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KEYWORDS Abstract Liver is an important organ for regulating glucose and lipid metabolism. Recent
BMP4; studies have shown that bone morphogenetic proteins (BMPs) may play important roles in regu-
Glucose metabolism; lating glucose and lipid metabolism. In our previous studies, we demonstrated that BMP4 signif-
Glycogen icantly inhibits hepatic steatosis and lowers serum triglycerides, playing a protective role
accumulation; against the progression of non-alcoholic fatty liver disease (NAFLD). However, the direct
mTORC2 signaling; impact of BMP4 on hepatic glucose metabolism is poorly understood. Here, we investigated
Non-alcoholic fatty the regulatory roles of BMP4 in hepatic glucose metabolism. Through a comprehensive analysis
liver disease (NAFLD) of the 14 types of BMPs, we found that BMP4 was one of the most potent BMPs in promoting

hepatic glycogen accumulation, reducing the level of glucose in hepatocytes and effecting
the expression of genes related to glucose metabolism. Mechanistically, we demonstrated that
BMP4 reduced the hepatic glucose levels through the activation of mTORC2 signaling pathway
in vitro and in vivo. Collectively, our findings strongly suggest that BMP4 may play an essential
role in regulating hepatic glucose metabolism. This knowledge should aid us to understand the
molecular pathogenesis of NAFLD, and may lead to the development of novel therapeutics by
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exploiting the inhibitory effects of BMPs on hepatic glucose and lipid metabolism.
Copyright © 2020, Chongging Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).

Introduction

Liver is an important organ to regulate glucose and lipid
metabolism. "> When mammalians uptake energy diet, liver
preferentially uses glycolysis to generate energy, while
excessive glucose is stored in the form of hepatic glycogen
(glycogen synthesis) and/or converted into triglycerides.
The prolonged excess in energy supplies, especially in the
form of high carbohydrates or fat, rapidly induces the
development of fatty liver.** When an imbalance between
energy intake and energy expenditure occurs, ectopic fat
accumulation occurs in tissues or organs not designed to
accumulate fat. Nonalcoholic fatty liver (NAFLD) is an
example of ectopic fat accumulation, which is usually
concomitant with increased gluconeogenesis, decreased
glycogen synthesis, and inhibition of insulin signaling.*®

Bone morphogenetic proteins (BMPs), their antagonists,
and BMP receptors (BMP-Rs) are involved in controlling a
broad range of biological functions including cell prolifer-
ation, stem cell differentiation, cell fate decision, and
apoptosis in many different types of cells and tissues during
embryonic development and postnatal life.””"® As a mem-
ber of TGF-B superfamily, BMPs are precursor proteins with
N-terminal signal peptides and C-terminal mature peptides.
In the canonical signaling pathway, BMPs bind to their
cognate receptors on the cell membrane (BMP-Rs), lead to
phosphorylate and activate BMPR-specific Smad1/5/8 in the
cells, form a complex with Smad4, enter into the nucleus,
bind to the promoter sequences of target genes, and
regulate the transcription of the target gene.®'-'? |n
recent years, it has been shown that several BMPs, espe-
cially BMP4, play an important role in the energy meta-
bolism. BMP4 significantly reduces the weight and volume
of white fat in mice through PGC1a, and changes the white
fat cells into brown fat cells, promotes M2 macrophage to
induce the formation of beige fat and improves insulin
sensitivity through p38/MAPK/STAT6/PI3K-AKT signaling
pathway, and plays a protective effect against diet-induced
obesity and diabetes.’>"'* BMP4 has been also shown to
increase the whole bodies energy consumption, reduce
liver fat, and reduce fat tissue inflammation.">"®

We previously found that BMP4 was highly expressed in
the middle and late stage of NAFLD."” Exogenous BMP4 was
shown to significantly reduce the accumulation of fat in the
liver, serum levels of triglycerides and body weight of mice,
and inhibit the development of NAFLD by down-regulating
mTORC1 signal activity. However, little is known about
whether and how BMP4 exerts any effect on hepatic glucose
metabolism. In this study, we found that BMP4 was one of
the most potent BMPs in promoting hepatic glycogen
accumulation among 14 types of BMPs. Mechanistically, we
demonstrated that BMP4 increased the hepatic glycogen
and reduced the hepatic glucose levels through the

activation of mTORC2 signaling pathway. Thus, our findings
strongly suggest that BMP4 may play an important role in
regulating hepatic glucose metabolism. Our study should
help us to understand the molecular pathogenesis of
NAFLD, and the effects of BMPs on hepatic glucose and lipid
metabolism.

Materials and methods

Cell culture and chemicals

HEK-293 derivative 293pTP and RAPA cells were previously
described.'®'” Mouse primary hepatocytes (MPH) cells were
obtained from 4-week old C57BL/6J mice using the type |
collagenase/liver perfusion protocol as described.®?° All
cells were maintained in complete Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (Lonsa Science SRL), 100 units of penicillin
and 100 pg of streptomycin at 37 °C in 5% CO,. Unless
indicated otherwise, all chemicals were purchased from
Sigma—Aldrich (St Louis, MO, USA), Thermo Fisher Scientific
(Waltham, MA, USA), Solarbio (Beijing, China).

Total RNA isolation and touchdown-quantitative
real-time PCR (TqPCR) analysis

Total RNA from both cells and freshly-prepared liver tissues
was isolated by using the TRIZOL Reagent (Invitrogen,
China) as described.?'"** Briefly, the freshly prepared
mouse liver tissues at the indicated development stages
(n = 5, C57BL/6J male mice for each time point) or the
NAFLD model was dissected out, minced, and ground in the
TRIZOL Reagent. MPH cells were treated with different
conditions for varied durations and lysed in TRIZOL Reagent
for total RNA isolation. Total RNA was subjected to reverse
transcription with hexamer and M-MuLV reverse transcrip-
tase (New England Biolabs, Ipswich, MA). The cDNA prod-
ucts were further diluted and used as PCR templates. Gene-
specific PCR primers were designed by using Primer3 pro-
gram (Table 2). TqPCR was carried out by using 2x SYBR
Green qPCR Master Mix (Bimake, Shanghai, China) on a CFX-
Connect unit (Bio-Rad Laboratories, Hercules, CA) as
described. All TgPCR reactions were done in triplicate.
Gapdh was used as a reference gene. Quantification of gene
expression was carried out by using the 2-AACq method as
described.

Construction and amplification of recombinant
adenoviruses

Recombinant adenoviruses were generated by using the
AdEasy technology.'®?*~%’ Briefly, the full-length coding
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Table 1 Formula and fatty acid composition of control
(10% fat) and high fat (45% fat) diets.

MD10% Fat MD45% Fat
Energy Composition 100 100
Protein 20 20
Carbohydrate 70 35
Fat 10 45
Composition of fatty acid 100 100
Saturated (%) 28.7 40.3
Monounsaturated (%) 32.7 40.4
Polyunsaturated (%) 38.6 19.3
Type of fat (gm) 45 202.5
Lard 20 177.5
Soybean Qil 25 25
Fatty acid profile (gm) 42.2 190.6
C2, Acetic 0 0
C4, Butyric 0 0
Cé6, Caproic 0 0
C8, Caprylic 0 0
C10,Capric 0.0 0.1
C12,Lauric 0.0 0.1
C14,Myristic 0.3 2.1
C15 0.0 0.2
C16,Palmitic 7.9 47 1
C16:1,Palmitoleic 0.4 3.4
C16:2 0 0
C16:3 0 0
C16:4 0 0
Cc17 0.1 0.6
C17:1 0 0
C18,Stearic 3.8 26.5
C18:1,0leic 13.4 73.5
C18:2,Linoleic 14.6 32.4
C18:3,Linolenic 1.4 2.1
C18:4, Stearidonic 0 0
C20,Arachidic 0.0 0.2
C20:1 0.0 0.1
C20:2 0.1 0.4
C20:3 0.0 1.1
C20:4,Arachidonic 0.1 0.7
C20:5, Eicosapentaenoic 0 0
C21:5 0 0
C22, Behenic 0 0
C22:1, Erucic 0 0
C22:4, Clupanodonic 0 0
C22:5,Docosapentaenoic 0.0 0.2
C22:6, Docosahexaenoic 0 0
C24, Lignoceric 0 0
C24:1 0 0

regions of 14 human BMPs were PCR amplified for gener-
ating recombinant adenoviral plasmid pAd-Bs, the resultant
shuttle vectors were used to generate recombinant
adenoviral vectors through homologous recombination with
the adenoviral backbone vector in bacterial BJ5183, which
were subsequently used to generate recombinant adeno-
viruses, namely Ad-B2 through Ad-B15 in 293 or its deriva-
tive lines 293pTP or RAPA cells. The resulting 14 Ad-Bs

adenoviruses that also co-express GFP as a marker for
tracking infection efficiency.'®?

For the construction of the adenoviral vectors expressing
siRNAs targeting mouse Bmp4, we employed our recently
developed pSOS and related systems, in which siRNA
expression is driven by the converging human U6 and H1
promoters.?>?873! Three siRNA sites targeting mouse Bmp4
were designed by using Invitrogen’s BLOCK-iTRNAi Designer
and/or Dharmacon Horizon Discovery’s siDESIGN programs
(Table 3) and subcloned into a single adenoviral shuttle
vector. The resulting recombinant adenoviral vector was
used to generate adenovirus Ad-siB4, which expresses the
three siRNAs, and also co-expresses the RFP marker gene.
Adenoviral vector expresses RFP (Ad-RFP) or GFP(Ad-GFP)
alone was used as a mock adenovirus control.>*** Fluores-
cence signals were documented under a fluorescence mi-
croscope after 48h. For all adenoviral infections, polybrene
(8 ng/ml) was added to enhance infection efficiency.*

For the in vivo direct injection studies, high titer ade-
noviruses (Ad-B4 and Ad-GFP) were prepared by using CsCl
gradient ultracentrifugation and dialyzed immediately
before use as previously described.!”>2%35-38

H & E staining and immunohistochemical (IHC)
staining

The retrieved mouse liver was fixed in 4% para-
formaldehyde overnight, and subjected to paraffin
embedding and sectioning. The sections were deparaffi-
nized, rehydrated and subjected to H & E staining and IHC
staining as described.'®?>3° Briefly, the sections were
subjected to deparaffnization, followed by antigen
retrieval and immunostaining with an AKT (1:200 dilution;
Gene Tex; Cat# GTX121937), phospho-AKT Ser473 (1:200
dilution; Gene Tex; Cat# GTX128414), GSK-3p(1:100 dilu-
tion; Bioss; Cat# bs-0028R), phospho-GSK-3p3Ser9 (1:100
dilution; Bioss; Cat# bs-2066R), FOXO1 (1:100 dilution;
Bioss; Cat# bs-2537R) and phospho-FOXO1 Ser319 (1:100
dilution; Bioss; Cat# bs-20095R). Control rabbit IgG (1:200;
cat. no. 011-000-003; Jackson ImmunoResearch Labora-
tories, Inc.) was used as a negative control. Each assay
condition was done in triplicate. Staining results were
recorded under light microscope (magnification, x400).

Periodic acid-schiff (PAS) staining (glycogen
storage)

PAS staining assay was carried out as described.?>*%*? |n
order to eliminate the influence of diet-based glycogen,
mice were fasted for 6-8 h before the experiment. The
harvested tissues were fixed and paraffin embedded. Tissue
sections were deparaffinized, rehydrated and then sub-
jected to PAS staining. For the cultured cells, subconfluent
MPH cells were seeded in 24-well culture plates with
various treatments (e.g., infected with Ad-Bs, Ad-GFP,
Adsi-B4 or Ad-RFP). The cells were fixed with 4% para-
formaldehyde for 10min, followed by staining with 0.5%
periodic acid solution for 5 min at RT. After being rinsed
with tap water for 3 min, cells and sections were incubated
in the Schiff’s reagent for 15 min at RT, followed by
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Table 2  List of TqPCR Primers.

Gene

Forward primer

Reverse primer

Accession No.

mouse Gapdh
mouse Bmp2
mouse Bmp3
mouse Bmp4
mouse Bmp5
mouse Bmp6
mouse Bmp7
mouse Bmp8
mouse Bmp9
mouse Bmp10
mouse Bmp11
mouse Bmp12
mouse Bmp13
mouse Bmp14
mouse Bmp15
human BMP2
human BMP3
human BMP4
human BMP5
human BMP6
human BMP7
human BMP8
human BMP9
human BMP10
human BMP11
human BMP12
human BMP13
human BMP14
human BMP15
mouse Aldoa
mouse Eno3
mouse Gpit
mouse Pfkm
mouse Pgk1
mouse Pkm
mouse Pgm2
mouse Hk2
mouse Ldha
mouse Ldhb
mouse Gsk-3a
mouse Gsk-33
mouse Nr1h3
mouse Prr5
mouse Prr5l
mouse Rictor
mouse Mtor
mouse Akt1
mouse Akt2
mouse Akt3
mouse Foxo1
mouse Foxo3
mouse Sgk1

ACCCAGAAGACTGTGGATGG
TTCTTCAAGGTGAGCGAGGT
TCAGCCCCCTGAGAAGAGT
GCGAGCCATGCTAGTTTGA
AGATCTGGGATGGCAGGAC
GCAATCTGTGGGTGGTGAC
AGGAGCCAACAGACCAACC
CAGAGGCAGGAAACCCTTC
TGAGTCCCATCTCCATCCTC
GGTCGTCATGGCTGAACTG
TCGCAGATCCTGAGCAAAC
CCTACCAACCACGCCATC
TGGGGGAGGAGGGAATAA
GATCCGGTGGCTCTGAAA
CTGGCAAGGAGATGAAGCA
GGGCATCCTCTCCACAAA
GCTCTACTGGGGTCTTGCTG
GCGCCACTCGCTCTATGT
GGAGCTGCTGGGTTCTAGTG
TGCAGGAAGCATGAGCTG
GGCAGGACTGGATCATCG
TTATCTGCGCCTCCATTTTC
CCTGGGCACAACAAGGAC
AAGAGGACCCCGCTCTACAT
TTCATGGAGCTTCGAGTCCT
TTCATGATGTCGCTTTACCG
GCAGTGAGGAAGGAGACAGG
CCAGGACGATAAGACCGTGT
GTGAAGCCCTTGACCAGTGT
TGACCCCGGAGCAGAAGA
GTCTGCAAGGCTGGAGCA
TGAAGGAAACCGCCCGAC
GCCCACCTGGAGCACATT
AGGCTGTGGGTCGAGCTA
TGCAACCGAGCTGGGAAG
TGCTGGACCGCTCCTTTG
CCTGCTCCATCGGTAGCG
ATGGGAGAGAGGCTGGGG
GCACGGGAGCTTGTTCCT
GGAACGCCAACCAGGGAA
CCCGGCTAACACCACTGG
AGAGCCTACAGCCCTGCT
GATTCCTACGCCGCTCCC
GAAGCTGGGTGACGTGCT
AGGCACAGTCGCAAGCAT
TCATGCCTTTCCTGCGCA
AACGGACTTCGGGCTGTG
GAGAGGCCACGACCCAAC
GGACTGGTGGGGCTTAGG
CCCTGGACATGCACAGCA
TGAAGGCACGGGCAAGAG
CGGTGGACTGGTGGTGTC

CACATTGGGGGTAGGAACAC
TAGTTGGCAGCGTAGCCTTT
AGGTTCGACCCACTGCTTT
AAGTGTCGCCTCGAAGTCC
TGGACTATGGCATGGTTGG
CTTGTCGTAAGGGCCGTCT
TCACGTGCCAGAAGGAAAG
ACCCCATGAAGGACAGAGG
ACCCACCAGACACAAGAAGG
CTCCTCCTCGCTACCGTCT
TTGGAAGTCGTGCAGATCC
GGCGGCATCGATGTAGAG
ACGCCAGCTGAGACTTGG
GGGGCAGATCCTGCTTTT
CATTTTCGCTCCAATCGTG
GTCATTCCACCCCACGTC
ATGAGGCCCCTTTCTCTGTT
AGGTGGTCAGCCAGTGGA
AATGGTCTGGGTCTGTGAGG
GTGCGTTGAGTGGGAAGG
AAGTGGACCAGCGTCTGC
TATGTGCCAACTCTGCTTCG
CCTTCCCTGGCAGTTGAG
CTGGGAATTCTTGAGGTGGA
GTTGGCCTTGTAGCGCTTAG
ACACGTCGAACAGGAAGCTC
GCCTACTCATGGGCAATGTT
AGCCCATGTCCTTGAAGTTG
CACATGGCAGGAGAGATTGA
CACACGGTCGTCTGCAGT
TGCGCATGGCTTCCTTGA
TCTTGGCCAGCTGCTTCC
CCTGGTTGCAGGCATGGA
GGCAGTGTCTCCACCACC
TCAGGTGCTGCATGCGAA
AGCCGCAAGCCCTGATTT
TCCTTCCGGAACCGCCTA
GCGTCAGTGCCCAGTTCT
ACTCTCCCCCTCCTGCTG
TGCAATGGCCTCAGGTGG
TCCGAGCATGTGGAGGGA
ACTGCACAGCTCGTTCCC
TTCATGCTCGGCCACAGG
CTCACTTGGGCCTGTGGG
ATGTGCTGGTGGAGGTGC
CGGGTTTGGGTCAGGGTC
CACGGCCGTAGTCGTTGT
CTGGGGGAGCCACACTTG
CCCTCCACCAAGGCGTTT
AGCCATTGCAGCTGCTCA
TTCTTCTTGGCTGCCCGG
GAGGTGCCTTGCCGAGTT

NM_008084
NM_007553.3
NM_001310677.2
NM_001316360.1
NM_007555.4
NM_007556.3
NM_007557.3
NM_001256019.1
NM_019506.4
NM_009756.3
NM_010272.2
NM_001312876.1
NM_013526.1
NM_008109.3
NM_009757.5
NM_001200.4
NM_001201.4
NM_001202.6
NM_001329754.2
NM_001718.6
NM_001719.3
NM_001720.5
NM_016204.4
NM_014482.3
NM_005811.5
NM_182828.4
NM_001001557.4
NM_000557.5
NM_005448.2
NM_001177307.1
NM_001136062.2
NM_008155.4
NM_001163487.1
NM_008828.3
NM_001253883.1
NM_028132.3
NM_013820.3
NM_001136069.2
NM_001302765.1
NM_001031667.1
NM_001347232.1
NM_001177730.1
NM_001346662.1
NM_001083810.2
NM_030168.3
NM_020009.2
NM_001165894.1
NM_001110208.2
NM_011785.3
NM_019739.3
NM_019740.2
NM_001161845.2
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Table 3  List of siRNA Oligos.

Gene

siRNA sequence

Accession No.

mouse Bmp4 siRNA-1 GGTCCAGGAAGAAGAATAA NR_130973.1
mouse Bmp4 siRNA-2 ACGAAGAACATCTGGAGAA
mouse Bmp4 siRNA-3 GAGCCATGCTAGTTTGATA

thorough rinses with tap water. Each assay condition was
done in triplicate. The PAS staining results were recorded
under a bright field microscope.

Western blotting analysis

Western blotting assay was carried out as previously
described.'”>3>** Briefly, subconfluent MPH cells were
infected with Ad-B4, Ad-siB4 and Ad-RFP for 72h. Cell ly-
sates were prepared and subjected to SDS-PAGE and
electro-transferred to PVDF membranes, which were
blocked and incubated overnight with the primary anti-
bodies against B-ACTIN (1:5000—1:20000 dilution; Pro-
teintech; Cat# 60008-1-1g), BMP4 (1:1000—1:3000 dilution;
Gen Tex; Cat# GTX100874), AKT (1:1000—1:3000 dilution;
Gene Tex; Cat# GTX121937), phospho-AKT Ser473
(1:1000—1:3000 dilution; Gene Tex; Cat# GTX128414), GSK-
3 B(1:500—1:1000 dilution; Bioss; Cat# bs-0028R), phospho-
GSK-3 B Ser9 (1:500—1:1000 dilution; Bioss; Cat# bs-2066R),
SGK (1:100 dilution; Santa Cruz Biotechnology; Cat# cs-
28338), FOXO1 (1:500—1:1000 dilution; Bioss; Cat# bs-
2537R) and phospho-FOX0O1 Ser319 (1:500—1:1000 dilu-
tion; Bioss; Cat# bs-20095R). After being washed, the
membranes were incubated with respective secondary an-
tibodies (1:5000 dilution; ZSGB-BIG; Peroxidase-Conjugated
Rabbit anti-Goat IgGor Peroxidase-Conjugated Goat anti-
Mouse IgG, Cat#ZB-2306 or 2305) conjugated with horse-
radish peroxidase. Immune-reactive signals were visualized
with the Enhanced Chemiluminescence (ECL) kit (Millipore,
USA) using the Bio-Rad ChemiDoc Imager (Hercules, CA).

Ad-B4-mediated BMP4 overexpression in vivo

The use and care of experimental animals was approved by
the Research Ethics and Regulations Committee of
Chongging Medical University, Chongging, China. All
experimental procedures followed the approved guidelines.
The mouse model was established as previously
described." Briefly, a total of 40 male 4-week old C57BL/6J
were obtained from and housed in the Chongging Medical
University Experimental Animal Research Center. The mice
were divided into two groups (20 each), the BMP4 over-
expression group was treated with the Ad-B4, and the
control group was treated with Ad-GFP.

For the NAFLD model of BMP4 overexpression in liver, a
total of 40 male 4-week old C57BL/6J mice were divided
into two groups (20 each) and both fed with high-fat diet
(HFD). The high-fat diet (HFD) group was fed with the 45%
fat diet (Medicience, Yangzhou, China), whereas the con-
trol group was fed with 10% fat diet (Table 1). The BMP4
group was treated with the Ad-B4, and the control group
was treated with Ad-GFP. Both Ad-B4 and Ad-GFP were

intrahepatically injected into the liver area directly as
described.'”-*>~*8 The total amount of virus particles was at
1 x 10'° pfu/injection for each mouse, and the total vol-
ume of injection was <30ul/injection, and the injection
was repeated once every 5 days. Ten mice from each group
were sacrificed at week 4 and 12, respectively. The
retrieved liver tissue was either fixed with 4% para-
formaldehyde or snap-frozen in liquid nitrogen for total
RNA/protein isolation.

Determination of glucose levels

For cells and tissue samples, 5 x 10° cells were collected
and lysed by ultrasonication, or 100 mg liver tissue was
grinded, bathed in 95 °C degree water for 10 min. The su-
pernatant was collected for glucose assay using a com-
mercial kit (BC2505, Solarbio, China).

For serum samples, mouse heart blood collection was
carried out as previously described."” Briefly, animals were
first anesthetized by intraperitoneal injection of 3% sodium
pentobarbital at 50 mg/kg, an incision was made in upper-
middle abdomen across the abdominal and chest cavities to
expose the liver and heart, and phlebotomized slowly from
the left ventricle until reaching 500 pul for each mouse. The
mice were then euthanized. The collected blood was
centrifuged at 1000xg for 10 min at RT. The upper portion
of the serum samples was collected for assessing serum
glucose levels using a commercial kit (FO06-1-1, Nanjing
Jiancheng Bioengineering Institute, China).

Statistical analysis

All quantitative assays were performed in triplicate and/or
repeated three batches of independent experiments. Sta-
tistical significances were determined by one-way analysis
of variance and the student’s t test. P < 0.05 was consid-
ered statistically significant.

Results

A comprehensive analysis of the 14 types of BMPs
indicates that many BMPs are highly expressed in
mouse hepatocytes and/or different stages of liver
development in mice

As members of TGFB superfamily, BMPs have pleiotropic
effects in development and adult tissue homeosta-
sis.® %445 However, their roles in the liver, especially in
hepatic glucose metabolism remain to be fully understood.
In this study, we first examined the expression profile of 14
types of Bmps in the liver at different development stages
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Figure 1  The expression profile of the 14 types of BMPs in mouse liver tissue and hepatocytes. Total RNA was isolated from

C57BL/6 male mouse liver tissue at day 0 (D0), day 14 (D14), day 28 (D28) and day 180 (D180) after birth. TqPCR analysis was carried
out to assess the expression of the 14 types of Bmps. All samples were normalized with Gapdh (A). Total RNA was isolated from the
MPH cells, and TgPCR analysis was carried out to detect the expression of 14 Bmps (B). All samples were normalized with Gapdh.

Each assay condition was done in triplicate.

and isolated total RNA from newborn (D0O), 14-day-old
(D14), 28-day-old (D28) and 180-day-old (D180) mouse liver
tissue. Using TqPCR analysis we found that among the 14
types of Bmps, Bmp7, 8, 9,10,12 and 14 were highly
expressed in mouse liver and tended to increase at later
stages of liver maturation, whereas Bmp2, 3, 4, 5, 6, 13 and
15 were expressed at low but detectable levels. The
expression of all Bmps increased gradually from newborn
(DO), peaked at 28-day-old (D28) a, and then decreased
gradually (Fig. 1A). Furthermore, we analyzed the expres-
sion of 14 Bmps in MPH cells in vitro, and TqPCR analysis
indicated that the expression of Bmp2, 3, 4, 6, 7, 8, 9, 10
and 15 were readily detected, while Bmp5, 11, 12, 13 and
14 were expressed at much lower levels (Fig. 1B). These
results indicate multiple members of the BMP family
members are highly expressed in mouse hepatocytes and/
or at different developmental stages of mouse liver.

BMP4 is one of the most potent BMPs to promote
hepatic glycogen accumulation among the 14 types
of BMPs, and is able to reduce glucose level in
hepatocytes

We previously conducted a comprehensive analysis of the
14 types of BMPs and identified several BMPs (such as BMP2,
4, 6, 7, and 9) as highly adipogenic BMPs in mesenchymal
stem cells.**~* In order to systematically assess the impact
of BMPs on hepatic glucose metabolism, we used the
adenoviral vectors expressing the 14 types of human BMPs,
designated as Ad-B2 through Ad-B15, to infect MPH cells
and verified the adenovirus-mediated BMP expression levels
by TgPCR (Fig. S1B), while the adenovirus infection effi-
ciency was verified by examining GFP expression at 48h

after infection (Fig. S1A). When the MPH cells were infec-
ted with the 14 types of Ad-Bs or Ad-GFP control, we found
that BMP4, too much lesser extents BMP2, BMP7 and BMPS8,
was among the most potent BMPs to induce strong PAS
staining (Fig. 2A).

We previously found that BMP4 is up-regulated in oleic
acid-induced steatosis in MPH cells and during the devel-
opment of a mouse model of NAFLD."” To fully understand
the effect of BMP4 on hepatic glucose metabolism, we
constructed an adenoviral vector expressing siRNAs,
namely Ad-siB4, which targets the coding region of mouse
Bmp4. TqPCR showed that the expression of Bmp4 was
effectively silenced by Ad-siB4 in MPH cells (Fig. S1C and
D). PAS staining showed that the glycogen accumulation
in the MPH cells was effectively blunted by the infection of
Ad-siB4 at day 3 (Fig. 2B). Using Ad-B4 or Ad-siB4 to over-
expression or silence Bmp4 in MPH cells, then lysated
cells, and glucose content test kit results showed that
BMP4 reduced the glucose levels in MPH cells from 36 to
48h (Fig. 2C).

We further analyzed the effect of BMP4 on the genes
that regulate hepatic glycogen synthesis, such as Gsk-3«
and Gsk-38, and glucose metabolism, such as Aldoa and
Nr1h3, and glycolysis and gluconeogenesis, including Eno3,
Gpil, Pfkm, Pgkm, Pkm, Pgm2, Ldha and Ldhb. When the
MPH cells were infected with Ad-B4 or Ad-GFP for 36h and
72h, TqPCR analysis revealed that most of glucose meta-
bolism genes were significantly down-regulated at 36h
while up-regulated at 72h, compared with that of the GFP
control group; Silencing Bmp4 expression in the MPH cells
effectively inhibited the expression of the most of glycol-
ysis genes at 36h while increased at 72h, compared with
that of the RFP control group (Fig. 2D). Thus, these results
suggest that BMP4 may induce the hepatic glycogen
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accumulation and reduce glucose levels in hepatocytes
through regulating the expression of Aldoa, Eno3, Gpil,
Pfkm, Pgk1, Pgm2, Ldhb, Gsk-3«, Gsk-33, Nr1h3.

BMP4 regulates glycogen accumulation and glucose
levels through the activation of the mTORC2
signaling pathway in hepatocytes

The mTORC2 signaling pathway plays an important role in
governing glycogen synthesis and glucose metabolism,
which regulates glucose metabolism genes, including Pgk1,
Pkm, Pgm2, Hk2, Ldha, Gsk-38 and Nr1h3.%7%° In order to
test whether BMP4 regulates the hepatic glycogen accu-
mulation through mTORC2 signaling pathway, Ad-B4 and
Ad-siB4 were used to infect MPH cells for 36h and 72h,
TqPCR results showed that BMP4 up-regulated most of
essential members of mMTORC2 signal pathway, such as Prr5,
Prr51, Rictor, Mtor, and downstream genes related to
glucose metabolism, such as Akt1, Akt2, Akt3, Foxo1, Foxo3
and Sgk-1 (Fig. 3A).The hepatic glycogen accumulation
induced by BMP4 was blocked by the PI3K(a/B/3/v)/mTOR
inhibitor PF-04691502 (Selleckchem, Houston, USA)
(Fig. 3B) through PAS staining at day 3.

Furthermore, MPH cells were infected with Ad-B4 and
treated with PF-04691502 for varied durations, then lysed
for glucose assay. The results indicated that glucose levels
decreased at 12h and 24h, but increased at 72h (Fig. 3C).
We further found that AKT, p-AKT, p-GSK3B were up-
regulated, while p-FOXO1 was down-regulated by BMP4 by
Western blotting analysis (Fig. 3D), and the densitometry
analysis of Western blots was shown in Fig. S2A. Thus, these
results suggest that BMP4 may regulate hepatic glycogen
and glucose levels through activating or suppressing
downstream mediators involved in mTORC2 signaling
pathway.

Exogenous BMP4 promotes hepatic glycogen
accumulation and decreases glucose levels in vivo

To further confirm the effect of BMP4 on hepatic glucose
metabolism in vivo, we established an exogenous BMP4
overexpression mouse model via intrahepatic adenovirus
injection as we previously reported.'” Experimentally, the
4-week old mice received consecutive intrahepatic in-
jections of high titer Ad-B4 or Ad-GFP once every 5 days for
4 or 12 weeks. Liver tissue and blood samples were
collected for further analyses. H & E staining showed that
BMP4 overexpression did not cause any obvious histologic
changes in mouse liver (Fig. 4A). However, exogenous BMP4
induced the hepatic glycogen accumulation (Fig. 4B),
decreased the glucose levels in liver tissue (Fig. 4C) and
serum glucose levels (Fig. 4D) both at week 4 and/or 12,
interestingly, we observed that BMP4 increased glucose
levels in liver tissue at week 12, it can be considered that
the body may decompose part of liver glycogen in order to
meet energy requirements and maintain the dynamic bal-
ance of glucose in the cell. Furthermore, TqPCR results
showed that BMP4 effectively regulated the genes expres-
sion of glycogen synthesis, such as Gsk-3« and Gsk-33, and
glucose metabolism, such as Aldoa and Nr1h3, glycolysis

and gluconeogenesis, such as Eno3, Gpil, Pfkm, Pgk1, Pkm,
Pgm2, Ldha, Ldhb in liver tissue at weeks 4 and 12 (Fig. 4E).

We further analyzed the effect of exogenous BMP4 on
hepatic glucose metabolism during NAFLD development.
When the high-fat diet (HFD) 4-week old mice were intra-
hepatically injected with high titer of Ad-B4 for 4 and 12
weeks as previously described,” we found that the
expression of glycogen synthesis and glucose metabolism
genes changed in the liver tissue after BMP4 treatment
(Fig. S2F), although no obviously changes in PAS staining
and serum glucose concentrations were observed at week 4
and 12 (Fig. S2D and E).

BMP4 regulates hepatic glucose metabolism
through the activation of mTORC2 signaling
pathway in vivo

Using the liver samples prepared from the mice injected
with Ad-B4, we found that the expression of many essential
members of mTORC2 signaling pathway, such as Prr5,
Prr51, Rictor, Mtor, and downstream genes relate to
glucose metabolism, such as Akt1, Akt2, Akt3, Foxo1, Foxo3
and Sgk-Twere significantly changed after 4 weeks and 12
weeks(Fig. 5A). Western blotting analysis revealed that the
BMP4 increased the expression of p-AKT, p-GSK-3B and
decreased the expression of p-FOXO1 at week 4 and 12
(Fig. 5B), and the densitometry analysis of Western blots
was shown in Fig. S2B and C. Furthermore, IHC staining
shown that, p-AKT, p-GSK-3B significantly were high-
expression and p-FOXO1 were low-expression regulated by
BMP4 (Fig. 5C), compared with the IgG negative controls as
shown in Fig. S2G. These results indicated that the acti-
vation of mTORC2 signaling by BMP4 in liver tissue.

Discussion

NAFLD is the most prevalent liver disease around the world,
with prevalence estimates indicating it affects almost two
billion people globally, and fast becoming one of the most
common causes of chronic liver disease worldwide, and is
now a major cause of liver-related morbidity and mortal-
ity.""2* NAFLD is an example of ectopic fat accumulation,
which is usually concomitant with increased gluconeogen-
esis, decreased glycogen synthesis.”"

As a member of TGF-B superfamily, bone morphoge-
netic proteins (BMPs) are precursor proteins with N-ter-
minal signal peptide and C-terminal mature peptide. At
present, there are 14 kinds of BMP. In the canonical BMP
signaling pathway, BMP binds to cell membrane receptor
(BMPR), and activated receptor phosphorylates Smad in
cells. After forming a complex with Smad4, it enters the
nucleus and binds to the DNA sequence to regulate the
transcription of target gene.*”>3 In recent years, studies
have shown that some BMPs play an important role in the
homeostasis of glucose and lipid metabolism, especially
BMP4’. Related studies shown that BMP4 can significantly
reduce the weight and volume of white fat cells and make
white adipocytes undergo “brown adipocyte” character-
istic change through PGC1a and promote M2 macrophages
to induce beige adipogenesis through p38/MAPK/STAT6/
PI3K-Akt signaling pathway,'®'*5* thus improve insulin
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Figure 2 Comprehensive analysis of the 14 types of BMPs in regulating glucose metabolism in hepatocytes. The MPH cells were
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expression of essential members and downstream glucose metabolism related genes of mTORC2 signaling pathway at 36h and 72h,
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treated with the 0.1 mM PI3K(a/B/3/v)/mTOR inhibitor PF-04691502 or DMSO vehicle control for 3 days, then subjected to PAS
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loading control (D) Each assay condition was done in triplicate. Representative images are shown.

total RNA was isolated and TqPCR analysis was carried out to detect the expression of the genes that govern glycogen synthesis,
glucose metabolism, glycolysis and gluconeogenesis respectively. Relative expression was calculated by dividing the relative
expression values (i.e., gene/Gapdh) in “**” P < 0.01, **” P < 0.05, Ad-B4 group vs. Ad-GFP group, Ad-siB4 group vs. Ad-RFP group
(D). Each assay condition was done in triplicate. Representative images are shown.
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Figure 4 The effect of BMP4 on hepatic glucose concentrations in vivo. Recombinant adenovirus Ad-B4 or Ad-GFP was injected
intra hepatically into 4-week old C57BL/6 mice (male, n = 10/time point/group). The mice were sacrificed after 4 weeks and 12
weeks, respectively. The liver sections were subjected to H & E staining (A) and PAS staining (B), both were recorded by light
microscopic examination (x400). The liver tissue glucose content (C) and serum glucose levels (D) were tested with a glucose assay
kit, and total RNA was isolated from the liver samples of Ad-B4 group and Ad-GFP group, and TqPCR analysis was carried out to
detect the expression of the genes that govern glycogen synthesis, glucose metabolism, glycolysis and gluconeogenesis. Relative
expression was calculated by dividing the relative expression values (i.e., gene/Gapdh) in “**” P < 0.01, Ad-B4 group vs. Ad-GFP
group (E). Each assay condition was done in triplicate. Representative images are shown.

sensitivity, play a protective effect on diet induced
obesity and diabetes, and also increase the whole body
energy consumption of mice fed with high-fat diet, reduce
liver fat and fatty tissue inflammation.'>"®>> We previ-
ously demonstrated that BMP4 expression was elevated
during the development of mouse model of NAFLD, and
can inhibit hepatic triglyceride/lipid accumulation by
suppressing the mTORC1 signaling pathway.>®

The mechanistic target of rapamycin (mTOR), a kinase
that is activated by anabolic signals, plays fundamental
roles in regulating metabolism.“®>° The mTOR forms two
distinct complexes, mTOR complex 1 (mTORC1) and
mTOR complex 2 (mTORC2), whose activities and

substrate specificities are regulated by complex co-fac-
tors.*® Both mTORC1 and mTORC2 harbor several common
components: the mTOR kinase, which act as the central
catalytic component, mTOR regulatory subunit DEPTOR,
the scaffolding protein mLST8, and the Tti1/Tel2 com-
plex, play an important role for mTOR complex assembly
and stability. Additionally, each complex contains
different subunits that contribute to substrate speci-
ficity. The mTORC1 is a complex composed of mTOR,
deptor, raptor (a scaffolding protein important for
mTORC1 assembly, stability, substrate specificity), pras40
(a factor that blocks mTORC1 activity until growth factor
receptor signaling relieves PRAS40-mediated mTORC1
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The signaling mechanism of BMP4-regulated glucose metabolism in hepatocytes in vivo. Recombinant adenovirus Ad-B4

or Ad-GFP was injected intrahepatically into 4-week old C57BL/6 mice (male, n = 10/time point/group). The mice were sacrificed
after 4 weeks and 12 weeks, respectively. Total RNA was isolated from the liver of Ad-B4 group and Ad-GFP group. TqPCR analysis
was carried out to detect the expression of the members of mTORC2 signaling pathway. Relative expression was calculated by
dividing the relative expression values (i.e., gene/Gapdh) in “**” P < 0.01, **” P < 0.05, Ad-B4 group vs. Ad-GFP group (A) Total
tissue proteins were isolated from the liver samples of Ad-B4 group and Ad-GFP group after 4 weeks and 12 weeks, and Western
blotting was carried out to detect the expression or phosphorylation level of proteins related to glucose levels regulated by
mTORC2 signaling pathway, including AKT1+2+3, p-AKT, GSK-38, p-GSK-3B, FOXO1, p-FOXO1, and B-ACTIN was used as a loading
control (B) The liver sections were subjected to IHC staining to detect the expression or phosphorylation level of genes related to
glucose metabolism regulated by mTORC2 signaling pathway, including AKT1+2+-3, p-AKT, GSK-38, p-GSK-3B, FOXO1, and p-FOXO1.
Staining results were recorded by light microscopic examination (x400) (C) Each assay condition was done in triplicate. Repre-

sentative images are shown.

inhibition) and mlst8, the kinase domains coming in close
proximity to one another in the center of the structure
and Raptor and mLST8 binding on the periphery. The
structure of mMTORC2 looks similar to that of mTORC1,
although Rictor (a factor which is required for mTORC2
assembly, stability, substrate identification, and subcel-
lular located to the appropriate sites of action) and
mSin1 (a key negative regulator of mTORC2 kinase ac-
tivity) are subunits specific to mTORC2. The differing
components and structures of mTORC1 and mTORC2
allow for independent regulation through subcellular
localization.*®>”>® The mTORC1 promotes fat synthesis
and storage, inhibits fat consumption and decomposition
through activating SREBP to regulate the expression of
FASN, ACLY, ACC1, SCDP1, HMGCR, LSS, SREBP1/2, etc.,
and also activating PPAR y to regulate FABP4, LPL,

perilipins, S6K1, CD36 and C/EBPx.*®:%7-5%:%0 According to
the classification of KEGG, there are six regulatory
pathways in the upstream of mTORC1, which are amino
acid pathway, Wnt pathway, TNF-a pathway, insulin
signaling pathway (INS/IGF), energy deficit pathway and
hypoxia pathway; among them, energy deficiency
pathway and hypoxia pathway inhibit mTORC1 activity,
and the others activate mTORC14%"%7. In the regulation
pathway of energy deficiency, the production of AMP is
increased indirectly due to energy deficiency (low
glucose). AMP activates AMPK, and AMPK phosphorylation
directly inhibits mTORC1, after phosphorylation, AMPK
can also activate the inhibitors of mTORC1, TSC1/2 and
tbc1d7, thus indirectly inhibiting the activity of
mTORC1%°. In this process, the decrease of glucose as an
initial factor is in a very important position.
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Figure 6 A working model of action for BMP4 in regulating
hepatic glucose metabolism.

Unlike mTORC1, the upstream regulation of mTORC2 is
not well defined. mTORC2 located at the cell membrane
through the mSin1 and mainly phosphorylates AGC kinase
family members, including AKT, SGK1, and PKC, to regulate
cell growth and metabolism.®"¢? One of the most important
role of mTORC2 is the phosphorylation and activation of
AKT, a key effector of insulin/PI3K signaling, once active,
can phosphorylate and inhibit of several key substrates
including the FOXO1/3a transcription factors, the meta-
bolic regulator GSK3p to control whole-body metabolic
homeostasis.’-¢'~¢3

A working mode was shown in Fig. 6, in our previous
studies, we demonstrated that BMP4 significantly inhibits
hepatic steatosis and lowers serum triglycerides through
suppressing mTORC1 signal pathway, playing a protective
role against the progression of non-alcoholic fatty liver dis-
ease (NAFLD). In this study, we surprisingly identified BMP4 as
one of the most potent BMPs among 14 types of BMPs on
inducing hepatic glycogen accumulation and reduced the
hepatic glucose levels through the activation of mTORC2
signaling pathway. These results indicated there may be a
crosstalk between glucose and lipid metabolism regulated by
BMP4 through regulate the mTORC1/mTORC2 signal pathway,
and the mechanism of the decrease of glucose is the initial
factor to inhibit the mTORC1 signal pathway through acti-
vating AMPK by BMP4 need further to been verified.

Collectively, our findings strongly suggest that BMP4 may
play a very important role in regulating hepatic glucose
metabolism. This knowledge should help us to understand
the molecular pathogenesis of NAFLD, and as one of the 14
kinds of BMPs, BMP4 plays a key role in the glycose and lipid
metabolism of hepatocytes, and which can be used as a
potential clinical diagnostic marker and drug treatment
target for NAFLD.
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Abbreviations

Ad-B4  Adenoviral vector expressing human BMP4

Ad-GFP Adenoviral vector expressing the green fluorescent
protein (GFP)

Ad-RFP Adenoviral vector expressing the red fluorescent
protein (RFP)

Ad-siB4 Adenoviral vector expressing three siRNAs that
silence mouse Bmp4

AKT1 AKT serine/threonine kinase 1
AKT2  AKT serine/threonine kinase 2
AKT3  AKT serine/threonine kinase 3
Aldoa aldolase, fructose-bisphosphate A

BMP/Bmp4 bone morphogenetic protein 4

Eno3 enolase 3
Foxo1 forkhead box O1
Foxo3 forkhead box 03

Gpi1 glucose-6-phosphate isomerase 1
Gsk-3a  glycogen synthase kinase 3 alpha
Gsk-3B glycogen synthase kinase 3 beta
H & E  hematoxylin and eosin

Hk2 hexokinase 2

IHC immunohistochemistry

Ldha lactate dehydrogenase A

Ldhb  lactate dehydrogenase B

Mtor mechanistic target of rapamycin kinase

NAFLD non-alcoholic fatty liver disease

Nr1th3  nuclear receptor subfamily 1 group H member 3

PAS staining periodic acid Schiff staining

Pfkm  phosphofructokinase, muscle

Pgk1 phosphoglycerate kinase 1

Pgm2  phosphoglucomutase 2

Pkm pyruvate kinase M1/2

Prr5 proline rich 5

Prr5l proline rich 5 like

Rictor RPTOR independent companion of MTOR, complex 2
Sgk1 serum/glucocorticoid regulated kinase 1

TgPCR touchdown quantitative real-time PCR
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