes neurogenesis of hiPSCs: compar-
ison of PAX6 and SOX1 expression during neural induction. ACS
Chem Neurosci 2012;3:482-91.

7. Desmaris E, Keruzore M, Saulnier A, et al. DMRT5, DMRTS3, and
EMX2 cooperatively repress Gsx2 at the pallium-subpallium bound-
ary to maintain cortical identity in dorsal telencephalic progenitors. J
Neurosci 2018;38:9105-21.

8. Weiskirchen R, Meurer SK. BMP-7 counteracting TGF-beta1 activities
in organ fibrosis. Front Biosci 2013;18:1407-34.

9. Qian SW, Tang, Li X, et al. BMP4-mediated brown fat-like changes in
white adipose tissue alter glucose and energy homeostasis. Proc Nat/
Acad Sci U S A 2013;110:E798-807.

10. Shan B, Shao M, Zhang Q, et al. Cold-responsive adipocyte progeni-
tors couple adrenergic signaling to immune cell activation to promote
beige adipocyte accrual. Genes Dev 2021;35:1333-8.

https://academic.oup.com/lifemedi

$20z Aienuep || uo Jasn ssauisng pue solwouodd Jo AusisAlun [ended Aq €406 1 22/SZ0PBU|/y/Z/8101ue/Ipawalll/wod dno olwapeoae//:sdiy Woll papeojumo(]



