
Yang et al., Sci. Adv. 2020; 6 : eabc5022     27 November 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

1 of 12

H E A L T H  A N D  M E D I C I N E

CRISPR-mediated BMP9 ablation promotes liver 
steatosis via the down-regulation of PPAR expression
Z. Yang1,2,3*, P. Li1,3*, Q. Shang1,3*, Y. Wang1,3, J. He1,3, S. Ge1,3†, R. Jia1,3†, X. Fan1,2,3†

Obesity drives the development of nonalcoholic fatty liver disease (NAFLD) characterized by hepatic steatosis. 
Several bone morphogenetic proteins (BMPs) except BMP9 were reported related to metabolic syndrome. This 
study demonstrates that liver cytokine BMP9 is decreased in the liver and serum of NAFLD model mice and 
patients. BMP9 knockdown induces lipid accumulation in Hepa 1-6 cells. BMP9–knockout mice exhibit hepatoste-
atosis due to down-regulated peroxisome proliferator–activated receptor  (PPAR) expression and reduced 
fatty acid oxidation. In vitro, recombinant BMP9 treatment attenuates triglyceride accumulation by enhancing 
PPAR promoter activity via the activation of p-smad. PPAR-specific antagonist GW6471 abolishes the effect of 
BMP9 knockdown. Furthermore, adeno-associated virus–mediated BMP9 overexpression in mouse liver markedly 
relieves liver steatosis and obesity-related metabolic syndrome. These findings indicate that BMP9 plays a critical 
role in regulating hepatic lipid metabolism in a PPAR-dependent manner and may provide a previously unknown 
insight into NAFLD therapeutic approaches.

INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) is a common metabolic 
disorder in obese individuals (1). Fatty liver is one of the major fea-
tures of metabolic syndrome, and its development is associated with 
the dysregulation of systemic lipid and glucose homeostasis (2). 
Therefore, insulin resistance, inflammatory response, and hepatic 
steatosis are interconnected pathological events that are often 
observed in individuals with obesity (3). Generally, hepatic steatosis 
occurs when triglycerides (TGs) accumulate aberrantly in the liver 
due to an imbalance in fatty acid oxidation and de novo lipo-
genesis (4).

Bone morphogenetic protein 9 (BMP9), also known as growth 
differentiation factor 2 (GDF2), belongs to the BMP superfamily. 
BMP9 was reported to mainly express in the liver (5, 6). BMPs 
consist of 15 members (BMP1 to BMP15) that can function as sig-
naling ligands in bone development, osteoblast differentiation, and 
angiogenesis (7). Recently, several BMP members were reported to 
be involved in metabolic diseases. BMP2 alters energy storage and 
adipogenesis in adipose tissue (8). BMP4 promotes a brown to 
white-like adipocyte shift that controls adipogenic commitment and 
differentiation (9). BMP7 exerts an anti-obesity effect by activating 
a full complement of brown adipogenesis genes. BMP8B facilitates 
obesity resistance by increasing brown adipose tissue (BAT) ther-
mogenesis (10). These findings indicate that BMPs are potential 
metabolic regulatory genes playing roles in adipose tissue. We pre-
viously demonstrated the function of BMP9 in liver fibrosis and 
identified that BMP9 is highly expressed and secreted in liver cells 
(11). Emerging evidence indicates that BMP9 may play a critical 

role in adipose metabolic processes, glucose homeostasis, metabolic 
syndrome, and insulin resistance (12–14). However, the overall 
metabolic regulatory roles of BMP9 in mouse liver are not fully 
understood.

Here, we identified a robust decrease in BMP9 expression in the 
livers of obese mice and NAFLD patients with metabolic disorders. 
BMP9–knockout (KO) mice displayed fatty liver and obesity-related 
metabolic complications. BMP9 deletion leads to dysfunction of 
liver TG accumulation via down-regulation of the expression of 
peroxisome proliferator–activated receptor  (PPAR), a master 
of lipid metabolism (15, 16). Both recombinant BMP9 protein and 
adeno-associated virus (AAV)–BMP9 could reverse hepatic steatosis 
in vitro and in vivo. We provide a previously unidentified insight 
into BMP9-mediated maintenance of hepatic lipid homeostasis. 
BMP9 could be a potential target for fatty liver disease therapy.

RESULTS
BMP9 expression is decreased in metabolic syndrome
BMP2, BMP4, BMP7, and BMP8 have been reported to be involved 
in metabolic diseases and energy expenditure (8, 10, 17, 18). 
However, the relationship between BMP9 and metabolic syndrome 
remains unclear. To explore the role of BMP9 in metabolic diseases, 
we first examined the expression of BMP9  in mice fed a high-fat 
diet (HFD), a common method to generate fatty liver. Decreased 
BMP9 mRNA (Fig. 1A) and protein (Fig. 1B) expression in HFD-
fed mouse livers was detected. Correspondingly, enzyme-linked 
immunosorbent assay (ELISA) results showed that serum BMP9 
protein levels were also reduced, compared with normal chow diet 
(CD) mice (Fig. 1C). At this early stage, the liver of HFD mice 
displayed a notable liver steatosis (fig. S1A), but very few liver fibrosis 
(fig. S1B) was observed without fibrosis-specific diet induction.

To test whether the decrease of BMP9 in the liver represents a 
common feature of metabolic diseases, we checked the expression 
of BMP9 in db/db mice, a classic monogenic obesity mouse model 
accompanied by fatty liver (fig. S1, C and D). BMP9 mRNA (Fig. 1D) 
and BMP9 protein (Fig. 1E) levels were notably decreased in the liv-
ers of obese mice compared with wild-type (WT) mice. In addition, 
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Fig. 1. BMP9 expression is decreased in multiple metabolic disorder models. (A) Hepatic BMP9 mRNA, (B) BMP9 protein levels, and (C) serum BMP9 protein concen-
tration were down-regulated in HFD mice. Eight-week-old C57BL/6 mice were fed an HFD for 8 weeks (n = 6). (D) Hepatic BMP9 mRNA, (E) BMP9 protein levels, and 
(F) serum BMP9 protein concentration were down-regulated in db/db mice. Eight-week-old db/db mice were fed a CD for 8 weeks (n = 6). (G) Serum BMP9 protein level 
in NAFLD patients. (H) Pearson’s R2 and P values for blood glucose levels versus BMP9 protein levels in human serum (n = 32). (I) Relative BMP9 mRNA expression level in multiple 
WT C57BL/6 mouse tissues (n = 6). (J) Knockdown of BMP9 mRNA in Hepa 1-6 cells by shRNA. NC, negative control. (K) BMP9 protein levels in BMP9-shRNA Hepa 1-6 cells. 
(L) Oil Red O staining showed cellular lipid accumulation in BMP9-shRNA Hepa 1-6 cells. (M) Cellular TG level. *P < 0.05, **P < 0.01, and ***P < 0.001.
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serum BMP9 protein (Fig. 1F) levels were also decreased in 
db/db mice.

Metabolic syndromes comprise fatty liver, obesity, hyperglycemia, 
dysfunctional liver glucose metabolism, and lipid metabolism. The 
liver fat content in HFD and db/db mice showed a distinct eleva-
tion (fig. S1, E and F). There was a distinct negative correlation 
between hepatic TG level and BMP9  in these two mouse models 
(fig. S1G). Markedly, serum BMP9 protein levels were also reduced 
in NAFLD patients with abnormal blood glucose levels (Fig. 1G). 
Furthermore, a significant correlation between blood glucose and 
serum BMP9 protein levels was observed (Fig. 1H). Clinical charac-
teristics of all subjects, including abnormal liver fat content, were 
collected and analyzed in detail (table S1).

BMP9 was found to be expressed in multiple tissues in BMP9 
WT mice but was highly expressed in the liver (Fig. 1I), which is 
consistent with previous reports showing that BMP9 originates in 
liver cells, especially hepatic stellate cells (HSCs) (11). Fatty liver is 
the abnormal accumulation of TGs in the liver (1, 4, 19). To study 
the role of BMP9 in hepatosteatosis in vitro, we used a short hairpin 
RNA (shRNA) lentivirus to knock down BMP9 in Hepa 1-6 cells 
and detected a successful knockdown of BMP9 at both mRNA and 
protein levels (Fig. 1, J and K). Oil Red O staining (Fig. 1L) showed 
abundant lipid droplet accumulation in BMP9 stable knockdown 
cells. Consistently, the cellular TG level (Fig. 1M) was markedly 
increased.

Thus, our results reveal a previously unknown feature of reduced 
BMP9 expression in obese mice and humans with NAFLD. Knockdown 
of BMP9 accelerates abnormal TG accumulation in liver cells in vitro.

BMP9-KO mice exhibit a distinct hepatic  
steatosis phenotype
To systematically assess the function of BMP9 in liver metabolic 
processes, we generated BMP9-KO mice by CRISPR-Cas9 system 
(Fig. 2A) (20). Genotyping and DNA sequencing results showed that 
64 base pairs (bp) were deleted in BMP9-KO mice (Fig. 2, B and C). 
BMP9 is a secretory cytokine, and circulating serum BMP9 protein 
levels were significantly decreased in BMP9-KO mice (Fig. 2D). 
Moreover, compared with WT mice, BMP9 protein cannot be de-
tected by Western blotting in the BMP9-KO mouse liver (Fig. 2E). 
These results show that BMP9 was markedly knocked out at both 
genomic and translational levels.

Furthermore, nuclear magnetic resonance (NMR) layer scan-
ning results showed a marked fat accumulation in 16-week-old 
BMP9-KO mice (Fig. 2F), especially visceral fat (Fig. 2G). Upon dis-
secting the mice, we observed obvious steatosis and chylous parti-
cles in the liver. Liver size in BMP9-KO mouse was increased 
(Fig. 2H). Hematoxylin and eosin (H&E) and Oil Red O staining 
showed prominent liver steatosis in BMP9-KO mice (Fig. 2I), which 
was confirmed by the liver TG level analysis (Fig. 2J). To conclude, 
these results demonstrate that BMP9 ablation potently promotes 
lipid accumulation in mouse liver.

BMP9 ablation accelerates insulin resistance and obesity
NAFLD is often accompanied with insulin resistance (3, 16, 21). We 
further explored the impact of BMP9 in insulin resistance. Glucose 
tolerance test (GTT) (Fig. 3A) and insulin tolerance test (ITT) (Fig. 3B) 
results showed impaired glucose tolerance and insulin sensitivity in 
BMP9-KO mice. Consistently, fasted blood glucose concentration 
was much higher (Fig. 3C). We next proceeded to challenge the 

mice with an 8-week HFD treatment. HFD-fed mice showed a stron-
ger impaired insulin sensitivity than CD-fed mice (Fig. 3, D and F).

Considering the critical role of BMP in growth and development 
(7), we measured body length and physical activity of BMP9-KO 
mice to exclude the effects of development on obesity formation 
(fig. S2, A to C). We further monitored body weights of WT and 
BMP9-KO mice fed a CD or HFD (Fig. 3G) and found that BMP9-KO 
mice both gradually exhibited higher body weight than WT mice in 
these two conditions. BMP9-KO mice exhibited a distinct physical 
appearance with a fatter body after approximately 16 weeks of CD 
feeding (Fig. 3, H and I). Notably, BMP9-KO mice had significantly 
increased body fat mass but no change in lean mass content (Fig. 3J). 
Moreover, after HFD feeding, BMP9-KO mice were more likely 
than WT mice to show body weight differences (Fig. 3G). As most 
researchers frequently did (21, 22), we performed GTT and ITT 
with precise doses of glucose and insulin, according to the timely 
body weight of each mouse. To further exclude the body weight 
difference impact and limitation on insulin resistance and glucose 
tolerance, we compared GTT and ITT data from WT-HFD and 
KO-CD mice to assess the effect of BMP9-KO on metabolic func-
tion because these mice were weight-matched. After body weight 
normalization, GTT results (fig. S2A) showed that KO mice ex-
hibited a worse glucose clearance than WT-HFD mice. In addi-
tion, ITT results (fig. S2B) displayed an evenly contested insulin 
resistance between these two groups. These results indicated that 
BMP9 deficiency was the leading factor in metabolic processes.

Muscle, fat, and liver are the major target organs of insulin. 
BMP9 has been reported to potently induce brown adipogenesis by 
reducing the sizes of white adipocytes (12). We detected body tem-
perature of BMP9-KO mice, but no obvious changes were observed 
(fig. S3B). Histomorphology results showed that BAT and white 
adipose tissue (WAT) were undifferentiated (fig. S3H). A previous 
study revealed that BMP8B regulates central actions in the hypo-
thalamus (10) and that BMP7 reverses obesity and regulates appe-
tite through the central mammalian target of rapamycin (mTOR) 
pathway (23, 24), leading us to test whether BMP9 has a similar func-
tion in the hypothalamus to regulate food intake. However, food 
intake (fig. S3F) did not show significant change between WT and 
KO mice, and very few genes were changed in the hypothalamus 
(fig. S3G). These data indicate that BMP9 most likely functions in 
peripheral tissues, especially in the liver.

In summary, these results demonstrate that BMP9 deletion dis-
turbs insulin sensitivity and promotes mouse genetic obesity and 
exacerbates dietary obesity. BMP9 plays a key role in modulating 
both glucose homeostasis and lipid metabolism in obese mice. The 
potential abnormal metabolic target organ is likely to be the liver.

BMP9 regulates liver lipid metabolism via PPAR signaling
We further investigated the underlying mechanisms that BMP9 acts 
in liver TG accumulation. TG disturbances can be caused by ab-
sorption or digestive disorders. Fecal TG excretion results showed 
that the digestive system of BMP9-KO mice functioned normally 
(fig. S3E). BMP9-KO and WT mouse livers were collected for gene 
microarray analysis. Volcano plot results showed that expression of 
many genes was altered by BMP9-KO (Fig. 4A). Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway analysis revealed enrich-
ment of differentially expressed genes in multiple pathways. BMP9 
belongs to the transforming growth factor– (TGF-) family, which 
was shown in enriched signaling pathways after BMP9 ablation. In 
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addition, several metabolic pathways were altered, which suggests 
liver metabolic process dysregulation. PPAR signaling pathway was 
one of the most enriched (Fig. 4B).

PPARs constitute a subfamily of nuclear receptors with three 
current members: PPAR, PPAR, and PPAR (16). PPAR mRNA 
(Fig.  4C) and protein (Fig.  4D) expression was markedly down- 

regulated in the BMP9-KO liver. However, PPAR/ and PPAR 
showed no obvious expression changes. PPAR is reported to be 
highly expressed in the liver, where it promotes fatty acid oxidation, 
gluconeogenesis, and ketogenesis (16, 25). Furthermore, to clarify 
the potential status of PPAR in hepatocytes, we measured PPAR 
expression at both mRNA (Fig. 4E) and protein (Fig. 4F) levels in 

Fig. 2. BMP9-KO mice exhibit a distinct hepatic steatosis phenotype. (A) Schematic diagram of BMP9 deletion process by targeting exon 1 via CRISPR guide RNA 
(gRNA). (B) Genotyping of BMP9 WT, KO, and heterozygous mice. (C) Gene sequencing results. (D) BMP9-KO mouse serum BMP9 protein concentrations (n = 6). (E) Hepatic 
BMP9 protein expression in BMP9-KO mice (n = 2). (F) NMR showed distribution of mice visceral fat. Photo credit: Z. Yang, Photographer Institution, Ninth People’s Hospital, 
Shanghai Jiao Tong University School of Medicine. (G) Quantification of visceral fat area (n = 3). (H) Representative image of a dysfunctional liver in 16-week-old BMP9 WT 
and KO mice fed a CD (n = 6). Photo credit: P. Li, Photographer Institution, Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine. (I) Liver H&E and Oil 
Red O staining (original magnification, ×400). (J) Liver TG level. **P < 0.01 and ***P < 0.001.
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Hepa 1-6 BMP9 shRNA stable cells in vitro. These results indi-
cate that BMP9 deficiency leads to an apparent down-regulation of 
PPAR expression.

Previous studies showed that PPAR expression was reduced in 
type 2 diabetes mouse model ob/ob and db/db mice (26, 27). To con-
firm that BMP9 alters expression of PPAR, we next performed a 
set of rescue experiments in vitro. mRNA expression of PPAR in 

BMP9-knockdown Hepa 1-6 cells was altered by mouse recombi-
nant BMP9 protein treatment in a dose-dependent manner. mRNA 
and protein expression of PPAR was notably up-regulated by BMP9 
treatment (10 ng/ml) (Fig. 4, G and H). Moreover, Oil Red O stain-
ing (Fig. 4I) showed a visible reduction in lipid droplet formation 
after BMP9 treatment. Consistently, cellular TG level (Fig. 4J) was 
markedly decreased. Together, these data indicate a possible correlation 

Fig. 3. BMP9 ablation accelerates insulin resistance and obesity. (A) GTT, (B) ITT, and (C) initial blood glucose comparison in CD-fed 16-week-old BMP9-KO mice (n = 6). 
(D) GTT, (E) ITT, and (F) initial blood glucose comparison in HFD-fed 16-week-old BMP9-KO mice (n = 6). (G) Weight gain of littermates fed a CD or HFD for 8 weeks (n = 6). 
(H) Representative photograph of CD-fed 16-week-old BMP9-KO mice (n = 3). Photo credit: P. Li, Photographer Institution, Ninth People’s Hospital, Shanghai Jiao Tong 
University School of Medicine. (I) Body weight (n = 6). (J) Comparison of fat mass and lean mass. *P < 0.05, **P < 0.01, and ***P < 0.001. ns, not significant.
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between PPAR and BMP9, suggesting a potential positive regula-
tory effect on liver lipid metabolism.

BMP9 promotes fatty acid oxidation gene expression by 
up-regulating PPAR transcriptional activity
According to the findings regarding the role of PPAR in liver lipid 
metabolism, we next explored the molecular mechanism underly-

ing the exacerbation of hepatic TG accumulation upon BMP9 dele-
tion. On the basis of BMP9-KO liver gene microarray data, we per-
formed a further Gene Ontology (GO) analysis to identify the top 
enriched biological processes (Fig. 5A). In addition to BMP signaling 
pathway itself, lipid metabolic process, fatty acid metabolic process, 
and regulation of metabolic process were among the top enriched 
pathways. These data confirm that BMP9-KO affects hepatic lipid 

Fig. 4. BMP9 regulates liver lipid metabolism via PPAR signaling. (A) Volcano plots: Differentially expressed genes (blue, down; red, up) in BMP9-KO mice livers (n = 3). 
(B) KEGG pathway analysis. PPAR signaling pathway is highlighted (n = 3). mRNA (C) and protein (D) expression of PPARs in the BMP9-KO mouse livers (n = 3). mRNA (E) and 
protein (F) expression of PPAR in BMP9 knockdown Hepa 1-6 cells. mRNA (G) and protein (H) expression of PPAR in BMP9 knockdown Hepa 1-6 cells treated with mouse 
recombinant BMP9 protein for 24 hours. (I) Cellular lipid droplets were visualized by Oil Red O staining. (J) Cellular TG levels. *P < 0.05, **P < 0.01, and ***P < 0.001.
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metabolism. Generally, abnormal hepatic TG storage is caused by a 
disruption of homeostasis in fatty acid oxidation and de novo lipo-
genesis. The combination of GO-enriched pathway and KEGG- 
enriched top signaling pathway analysis (Fig. 4B) led us to focus on 
PPAR signaling pathway. PPAR target genes are principally asso-
ciated with lipid metabolism processes, including fatty acid oxidation, 
fatty acid transportation, and lipogenesis (Fig. 5B). To verify micro-
array data, we confirmed expression of PPAR target genes in 
BMP9-KO mouse livers. Numerous fatty acid oxidation genes were 
down-regulated, including ACOX1, CYP4a12b, and SCPX (Fig. 5C).

Apparent changes in PPAR and PPAR target genes led us to 
investigate whether BMP9 plays a role in PPAR gene transcrip-
tion. Using a PPAR promoter involving dual-luciferase reporter 
assay in Hepa 1-6 cells, BMP9 treatment (10 ng/ml) markedly en-
hanced PPAR promoter activity (Fig. 5D). BMP family molecules 
usually regulate gene expression by phosphorylating smad protein. 
As a transcription factor (TF), phosphorylated smad protein enters 
the nucleus and binds to the promoter region of the target gene to 
regulate gene transcription (7, 11, 28, 29). Consistent with the clas-
sic theory, positive regulation of pathway-restricted smad protein 
phosphorylation pathway was observed in GO biological process 
analysis (Fig. 5A), which was further confirmed in the protein level 
by in vivo and in vitro test (fig. S4, C and D). These data guided us 
to investigate the potential role of smad protein in PPAR tran-
scriptional regulation after BMP9 treatment. As discussed above, 
BMP9 treatment increased PPAR promoter activity (Fig. 5D). To 
clarify whether phosphorylated smad 1/5 (p-smad 1/5) acts as a TF 
that binds to the PPAR promoter at specific sites, we divided the 
1800-bp PPAR promoter into six 300-bp regions (Fig. 5E). We 
used an online promoter prediction tool (www.fruitfly.org/cgi-bin/
seq_tools/promoter.pl) to generate potential PPAR promoter TF 
binding sites per 50 bp. There are three high-scoring potential TF 
binding sites according to the prediction results (Fig. 5F). We per-
formed chromatin immunoprecipitation (ChIP) assay after BMP9 
treatment (10 ng/ml) in Hepa 1-6 cells. There was notable en-
richment in region 2, whereas no changes were observed in other 
regions (Fig. 5, G and H). To further verify this finding, we analyzed 
these three predicted TF binding sites. ChIP product in region 7, 
within region 2, was increased in the BMP9 treatment (10 ng/ml) 
group (Fig. 5, I and J). These results indicated the potential binding 
sites of TF p-smad at the PPAR promoter. To clarify whether 
BMP9 regulates PPAR transcriptional activity and consequently 
change the expression level of PPAR target genes, we used the 
PPAR-specific antagonist GW6471, as previously described (30), 
to abolish BMP9-mediated regulation of PPAR in Hepa 1-6 cells. 
Treatment with BMP9 (10 ng/ml) up-regulated expression of fatty 
acid oxidation genes downstream of PPAR. However, 50 M GW6471 
treatment effectively inhibited the effect of BMP9 treatment (Fig. 5K).

Fibroblast growth factor 21 (FGF21), a hormone predominantly 
secreted by the liver, has been reported to reverse hepatic steatosis, 
increase energy expenditure, and improve insulin sensitivity in obese 
mice (31). Moreover, recent study established a PPAR-FGF21 
hormone axis that contributed to systemic metabolic regulation 
(22), including insulin resistance and abnormal energy expenditure 
(32,  33). We hypothesize that there would be a direct BMP9-
PPAR-FGF21 regulation network in the liver. As expected, hepatic 
FGF21 mRNA (fig. S4A) and protein (fig. S4D) level was reduced 
after BMP9 ablation, which was consistent with a previous study 
(34). Meanwhile, the activity of downstream insulin signaling path-

way proteins (p-Akt and p-IR) was decreased, which indicated a 
weakened insulin sensitivity (fig. S4D). Besides, reduced O2 consump-
tion (fig. S4, G and H) and CO2 production (fig. S4, I and J) showed 
less energy expenditure in BMP9-KO mice, which was further con-
firmed by the decreased expression of adipocyte thermogenesis (UCP1) 
and fatty acid utilization (PGC-1) molecular marker in BAT and 
WAT (fig. S4, K and L). These results demonstrate that BMP9-
PPAR-FGF21 deficiency contributes to the dysfunction of insulin 
resistance and energy expenditure, which leads to abnormal glucose 
homeostasis and weight gain.

In summary, these data indicate that PPAR is a major target of 
BMP9 in the liver. BMP9 activates the promoter region of PPAR 
through its downstream protein p-smad 1/5, which affects tran-
scriptional regulation of PPAR. Subsequently, the expression of 
PPAR target genes, which are associated with fatty acid oxidation, 
energy expenditure, and insulin sensitivity, is altered.

AAV-mediated BMP9 overexpression attenuates 
hepatosteatosis and obesity complications
To explore whether overexpression of BMP9 in vivo could rescue 
metabolic syndrome phenotype in BMP9-KO mice, we fed the mice 
for approximately 2 months for short term and 4 months for long 
term after AAV delivery (Fig. 6A). AAV-meditated BMP9 over-
expression was detected efficiently, particularly in the liver (Fig. 6B). 
The serotype 8 AAV vector, which exhibits a high affinity for the 
liver, is a promising vector for liver-directed gene therapy (35, 36). 
To evaluate the therapeutic effectiveness of AAV-BMP9, we collected 
the livers in the paired groups. The mRNA and protein levels of 
BMP9 and PPAR were increased in the livers of mice after 2 months 
of AAV-BMP9 treatment (Fig. 6, C and D). Notably, hepatic p-smad 
1/5 level was elevated (fig. S4E) after AAV-BMP9 treatment. Circu-
lating BMP9 levels were elevated in the serum (Fig. 6E). In addition, 
hepatic FGF21 (fig. S4, B and E) and serum FGF21 (fig. S4F) levels 
were notably increased. H&E and Oil Red O staining showed re-
duced liver steatosis in the AAV-BMP9 group (Fig. 6F), which was 
confirmed by the liver TG level test (Fig. 6G). In parallel, hyperglycemia 
was relieved (Fig. 6H). GTT analysis showed improved glucose clear-
ance (Fig. 6I). Furthermore, ITT results showed increased insulin 
sensitivity (Fig. 6J). Insulin receptor signaling proteins (like p-IR and 
p-Akt) were greatly activated as BMP9 and FGF21 were rescued 
(fig. S4E), which was consistent with a previous study (37). These 
data show a marked glycemia recovery after AAV-BMP9 adminis-
tration. However, no significant body weight loss was observed.

For long-term AAV treatment, there was a significant body weight 
loss in the AAV-BMP9 group compared with the AAV vector group 
by the end of the continuous mouse body weight monitoring period 
(Fig. 6K). Attenuation of obesity by AAV-BMP9 was also observed 
(Fig. 6L).

In short, administration of AAV vector encoding BMP9 in the 
liver specifically caused the sustained reversion of hepatic steatosis, 
insulin resistance, and obesity. Our study demonstrates that liver 
BMP9 could correlate with liver steatosis via regulation of PPAR- 
mediated liver lipid metabolism.

DISCUSSION
To conclude, we revealed a previously unknown role of BMP9 in 
lipid homeostasis by regulating key lipid metabolism gene PPAR 
in fatty liver (Fig. 6M). Loss of BMP9 decreases phosphorylation of 

http://www.fruitfly.org/cgi-bin/seq_tools/promoter.pl
http://www.fruitfly.org/cgi-bin/seq_tools/promoter.pl
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Fig. 5. BMP9 promotes fatty acid oxidation gene expression by up-regulating PPAR transcriptional activity. (A) GO analysis of BMP9-KO mouse liver microarray. 
Lipid metabolic processes and fatty acid metabolic processes are highlighted (n = 3). (B) PPAR signaling pathway map showing multiple lipid metabolism process–related 
genes. (C) mRNA expression of fatty acid oxidation, fatty acid transport, and lipogenesis genes in BMP9-KO mouse livers (n = 3). (D) Luciferase reporter activity was mea-
sured in BMP9 knockdown Hepa 1-6 cells treated with mouse recombinant BMP9 protein for 24 hours. (E) Schematic diagram of the PPAR promoter region. (F) Three 
50-bp predicted TF binding site scores and sequences. Red sequences show the actual polymerase chain reaction (PCR) products. Agarose electrophoresis (G) and quan-
titative reverse transcription PCR (qRT-PCR) (H) showed an increased p-smad 1/5 ChIP product in region 2 after BMP9 treatment (10 ng/ml). Agarose electrophoresis 
(I) and qRT-PCR (J) showed an increased p-smad 1/5 ChIP product in predicted TF binding region 7. (K) mRNA expression of representative fatty acid oxidation genes after 
BMP9 and GW6471 treatment. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 6. AAV-mediated BMP9 overexpression attenuates insulin resistance and hepatosteatosis. (A) Schematic diagram of AAV-BMP9 administration in BMP9-KO 
mice for 2 or 4 months. (B) mRNA expression of BMP9 in multiple mouse tissues after 2-month AAV-BMP9 treatment. (C) mRNA expression of BMP9 and PPAR in BMP9-KO 
mouse livers (n = 3). (D) Expression of BMP9 and PPAR proteins in BMP9-KO mouse livers. (E) Serum BMP9 protein concentrations (n = 6). (F) H&E and Oil Red O staining: 
Hepatic steatosis. Original magnification, ×200. (G) Liver TG level. (H) Initial blood glucose, (I) GTT, and (J) ITT (n = 6). (K) Body weight loss during 4 months of AAV-BMP9 
treatment (n = 6). (L) Representative photograph of AAV-BMP9 mice (n = 6). Photo credit: Z. Yang, Photographer Institution, Ninth People’s Hospital, Shanghai Jiao Tong 
University School of Medicine. (M) Schematic overview. *P < 0.05, **P < 0.01, and ***P < 0.001.
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the downstream TF smad 1/5, which further resulted in a reduction 
in PPAR promoter activity and PPAR expression. PPAR reduc-
tion in the liver led to a decrease in fatty acid oxidation gene expres-
sion, thereby aggravating TG accumulation and expediting hepatic 
steatosis, obesity, insulin resistance, and hyperglycemia. Correspond-
ingly, in vivo AAV-mediated BMP9 overexpression in mice or in vitro 
recombinant BMP9 protein treatment in hepatocytes rescued the 
above metabolic disorder consequences. Our studies uncover a 
critical function of BMP9 in NAFLD and provide insight into the 
understanding of liver lipid metabolism.

To our knowledge, no previous studies have used BMP9-KO 
mice to investigate obesity and liver lipid metabolism. Some studies 
have shown that ablation of genes, including DB-related gene, OB 
gene, and FAT-related gene, causes monogenic obesity (38), which 
are widely used as metabolic models. However, it is uncommon for 
a single gene mutation to result in spontaneous obesity. Most of the 
reported obesity susceptibility genes display an inconspicuous obe-
sity phenotype unless HFD treatment is used (39). In this study, we 
provide direct evidence that BMP9 ablation displayed an obvious 
obesity tendency even under CD-feeding conditions. Moreover, the 
metabolic phenotypes were exacerbated when BMP9-KO mice were 
in an HFD feeding. These results show that BMP9 deficiency strongly 
induces obesity and fatty liver.

It is quite interesting that BMP9 plays dual roles in hepatic ste-
atosis and fibrosis. In this study, BMP9 deficiency and significant 
hepatic steatosis were simultaneously observed in both NAFLD 
mouse model of HFD mice and db/db mice. However, mice exhibit 
no evident difference in liver fibrosis while lack of BMP9. Previous 
studies found that BMP9 accelerated hepatic fibrosis in mice espe-
cially induced fibrosis with carbon tetrachloride (CCl4) (11, 40), which 
suggested that BMP9 acted as a liver fibrosis risk factor. At the same 
time, a large number of studies supported the idea that BMP9 could 
have a promising therapeutic potential in suppressing obesity, re-
ducing blood glucose concentration, and especially activating the 
expression of key lipid metabolism enzymes (12, 13, 34, 41). Ac-
cording to the “multiple hit model” (42), NAFLD is characterized 
by the presence of simple hepatic steatosis, followed by nonalcoholic 
steatohepatitis (NASH), fibrosis, and even cirrhosis (43). Briefly, 
fibrosis is the progressive form of steatosis (44). Liver fibrosis occur-
rence usually relies on specific diet inductions, like methionine/choline 
deficient diet (MCD) diet, NASH diet, CCl4, or mineral oil challenge 
(45). In addition, it is possible that the dual role of BMP9 in hepatic 
steatosis and fibrosis is due to the different target cells and biological 
processes. In other words, BMP9 attenuates hepatic steatosis by im-
proving TG accumulation in hepatocytes by regulating PPAR. While 
BMP9 promotes fibrosis by activating HSCs, it is common that one 
gene or cytokine has dual or even contradictory function in steatosis 
and fibrosis. Similar studies and conclusions were found in one team 
and published contemporaneously. G12 ablation exacerbates liver 
steatosis by suppressing mitochondrial respiration (46). G12 over-
expression also contributes to liver fibrosis by promoting autophagy in 
HSCs (47). It would be interesting to further investigate whether BMP9 
activates the autophagic process and increases the fibrogenic response 
through the breakdown of lipid droplets in HSCs.

PPAR-dependent transcription is tightly regulated to dictate 
lipid handling. In hepatocytes, B cell lymphoma 6 (BCL6) has been 
shown to negatively regulate oxidative metabolism in a PPAR- 
dependent manner (48). In cardiac myocyte cells, Kruppel-like 
factor 5 (KLF5) transcriptionally regulates PPAR and cardiac en-

ergetics. KLF5 and c-Jun have opposite effects on PPAR gene 
expression and compete for binding to the PPAR promoter. In 
KLF5-KO mice, expression of cardiac PPAR and its downstream 
fatty acid oxidation–related target genes is decreased, causing sepsis 
and heart failure (27). Recently, smad 1/5/8 deficiency was reported 
to contribute to liver injury (49). Here, we demonstrate that p-smad 
acts as an unreported PPAR TF, influencing its promoter activity, 
thus regulating expression of PPAR in the liver. We clarified a 
previously unknown BMP-involved liver lipid metabolism mecha-
nism that BMP9 regulates fatty acid oxidation via PPAR, rather than 
lipogenesis through sterol regulatory element–binding protein–1c 
(SREBP-1c) (41). The BMP9-smad-PPAR axis may play a vital role in 
biological processes, with the exception of liver lipid metabolism.

In the past few years, AAV-mediated gene therapy has become 
an efficient strategy to fight obesity and metabolic diseases (50). We 
used AAV8-mediated BMP9 overexpression in metabolic disease 
mice. Obesity, insulin resistance, and fatty liver were significantly atten-
uated in the treated mice. Our results provide previously unreported 
insights into fatty liver and metabolic complications in the future.

As previously reported, lipid inflammation promotes the initia-
tion of obesity and multiple metabolic diseases (51). Natural killer 
(NK) cells protect against obesity and metabolic disorder through 
regulatory cytokine production in the liver (52–54). Recently, stud-
ies found a positive immunity function by influencing BMP6/Smad 
activity in the liver (55). Here, NK cell–mediated cytotoxicity sig-
naling pathway was affected in BMP9-KO mouse livers (Fig. 4C), 
which indicates potential NK cell population changes or functional 
changes in hepatocytes. Whether BMP9 ablation disrupts the im-
munological behavior of NK cells requires further investigation.

Further studies will be required to test the functional receptors 
of BMP9 participating hepatic steatosis process in hepatocyte. Gen-
erally, mature BMP signaling depends on the secreted ligands and 
the type I and II BMP receptors in target cells (7). Ligand-receptor 
complexes recruit and phosphorylate the downstream intracellular 
transcriptional factors, which subsequently regulate gene expres-
sion. In this study, we confirmed that p-smad 1/5 was the down-
stream of BMP9 in both knockdown and overexpression strategies. 
However, BMP9-activated receptors remain unclear. To date, type I 
and II BMP receptors are the only known transmembrane cell sur-
face receptors in humans with serine/threonine kinase activity. As 
the upstream of p-smad 1/5, the potential type I BMP receptors 
include activin receptor type 1 (ALK1), ALK2, ALK3, and ALK6. 
Moreover, ACVR2A, ACVR2B, BMPR2, and AMHR2 are consid-
ered as type II BMP receptor candidates of BMP9 (7). To some extent, 
ALK1 was the most well-recognized receptor of BMP9, especially in 
endothelial cells (56). Moreover, the co-receptor endoglin may also 
act as the potential functional receptor for BMP9 signaling (57).

In conclusion, our studies uncover a previously unreported and 
critical factor regulating hepatic TG homeostasis and the mechanism 
of hepatosteatosis in NAFLD mice and humans. We identified BMP9 
as a critical regulatory cytokine involved in the progression of fatty liver. 
Thus, BMP9 might be a potential therapeutic target for NAFLD and 
obesity complications.

MATERIALS AND METHODS
Clinical samples
Clinical samples were collected from the Clinical Laboratory of the 
Ninth People’s Hospital, affiliated to Shanghai Jiao Tong University 
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School of Medicine. These included 32 normal healthy control samples 
and 32 samples from patients with endocrine and metabolic diseases. 
Clinical characteristics of subjects were collected and measured as 
previously described, and more than 5% liver fat content abnormal 
accumulation was defined as NAFLD (42, 44, 58). Liver fat content was 
measured by magnetic resonance spectroscopy. Concentration of BMP9 
in serum was detected by a BMP9 commercial ELISA kit (RayBiotech, 
ELH-BMP9). This research was performed in accordance with the World 
Medical Association Declaration of Helsinki. All the studies were ap-
proved by the Ethics Committee of Shanghai Jiao Tong University.

Animal experiments
Male C57BL/6 and db/db mice aged 8 to 12 weeks were purchased 
from the Shanghai Laboratory Animal Company (Shanghai). 
BMP9-KO mice were generated by CRISPR-Cas9 on a C57BL/6 
background, and KO mice were compared to WT littermates. All 
animal procedures were approved by the Shanghai Jiao Tong Uni-
versity Animal Care and Use Committee.

Cell culture
Mouse Hepa 1-6 cells (SCSP-512) were provided by Stem Cell Bank, 
Chinese Academy of Sciences. Hepa 1-6 cells were cultured in com-
plete Dulbecco’s modified Eagle’s medium (Gibco, 10938) supple-
mented with 10% (v/v) fetal bovine serum (Gibco, 16140071) and 
1% (v/v) antibiotics (penicillin/streptomycin; Gibco, 10378016) in a 
humidified incubator with 5% CO2 at 37°C.

Gene microarray analysis
Three independent 16-week-old littermate WT and BMP9-KO mouse 
livers and hypothalami were collected and frozen in liquid nitrogen 
for microarray analysis. Differentially expressed genes were then 
identified through the fold change (FC), and the P value was calcu-
lated by t test. The threshold for up- and down-regulated genes was 
FC ≥ 2.0 and P ≤ 0.05.

ChIP analysis
The PPAR promoter was divided into six 300-bp regions. Furthermore, 
we investigated the precise TF binding sites of the PPAR promoter. 
ChIP assays were performed using a ChIP kit (Merck Millipore, 17-371).

Statistical analysis
Statistical analyses were performed using Student’s two-tailed t test 
(GraphPad Prism 7). Data were represented as the mean ± SEM of 
n independent experiments. Area under the curve (AUC) was calcu-
lated to access GTT and ITT sensitivity by “total area” and “standard 
error.” Values of P < 0.05 were considered significant (*P < 0.05, 
**P < 0.01, and ***P < 0.001).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/48/eabc5022/DC1

View/request a protocol for this paper from Bio-protocol.
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