I

MOLECULAR
METABOLISM

Check for
updates

Sema7A protects against high-fat diet-induced
obesity and hepatic steatosis hy regulating
adipo/lipogenesis
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ABSTRACT

Objective: Obesity and related diseases are becoming a growing risk for public health around the world due to the westernized lifestyle.
Sema7A, an axonal guidance molecule, has been known to play a role in neurite growth, bone formation, and immune regulation. Whether
Sema7A participates in obesity and metabolic diseases is unknown. As several SNPs in SEMA7A and its receptors were found to correlate with
BMI and metabolic parameters in the human population, we investigated the potential role of Sema7A in obesity and hepatic steatosis.
Methods: GWAS and GEPIA database was used to analyze SNPs in SEMA7A and the correlation of Sema7A expression with lipid metabolism related
genes. Sema7A ™"~ mice and recombinant Sema7A (rSema7A) were used to study the role of Sema7A in HFD-induced obesity and hepatic steatosis.
Adipose tissue-derived mesenchymal stem cells (ADSCs) were used to examine the role of Sema7A in adipogenesis, lipogenesis and downstream
signaling.

Results: Deletion of Sema7A aggravated HFD-induced obesity. Sema7A deletion enhanced adipogenesis in both subcutaneous and visceral ADSCs,
while the addition of rSema7A inhibited adipogenesis of ADSCs and lipogenesis of differentiated mature adipocytes. Sema7A inhibits adipo/lipo-
genesis potentially through its receptor integrin 31 and downstream FAK signaling. Importantly, administration of rSema7A had protective effects
against diet-induced obesity in mice. In addition, deletion of Sema7A led to increased hepatic steatosis and insulin resistance in mice.
Conclusions: Our findings reveal a novel inhibitory role of Sema7A in obesity and hepatic steatosis, providing a potential new therapeutic target

for obesity and metabolic diseases.
© 2023 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION accumulation in mature adipocytes, which leads to expansion of

adipocytes called hypertrophy, or by inducing adipogenesis, a

Obesity and related diseases are becoming a growing risk for public
health around the world due to the westernized lifestyle [1,2].
Excessive consumption of energy leads to the accumulation of lipids
mainly in adipose tissue [3] and results in adipose inflammation,
insulin resistance and type 2 diabetes [4]. Additionally, the enlarged
adipose tissue releases excess free fatty acids that are taken up by
hepatocytes and result in hepatic steatosis [2,4]. Increased blood
lipid levels could also lead to atherosclerosis and cardiovascular and
cerebrovascular diseases [1,5]. In the development of obesity, ad-
ipose tissue stores excessive lipids by inducing more lipid

process of generating new adipocytes. Multiple molecules have
been reported to be involved in adipose hypertrophy and adipo-
genesis [6,7].

Semaphorins are a family originally identified as axonal guidance
molecules that have been discovered from viruses, insects to
mammals [8]. Semaphorins are involved in tumor growth, angio-
genesis, immune regulation, and other biological and pathological
processes. Several semaphorin 3 members are associated with
hypothalamus-regulated obesity or related adipose tissue inflam-
mation [9—12], while the role of other semaphorin members in
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Abbreviations

NAFLD nonalcoholic fatty liver disease
ADSCs adipose-derived mesenchymal stem cells
HFD high-fat diet

Sema7A semaphorin 7A

Itgb1 integrin B1

WAT white adipose tissue

BAT brown adipose tissue

SWAT subcutaneous adipose tissue
pgWAT  perigonadal adipose tissue
rSema7A recombinant Sema7A

SVF stromal vascular fraction

BMI body mass index

SNP single nucleotide polymorphism

obesity has not been reported. Sema7A is a GPl-anchored sem-
aphorin member involved in many immune-related diseases and
regulates the function of macrophages, T cells and NK cells [13].
Sema7A also displays widespread expression outside the immune
system and is involved in a variety of biological and pathological
processes [14,15], including the regulation of bone function, neurite
growth, angiogenesis [16], and atherosclerosis [17]. Sema7A has
three known receptors, PlexinC1, integrin 1 and GPIb. Integrin B1 is
reported to be expressed in mesenchymal stem cells and decreased
during adipocyte differentiation [18]. Inhibition of integrin B1 leads to
increased adipogenesis [19], and activation of the integrin f1-FAK
pathway inhibits adipo/lipogenesis [20].

Bioinformatics analysis of the differentiation of mesenchymal stem
cells into adipocytes implied that Sema7A may have a role in adipocyte
differentiation [21]. Genome-wide association studies (GWAS) identi-
fied that SNPs of SEMA7A and its receptors were correlated with BMI
and other metabolic parameters (https://www.gwascentral.org/). In
this study, we proposed that Sema7A might participate in the patho-
genesis of obesity and metabolic diseases. Using Sema7A~’~ mice,
we investigated the role of Sema7A in diet-induced obesity and found
that Sema7A deficiency promoted obesity and hepatic steatosis in HFD
mice. In vitro results showed that Sema7A inhibited adipogenesis of
preadipocytes and lipogenesis of mature adipocytes. Administration of
rSema7A protects against HFD-induced obesity in mice. Our findings
reveal a role for Sema7A in lipid metabolism and provide a potential
new therapeutic target for obesity.

2. MATERIALS AND METHODS

2.1. Animals

Sema7A~'~ mice (C57BL/6J background) [22] were obtained from
Jackson Laboratories (005128, Bar Harbor, USA) and backcrossed on
C57BL/6 for >10 generations. All animals were kept in a pathogen-
free facility with constant humidity, room temperature and 12 h light
cycle. All animal studies were approved by the Institutional Animal Care
and Use Committee of Soochow University.

For the role of Sema7A in HFD-induced obesity and hepatic steatosis,
WT and Sema7A~'~ mice were fed a high-fat (60%) diet (TP23300,
Trophic Animal Feed High-Tech Co. Ltd. Nantong, China) or chow diet
from the age of 8 weeks for 12—16 weeks and water ad libitum. For
the therapeutic effect of rSema7A, Sema7A~'~ female mice were

injected with vehicle control or rSema7A intraperitoneally (35 1.g/per
mouse/per day) and fed HFD for 6 weeks.

2.2. Database search in GWAS CENTRAL and GEPIA

We searched SNPs in SEMA7A and its receptors /TGB1 and PLXNC1
and their correlation with BMI and other metabolic parameters using
genome-wide association studies in GWAS CENTRAL (https://www.
gwascentral.org/). SNPs that resulted in a phenotype difference of
P < 0.05 were included in Table 1. We searched the correlation of
SEMA7A and lipid metabolism-related genes in the GEPIA database
(http://gepia.cancer-pku.cn/detail.php?clicktag=correlation).

2.3. Histological analysis

HE staining: Liver and adipose tissue were fixed with 4% para-
formaldehyde solution in PBS and embedded in paraffin. Paraffin-
embedded sections were stained with haematoxylin and eosin ac-
cording to manufacturer’s instructions and imaged with a Leica
DM2000 microscope. Adipocyte areas were calculated with ImageJ.
Oil Red O staining of liver: Frozen sections of 0.C.T. compound-
embedded mouse livers were cut into 10 pum sections and fixed
with 4% PFA. Oil Red O solutions in propylene glycol (01516, Sigma)
were used to stain neutral lipid droplets in frozen liver sections.

2.4. GTT and ITT

Glucose tolerance test (GTT): WT and Sema7A~’~ mice on HFD were
starved overnight with water ad libitum. Glucose (1.8 g/kg) was
injected intraperitoneally, and blood glucose was monitored at the
indicated time points with a OneTouch Ultra glucometer (Lifescan).
Insulin tolerance test (ITT): WT and Sema7A '~ mice on HFD were fed
randomly. Insulin (Humulin, Lilly, 0.75 units/kg) was injected intra-
peritoneally, and blood glucose was monitored at the indicated time
points with a OneTouch Ultra glucometer.

2.5. Coimmunoprecipitation and western blotting

Tissue and cell lysates prepared in RIPA buffer (1% Triton X-100, 1%
deoxycholate, 0.1% SDS, 10 mM Tris and 150 mM NaCl) with protease
and phosphatase inhibitor cocktail (Roche, USA) were separated with
SDS-PAGE and probed with primary antibodies against P-ERK (20G11),
ERK (9102), P-FAK (3283), FAK (3285), P-AKT Ser473 (D9E), Akt
(C67E7), Acc1 (C83B10), and Fasn (C20G5) from CST and Srebp1
(2A4) from Santa Cruz. After incubation with primary antibodies at 4 °C
overnight, membranes were incubated with fluorescent secondary
antibodies (goat anti-rabbit IRDye 800CW, goat anti-mouse IRDye
800CW, Licor Odyssey, United States). Membranes were examined by
an Odyssey infrared imaging system (LI-COR Biosciences, United
States). For coimmunoprecipitation of Sema7A and Itgh1, ADSCs were
incubated with 10 pg/mL Sema7A for 3 h and lysed with lysis buffer
(P0013, Beyotime Biotechnology, China). The lysates were precleared
with protein G and immunoprecipitated with Sema7A antibody (18070-
1-AP, Proteintech) or IgG. The coimmunoprecipitated proteins and
input sample were blotted with ltgh1 antibody (sc-374429, A4, Santa
Cruz).

2.6. RNA isolation and qPCR

Total RNA was isolated from tissues and cells using TRIzol reagent
(Invitrogen) and reverse transcribed into cDNA with Takara
PrimeScript™ RT Master Mix (RRO36A, Takara, Japan). Quantitative
PCR was performed in 20 pL of the brilliant SYBR green PCR master
mixture (4913914, Roche, Switzerland) in a real-time-PCR System
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Table 1 — SNPs of SEMA7A and its receptors correlated with obesity and metabolic disorders.

Correlations with body mass index (BMI)

SNP Gene p-value Alleles Position

rs8036030 SEMA7A  0.04884  A>GT chr15:74424268 (GRCh38.p13)
rs8036030 SEMA7A  0.0374 A>G,T chr15:74424268 (GRCh38.p13)
rs11852686  SEMA7A  0.0174 T>AC,G  chr15:74422864 (GRCh38.p13)
rs11856835  SEMA7A  0.0201 G>A chr15:74423833 (GRCh38.p13)
rs1992145 SEMA7A  0.0313 G>A,C chr15:74431303 (GRCh38.p13)
rs2230394 ITGB1 0.01169 G>AC chr10:32928182 (GRCh38.p13)
rs2230394 ITGB1 0.01678 G>A,C ¢chr10:32928182 (GRCh38.p13)
rs2230395 ITGB1 0.01153  T>AG ¢chr10:32922299 (GRCh38.p13)
rs9417094 ITGB1 0.01221 T>AC chr10:32938452 (GRCh38.p13)
rs2488326 ITGB1 0.01555 T>AC ¢chr10:32918569 (GRCh38.p13)
rs1187070 ITGB1 0.0179 A>C chr10:32952210 (GRCh38.p13)
rs10777584  PLXNCT1 0.00596 C>AG chr12:94189373 (GRCh38.p13)
rs10777585  PLXNCT 0.00577 A>C,G,T  chr12:94192937 (GRCh38.p13)
rs3847804 PLXNC1 0.00294 C>G,T chr12:94172522 (GRCh38.p13)
rs4761590 PLXNCT1 0.00518 C>G,T chr12:94180035 (GRCh38.p13)
rs12231028  PLXNCT 0.00821  C>AT chr12:94271277 (GRCh38.p13)
Correlations with glycated hemoglobin levels

SNP Gene p-value Alleles Position

rs741761 SEMA7A  0.0008 T>AC chr15:74411588 (GRCh38.p13)
rs885740 SEMA7A 0.03997 G>A,C chr15:74413341 (GRCh38.p13)
rs17468 ITGB1 0.02909 G>AT ¢chr10:32901357 (GRCh38.p13)
rs3824602 ITGB1 0.03964 C>AT ¢chr10:32906949 (GRCh38.p13)
rs2153871 ITGB1 0.02264 T>AG chr10:32928455 (GRCh38.p13)
rs2230396 ITGB1 0.04959  G>C,T chr10:32920338 (GRCh38.p13)
rs2245840 ITGB1 0.02212  T>G chr10:32935728 (GRCh38.p13)
rs2488326 ITGB1 0.0203 T>AC chr10:32918569 (GRCh38.p13)
rs2488328 ITGB1 0.04808 C>T chr10:32924323 (GRCh38.p13)
rs9417094 ITGB1 0.045 T>AC chr10:32938452

Correlations with 2-h glucose challenge

SNP Gene p-value Alleles Position

rs1046146 SEMA7A  0.04552  G>A chr15:74414602 (GRCh38.p13)
rs2075589 SEMA7A  0.01564  G>AT chr15:74417634 (GRCh38.p13)
rs2075591 SEMA7A 0.04773 C>AG,T chr15:74415652 (GRCh38.p13)
rs12579612  plxncl 0.01878  A>G chr12:94272017 (GRCh38.p13)
rs3894392 PLXNCT 0.02611  C>G,T chr12:94164657 (GRCh38.p13)
rs4237889 PLXNCT 0.03458 A>G,T ¢chr12:94155198 (GRCh38.p13)
rs11834447  PLXNCT1 0.04155  C>T chr12:94268054 (GRCh38.p13)
Correlations with insulin resistance

SNP Gene p-value Alleles Position

rs2734633 SEMA7A ~ 0.03026 A>C,G chr15:74415128 (GRCh38.p13)
rs5015024 SEMA7A  0.034 G>A chr15:74412247 (GRCh38.p13)
rs10745681 PLXNC1 0.04572 G>T chr12:94230927 (GRCh38.p13)
rs10859690  PLXNCT 0.04884 G>AC chr12:94244533 (GRCh38.p13)
rs12313726  PLXNCT 0.02852 T>C,G chr12:94235911 (GRCh38.p13)
rs12314236 PLXNC1 0.02683 T>C chr12:94230737 (GRCh38.p13)
rs7958289 PLXNCT 0.02794  G>A chr12:94238250 (GRCh38.p13)
rs7965633 PLXNCT 0.02774 T>C chr12:94236739 (GRCh38.p13)
rs7978182 PLXNCT 0.02486 A>C chr12:94236195 (GRCh38.p13)
rs7978522 PLXNCT 0.02398 C>G chr12:94236432 (GRCh38.p13)

Consequence Amino acid Dataset identifier
Intron Variant HGVRS570
Intron Variant HGVRS3271
Intron Variant HGVRS3271
Intron Variant HGVRS3271
Intron Variant HGVRS3271
Stop gained NP_002202.2:p.Tyr153 =Y (Tyr) > * (Ter) HGVRS569
Stop gained NP_002202.2:p.Tyr153 = Y (Tyr) > * (Ter)  HGVRS570
Synonymous NP_002202.2:p.Ala362 = A (Ala) > A (Ala) HGVRS569
Variant

Intron Variant HGVRS569
Intron Variant HGVRS570
Intron Variant HGVRS570
Intron Variant HGVRS3271
Intron Variant HGVRS3271
Intron Variant HGVRS3271
Intron Variant HGVRS3271
Intron Variant HGVRS3271

Consequence Amino acid Dataset identifier
Missense Variant ~ NP_003603.1:p.GIn515 = Q (GIn) > H (His)  HGVRS3279
Intron Variant HGVRS3279
3 Prime UTR HGVRS3279
Variant

Intron Variant HGVRS3279
Intron Variant HGVRS3279
Synonymous NP_002202.2:p.Gly392 = G (Gly) > G (Gly) HGVRS3279
Variant

Intron Variant HGVRS3279
Intron Variant HGVRS3279
Intron Variant HGVRS3279
Intron Variant HGVRS3279

Consequence Amino acid Dataset identifier
Synonymous NP_003603.1:p.Val413 = V (Val) > V (Val) HGVRS3278
Variant

Stop Gained NP_003603.1:p.Tyr169 =Y (Tyr) > * (Ter) HGVRS3278
Intron Variant HGVRS3278
Intron Variant HGVRS3278
Intron Variant HGVRS3278
Intron Variant HGVRS3278
Intron Variant HGVRS3278

Consequence Amino acid Dataset identifier
Intron Variant HGVRS3268
Intron Variant HGVRS3268
Intron Variant HGVRS3268
Intron Variant HGVRS3268
Intron Variant HGVRS3268
Intron Variant HGVRS3268
Intron Variant HGVRS3268
Intron Variant HGVRS3268
Intron Variant HGVRS3268
Intron Variant HGVRS3268

(LightCycler 480, Roche, Switzerland). mRNA expression levels were
calculated as relative fold changes by the 2-AACT method and
normalized to 36B4 or actin mRNA levels in the same samples. Se-
quences for the qPCR primers are listed in Supplemental Table 1.

2.7. TG content in liver

WT or Sema7A~’~ liver tissue was homogenized in lipid extraction
solution (n-hepatane:isopropanol = 2:3.5, 4 mL for 400 mg tissue)
with a homogenate and centrifuged. TG levels in the supernatant were
tested using an assay kit from Nanjing Jiancheng Bioengineering
Institute according to the manufacturer’s instructions.

2.8. Analysis of blood lipids, leptin and insulin

Serum levels of TG (triglycerides), TC (total cholesterol), and LDL-C
(low density lipoprotein) in overnight fasted mice were examined us-
ing assay kits from Nanjing Jiancheng Bioengineering Institute ac-
cording to the manufacturer’s instructions. Serum leptin and insulin
levels were measured using ELISA kits according to the manufac-
turer’s instructions (Raybio).

2.9. Adipogenesis assays

S-ADSCs (subcutaneous adipose-derived mesenchymal stem cells)
and V-ADSCs (visceral adipose-derived mesenchymal stem cells) were
isolated from inguinal adipose tissue or perigonadal adipose tissue as

MOLECULAR METABOLISM 70 (2023) 101698 © 2023 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

previously described [23]. ADSCs were induced with differentiation
media containing DMEM/F12 with 10% FBS, penicillin, streptomycin,
0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 1 pM dexamethasone,
0.1 units/mL insulin and 1 pM rosiglitazone for 2 days and then
cultured in induction medium containing DMEM/F12 with 10% FBS,
penicillin, streptomycin and insulin for 6 days. Cells were then used for
the indicated experiments.

The His-tagged recombinant mouse Sema7A (47—643) was purified
using a Histrap™ HP (GE) column with an AKTA purifier. To block the
FAK pathway, a FAK inhibitor (HY-12289A, MCE) was used at a final
concentration of 5 uM.

0il Red O staining of differentiated adipocytes: cells were fixed with 4%
PFA and washed with PBS. The fixed cells were stained with Oil Red O
for 30 min and washed with PBS and 50% ethanol. The red stained
lipid droplets were photographed with a microscope and then extracted
with isopropanol and quantified by absorbance at 518 nm.

2.10. Statistical analysis

Data were analyzed by Prism 8.0 (GraphPad) software with unpaired
two-tailed Student’s t tests or one-way ANOVA followed by post-HOC
analysis. Data were presented as the mean + SD (standard deviation)
or as indicated in the figure legends. Differences were considered
significant at P < 0.05.

3. RESULTS

3.1. SNPs in SEMA7A are correlated with metabolic parameters,
and Sema7A is expressed in adipose tissue

Although Sema7A participates in many physiological and pathological
processes, its role in obesity and metabolic diseases has not been
reported. The only related information is that bioinformatics analysis of
the differentiation of mesenchymal stem cells into adipocytes implied
that Sema7A may have a role in adipocyte differentiation [21]. In this
study, we searched SNPs located in SEMA7A and its receptors, /TGB1
and PLXNC1, in GWAS CENTRAL (https://www.gwascentral.org/) and
found dozens of SNPs correlated with metabolic parameters. As
summarized in Table 1, four SNPs, rs8036030, rs11852686,
rs11856835 and rs1992145, located on SEMA7A, which causes intron
variants and does not affect amino acids, had a significant correlation
with BMI (P < 0.05). Five SNP loci of /TGB1 are correlated with BMI;
among them, rs2230394 causes termination of translation
(Tyr153 =Y (Tyr)>* (Ter)), and rs2230395 results in a synonymous
variant of this protein. Five PLXNC7 SNP loci (rs10777584,
rs10777585, rs3847804, rs4761590, and rs12231028) were corre-
lated with BMI (P < 0.01) (Table 1). SNPs of SEMA7A and its receptors
are also correlated with glycated hemoglobin levels. Two SNP loci of
SEMA7A are associated with glycated hemoglobin levels, with
rs741761 causing a missense variant of Sema7A (missing GIn 515)
(P = 0.0008) and rs885740 causing an intron variant. Eight /TGB1
SNPs were correlated with glycated hemoglobin levels (P < 0.05). In
addition, three SNPs of SEMA7A and four SNPs of PLXNC1 were
associated with a 2-h glucose challenge (P < 0.05), while two SNPs of
SEMA7ZA and eight SNPs of PLXNC7 were associated with insulin
resistance (P < 0.05) (Table 1). These results implied a potential
clinical relevance of Sema7A to obesity and metabolic diseases in the
human population.

Sema7A is widely expressed in many tissues (brain, Kidney, lung,
etc.) and cells (endothelial cells, RBCs, macrophages, T cells, etc.).
We next examined Sema7A expression in adipose tissue. We found
that Sema7A is expressed in adipose tissue (Figure 1A) and mostly
in endothelial cells or dendritic cells in adipose tissue by single-cell

RNA sequencing (GSE161872) (Figure 1B). Sema7A expression
seemed to decrease in most cell types (especially endothelial cells)
of adipose tissue in mice on HFD (Figure 1B,C) or during adipo-
genesis in ADSCs (Figure 1D). By searching for a correlation of the
expression of Sema7A with lipid metabolism-related genes in the
GEPIA database, we found a negative correlation between the
expression of Sema7A and lipid metabolism-related genes, including
PPARG, PLIN1, FABP4, CEBPA and ADIPOQ in both subcutaneous
adipose tissue (Figure 1E) and visceral adipose tissue (Figure 1F).
Also, Sema7A expression was positively correlated with thermogenic
genes, including DIO2 and PRDM186, in subcutaneous adipose tissue
(Supplementary Fig. 1). Together, these data implied that Sema7A
may be involved in the pathogenesis of obesity and metabolic
diseases.

3.2. Deletion of Sema7A promoted high-fat diet-induced obesity
To ask whether Sema7A plays a role in obesity, we examined the effect
of Sema7A deletion on HFD-induced obesity using Sema7A~’'~ mice.
As expected, WT and Sema7A '~ mice on chow diet did not show a
significant difference in the weights of SWAT, pgWAT or BAT
(Supplementary Figs. 2A and B). However, body weights of both male
and female Sema7A~'~ mice on HFD were significantly higher than
those of WT mice (Figure 2A). The fat mass, but not lean mass, in
Sema7A~'~ mice increased compared to that in WT mice (Figure 2B).
For the white adipose tissue in female mice, the fat pad weights of
inguinal subcutaneous adipose tissue (SWAT) and perigonadal visceral
adipose tissue (pgWAT) in Sema7A~’~ mice increased significantly
compared to WT mice on HFD (Figure 2C,D), while in male mice,
SWAT, but not pgWAT, increased significantly in Sema7A knockout
mice on HFD (Figure 2D). HE staining showed enlarged adipocytes in
SWAT and pgWAT in female Sema7A '~ mice (Figure 2E,F). For brown
adipose tissue (BAT), weight increases were observed in both male
and female mice (Figure 2G). BAT whitening was observed in Sem-
a7A~’~ mice fed HFD (Figure 2H). Metabolic measurements showed
that Sema7A~’~ mice had decreased 0, consumption and COo
expiration (Supplementary Figs. 3A and B). There was no difference in
overall food intake between WT and Sema7A~/~ mice on chow diet or
HFD (Supplementary Figs. 4A and B).

The blood lipid profile was examined in mice fed either chow diet or
HFD after starving. In chow diet mice, only LDL-C showed an increase in
Sema7A~’~ mice compared with WT mice, while in HFD mice, TG, TC
and LDL-C increased significantly in Sema7A ™'~ mice compared with
WT mice (Figure 21—K). Starved serum leptin levels were significantly
increased in Sema7A~’~ mice on HFD compared to WT mice
(Figure 2L). Quantitative PCR assays showed that in HFD mice, the
expression of lipogenesis genes, including Acss1 and Acc1, increased
significantly in adipose tissue in Sema7A~’"~ mice (Figure 2M), while in
mice fed chow diet, only Acss1 expression showed a slight increase in
pgWAT in Sema7A~'~ mice (Supplementary Figs. 5A and B). No sig-
nificant difference in the expression of lipolysis genes in WT and
Sema7A~'~ mice on HFD was detected (Supplementary Figs. 6A and
B). Additionally, Pparg in liver of Sema7A~’~ mice on HFD was
increased compared with that in WT mice (Figure 2N), which did not
occur in mice on chow diet (Supplementary Fig. 5C).

The effect of Sema7A on spontaneous obesity in elderly (1 year on
chow diet) mice was also observed. Results showed that Sema7A
deletion led to increased body weights and the weights of SWAT,
pgWAT, and BAT in both male and female mice (Supplementary
Figs. 7A—E). Increased adipocyte size in white adipose tissue and
whitening of BAT in elderly Sema7A~'~ mice were observed
(Supplementary Fig. 7G). Elderly Sema7A~'~ mice showed
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Figure 1: Expression of Sema7A in adipose tissue and correlation with adiposity. A. Expression of Sema7A in SWAT and pgWAT was detected by Western blotting. B.
Sema7A expression in adipose tissue of lean (chow diet)- or HFD-fed mice searched in known scRNA-seq GEO datasets (GSE161872). C. Sema7A expression in the SVF fraction of
adipose tissue in chow diet- or HFD-fed mice was examined by qPCR (N > 5 in each group). D. Expression of Sema7A in undifferentiated and differentiated ADSCs was measured
with gPCR. E. Correlation of Sema7A expression to adiposity genes in normal subcutaneous adipose tissue was analyzed in the GEPIA database. F. Correlation of Sema7A and
adiposity gene expression in normal visceral adipose tissue was analyzed in the GEPIA database. Data were presented as the mean & SD. *P < 0.05, **P < 0.01.

enhanced liver weights with more lipid accumulation compared to
WT mice (Supplementary Figs. 7F and H). Together, deletion of
Sema7A promoted spontaneous obesity and hepatic steatosis in

elderly mice.

3.3. Sema7A inhibited adipo/lipogenesis
To investigate how Sema7A affects obesity, we examined the role of
Sema7A in adipogenesis. ADSCs were isolated from adipose tissue,
and cell differentiation was induced for 8 days. Cells were then stained
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Figure 2: Deletion of Sema7A aggravated HFD-induced obesity. A. WT and Sema7A~/~ mice were fed HFD from the age of 8 weeks and weighed at different time points
(N > 5 in each group). B. Fat mass and lean mass of female mice on HFD for 5 months were analyzed using minispec TD-NMR (Bruker) (N > 5 in each group). C. WT and
Sema7A '~ mice fed HFD for 12 weeks were sacrificed, and fat pads from different body parts were collected. Representative images of SWAT (subcutaneous adipose tissue) and
pgWAT (perigonadal visceral adipose tissue) of female WT and Sema7A~'~ mice were shown. D. Statistical analysis of the weights of fat pads of WT and Sema7A~'~ mice on HFD
for 12 weeks (N > 7 in each group). E&F. Representative HE staining images of SWAT (E) and pgWAT (F) from WT and Sema7A~/~ female mice fed HFD were shown, of which the
adipocyte area was statistically analyzed and shown with a violin plot. G. Statistical analysis of the weights of BAT from WT and Sema7A~'~ mice on HFD (N > 7 in each group). H.
Representative HE staining images of BAT from WT and Sema7A /'~ male mice on HFD. I—K. Plasma lipid profiles, including TG (), TC (J) and LDL-C (K), were measured (N > 5 in
each group). L. Plasma leptin levels of starved and normal fed mice were measured with an ELISA kit (N > 5 in each group). M&N. The mRNA levels of lipogenesis genes in adipose
tissue (M, N > 4 in each group) and liver (N, N > 5 in each group) from either WT or Sema7A '~ mice on HFD were examined with qPCR (N > 5 in each group). Data were shown
as the mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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with Oil Red O that was extracted and quantified by the absorbance at
518 nm. Results showed that compared to WT controls, Sema7A
deletion significantly enhanced lipid droplets in differentiated ADSCs
isolated from subcutaneous adipose tissue (S-ADSCs) (Figure 3A) and
visceral adipose tissue (V-ADSCs) (Figure 3B). In parallel, the effect of
Sema7A on adipogenesis was examined using recombinant Sema7A
(rSema7A, Supplementary Fig. 8A), which did not inhibit the prolifer-
ation of ADSCs (Supplementary Fig. 8B). Results showed that rtSema7A
inhibited adipogenesis in Sema7A '~ S-ADSCs or V-ADSCs after dif-
ferentiation for 8 days (Figure 3C,D). The greatest inhibitory potency of
rSema7A on adipogenesis of S-ADSCs occurred with the presence of
rSema7A during day 0—2 of differentiation (Supplementary Fig. 8C).
We next examined the effect of Sema7A on the expression of adipo-
genic/lipogenic genes and showed that rSema7A inhibited the mRNA
expression of Srebf1, Pparg, Acc1, Fasn, Acss1, Acly, Fabp4, Plin1 and
Adipoq during adipogenesis of ADSCs (Figure 3E). We also examined
the role of Sema7A in the lipogenesis of differentiated adipocytes and
showed that rSema7A reduced both the mRNA and protein levels of
lipogenesis genes in differentiated mature adipocytes (Figure 3F,G).
These results suggest that Sema7A may protect against obesity by
regulating adipo/lipogenesis. For brown adipocytes, we found an in-
crease in adipogenesis and an elevation of lipogenic gene expression
in Sema7A-deleted brown preadipocytes (Supplementary Figs. 9A and
B). rSema7A promoted the expression of thermogenic genes and
inhibited lipogenic gene expression in differentiated brown adipocytes
(Supplementary Fig. 9C). In addition, a similar inhibitory effect of
Sema7A on lipogenesis was observed in macrophages and endothelial
cells (Supplementary Figs. 10A and B).

Sema7A has three known receptors, PlexinC1, integrin B1 and
GPIb. Integrin 1 (ltgb1) was reported to be expressed in adipose-
derived mesenchymal stem cells, and its inhibition leads to
increased adipogenesis [19]. Consistently, we showed that integrin
B1, but not PlexinC1 and GPIb, was highly expressed in ADSCs
(Supplementary Fig. 11A). Blocking the binding of integrin B1 with
Sema7A by RGD peptide enhanced lipid accumulation in ADSCs
(Supplementary Fig. 11B). We therefore investigated whether
Sema7A regulates adipo/lipogenesis through integrin B1 and its
downstream signaling pathway. We first confirmed that integrin 31
expression decreased when ADSCs were differentiated (Figure 4A)
and that Sema7A bound to integrin 1 by coimmunoprecipitation
(Figure 4B). As Sema7A was reported to activate ERK through FAK
signaling via integrin B1 receptor in immune cells [24] and in
endothelial cells [17], integrin B1/FAK/ERK axis was examined. We
found that rSema7A enhanced FAK phosphorylation in mature ad-
ipocytes purified from adipose tissue (Figure 4C). The inhibitory role
of Sema7A on adipocyte lipogenesis was blocked by FAK inhibitor
defactinib (Figure 4D—F). ERK phosphorylation during adipogenesis
was decreased when Sema7A was deleted in ADSCs (Figure 4G),
while the addition of rSema7A promoted ERK phosphorylation
during adipogenesis (Figure 4H). These results suggested that
Sema7A inhibits adipogenesis/lipogenesis through the integrin 1/
FAK pathway (Figure 4I).

3.4. Deletion of Sema7A aggravated HFD-induced hepatic

steatosis and insulin resistance

Nonalcoholic fatty liver disease (NAFLD) is a common complication of
obesity [25]. We also examined the effect of Sema7A deletion on the
progression of hepatic steatosis. Liver size and weight increased
significantly in Sema7A~'~ mice compared to WT mice on HFD for 16
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weeks (Figure 5A,B). Relatively more lipid accumulation with larger
lipid droplets was observed in Sema7A knockout mice on HFD than in
WT mice (Figure 5C). Moreover, Sema7A deletion enhanced the HFD-
induced increase in liver triglycerides (Figure 5D) but did not change
plasma levels of AST and ALT, signs of liver damage (Supplementary
Figs. 12A and B).

Obesity often results in systemic glucose intolerance and insulin resis-
tance [26], and adipose and systemic inflammation are important
causes of insulin resistance. To determine whether deletion of Sema7A
affects HFD-induced adipose and liver inflammation, we determined the
expression of markers for macrophage polarization in adipose tissue and
liver of WT and Sema7A~/~ mice with gPCR. In both adipose tissue and
liver, increases in M1 polarization markers such as TNFa and IL6 and
decreases in M2 markers such as IL10 and CD301 were observed in
Sema7A~'~ mice compared to WT mice (Supplementary Figs. 13A—C).
To investigate the role of Sema7A in obesity-related glucose tolerance
and insulin resistance, mice fed HFD were challenged with high con-
centrations of p-glucose and insulin, and blood glucose levels were
monitored. Results showed that Sema7A deletion led to more severe
glucose intolerance and insulin resistance (Figure 5E,F), while serum
insulin levels showed no significant difference (Figure 5G). To test
whether deletion of Sema7A affects AKT signaling downstream of in-
sulin, mice on HFD were fasted overnight and injected with 0.75 unit/kg
insulin. Adipose tissue was isolated 15 min after insulin injection.
Western blotting showed decreased AKT phosphorylation in Sema7A~’~
mice compared to WT mice (Figure 5H). The liver was isolated 5 min
after 1.0 units/kg insulin injection of fasted mice, and Western blotting
showed decreased AKT phosphorylation in the liver of Sema7A~'~ mice
compared to WT mice (Figure 5I). Together, these data suggest that
deletion of Sema7A leads to increased insulin resistance.

3.5. Recombinant Sema7A had protective effects against diet-
induced obesity in mice

As deletion of Sema7A enhanced HFD- and age-induced obesity in
mice, and Sema7A from red blood cells, immune cells and endothelial
cells could be cleaved and released as soluble Sema7A in plasma, we
propose that administration of rSema7A may have a protective effect
against HFD-induced obesity. To test our hypothesis, three groups of
female mice were arranged: WT mice, Sema7A~'~ mice injected with
PBS (vehicle control) or rSema7A (35 pg/per mouse/per day) intra-
peritoneally along with HFD feeding for 6 weeks and weighed weekly
(Figure 6A). As illustrated in Figure 6B,C, the body weights of Sem-
a7A~’'~ mice injected with PBS increased faster than those of WT
mice, while the Sema7A '~ mice treated with rSema7A had a smaller
body weight increase than those treated with the vehicle control. The
percentage of body weight increase in Sema7A '~ mice started to be
significantly inhibited at week 3 after rSema7A treatment compared
with the vehicle control group (Figure 6C, P < 0.05). At 6 weeks after
rSema7A treatment, the body weight gain by HFD in the rSema7A-
treated group (27.93% =+ 4.0) showed a relatively larger decrease
compared to the PBS-treated group (45.01% =+ 10.40) in the Sem-
a7A~'~ mice (P < 0.05, N > 5) (Figure 6C). For the white adipose
tissue in mice, the fat pad weights of pgWAT and perirenal WAT
decreased in mice treated with rSema7A compared to mice treated
with vehicle control (Figure 6D—F). HE staining showed a reduced size
of adipocytes in perirenal visceral adipose tissue of mice treated with
rSema7A compared with mice treated with vehicle control (Figure 6G).
These results indicated that rSema7A had protective effects against
diet-induced obesity in mice.
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Figure 3: Sema7A inhibited adipogenesis/lipogenesis. A. S-ADSCs were isolated from subcutaneous adipose tissue of both WT and Sema7A~'~ mice at the age of 3—6 weeks
and induced with adipocyte differentiation medium. Cells were stained with Oil Red O after 8 days of differentiation. Qil Red O was extracted with isopropanol and quantified by the
absorbance at 518 nm. B. V-ADSCs were isolated from visceral adipose tissue of both WT and Sema7A~'~ mice at the age of 3—6 weeks, induced with adipocyte differentiation
medium, and stained with Oil Red O at the end of differentiation. C. S-ADSCs were treated with or without rSema7A and differentiated into adipocytes. D. Sema7A—'~ V-ADSCs
were treated with or without rSema7A and differentiated into adipocytes. E. ADSCs were treated with or without rSema7A and induced for adipocyte differentiation. mRNA
expression of adipo/lipogenic genes at day 0, 4, or 6 was detected with qPCR. F&G. Differentiated mature adipocytes were incubated with or without rSema7A for 24 h, and the
mRNA (F) and protein (G) levels of lipogenesis genes were tested with gPCR and Western blotting. Data were presented as mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001,
*HREEP < 0.0001.
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Phosphorylation of the FAK signaling pathway was tested with Western blotting. D-F. Differentiated mature adipocytes incubated with or without FAK inhibitor were treated with
rSema7A for 24 h, and lipogenesis genes were measured with qPCR. G. WT and Sema7A~'~ ADSCs were induced with adipocyte differentiation medium, and protein samples
during day 2 of differentiation were tested for ERK phosphorylation by Western blotting. H. ADSCs were differentiated into adipocytes in the presence or absence of rSema7A, and
phosphorylation of ERK on day 2 of differentiation was tested with Western blotting. I. Proposed mechanism of the role of Sema7A in adipogenesis/lipogenesis. Sema7A binds to
integrin B1 and activates downstream FAK/ERK signaling, inhibiting downstream Srebp1 and Pparg and adipo/lipogenesis. Data were presented as the mean + SD. *P < 0.05,
***P < 0.001.
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Figure 5: Deletion of Sema7A aggravated high fat diet induced hepatic steatosis and insulin resistance. A. Representative image of female WT and Sema7A—/— mice on
HFD. B. Livers from both male and female WT and Sema7A~'~ mice on HFD were weighed (N > 5 in each group). C. Frozen liver sections of WT and Sema7A '~ mice fed chow
diet or HFD were stained with Oil Red 0, and paraffin-embedded sections were stained with HE. D. TG (Triacylglycerol) in liver tissues of WT and Sema7A~'~ mice on HFD (N > 5
in each group). E. WT and Sema7A~'~ mice fed HFD were starved overnight, and 1.8 g/kg glucose was injected intraperitoneally for the glucose tolerance test (GTT). Blood glucose
levels were monitored at the indicated time points (n = 5 for each group). F. Mice were fed ad libitum, and 0.75 units/kg insulin was injected intraperitoneally for the insulin
tolerance test (ITT). Blood glucose levels were monitored at the indicated time points (n = 6 for each group). G. Fasted insulin levels in WT and Sema7A~'~ mice on HFD were
measured using an ELISA kit (N = 5 in each group). H. WT and Sema7A~'~ mice on HFD were starved overnight and injected with insulin. Fifteen minutes after injection, adipose
tissue was collected, and activation of AKT downstream insulin signaling was detected by Western blotting (N = 3 in each group). I. WT and Sema7A~'~ mice on HFD were
starved overnight and injected with 1 unit/kg insulin. Five minutes after injection, livers were dissected, and activation of AKT downstream of insulin signaling was detected by
Western blotting. Phosphorylation of AKT in insulin stimulated WT and Sema7A—/— liver were calculated with ImageJ (N > 4 in each group). Data in E and F were presented as the
mean 4 SEM. Other data were presented as the mean 4 SD. *P < 0.05, **P < 0.01.

4. DISCUSSION

Due to the westernized lifestyle, obesity is becoming a growing risk for
public health around the world. Based on the database search that
SNPs in Sema7A are correlated with metabolic parameters, we
investigated the role of Sema7A in obesity. We showed that Sema7A
deficiency enhanced diet-induced obesity with increased blood lipid
levels and lipogenic gene expression. Supportively, Sema7A-deficient
ADSCs showed increased adipogenesis, while rSema7A inhibited
adipogenesis of preadipocytes and lipogenesis of mature adipocytes.
Deletion of Sema7A also enhanced hepatic steatosis and increased
insulin resistance in mice. Finally, administration of rSema7A protected
against HFD-induced obesity in mice.

Semaphorins belong to the axonal guidance molecules and are
involved in the regulation of axonal guidance. Numerous studies have

10

reported the role of semaphorins outside the nervous system, such as
immune regulation, angiogenesis, and bone formation. Obesity is a
metabolic disorder resulting from the imbalance of the complex reg-
ulatory network containing multiple organs, cells and proteins. Current
knowledge of the involvement of semaphorins (mostly semaphorin 3)
in obesity and metabolic disorders includes the following three pro-
gresses. First, semaphorin 3 signaling regulates obesity by promoting
the development of hypothalamic circuits. Human variants of sem-
aphorin 3 and their receptors are associated with obesity [9]. Second,
Sema3E is reported to be associated with macrophage recruitment and
adipose tissue inflammation in obesity [10]. Third, Sema3A has been
reported to play an inhibitory role in adipogenesis [12], while Sema3G
enhances adipogenesis. Moreover, Sema3G knockdown ameliorates
obesity, fatty liver and insulin resistance in mice on HFD [27]. In this
study, we examined the potential role of Sema7A, the only GPI-
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Figure 6: Recombinant Sema7A protected against diet-induced obesity. A. An experimental design to evaluate the effect of rSema7A on diet-induced obesity. B&C.
Sema7A '~ female mice were treated with vehicle control or rSema7A intraperitoneally and weighed weekly. Increases in the body weights of WT mice and Sema7A~’~ mice
treated with vehicle control or rSema7A (n > 5) were analyzed. D. Representative images of pgWAT and perirenal WAT of mice treated with control or rSema7A. E-F. Weights of
pgWAT (E) and perirenal WAT (F) of WT and Sema7A~'~ mice treated with rSema7A or control. G. Representative images of HE staining of perirenal visceral adipose tissue of WT
and Sema7A~'~ mice treated with vehicle control or rSema7A. The area of approximately 500 adipocytes in each group was quantified using ImagedJ. Data in B and C were
presented as the mean + SEM. Other data were presented as the mean & SD. *P < 0.05, **P < 0.01, ****P < 0.0001.

anchored semaphorin member, in adipogenesis and obesity. We
showed that Sema7A protects against HFD-induced obesity and he-
patic steatosis, probably by regulating adipogenesis and lipogenesis.
Sema7A was found on the surface of red blood cells and considered
John Milton Hagen blood antigen [28]. Sema7A is also widely
expressed in many tissue and cell types, including brain, lung,
endothelial cells, macrophages and T cells. In this study, we found
that Sema7A is expressed in adipose tissue and mostly on endothelial
cells within adipose tissue by scRNA-seq (GSE161872). Sema7A
expression decreased during adipogenesis, and its expression on the
surface of red blood cells also decreased in elderly people [14].
Because of the wide expression of Sema7A, the exact origin of the
role of Sema7A in obesity is unclear. Cell- and tissue-specific
depletion of Sema7A may help to further study the origin and
mechanism. Sema7A has been identified to be cleaved by MMPs and
released from cells rapidly to become soluble Sema7A [29]. The
protective effect of recombinant Sema7A against HFD-induced obesity

in this study implies that Sema7A could come from shedding from red
blood cells, macrophages, and endothelial cells and be released into
the circulation as soluble Sema7A. Whether brain Sema7A or local
endothelial Sema7A within adipose tissue plays a role in obesity is an
open question.

Sema7A is a GPl-anchored protein that binds to receptors, including
PlexinC1, Itgb1 and GPIb. Given that GPIb and PlexinC1 were barely
detectable in ADSCs, we focused on Itgh1-mediated signaling in
regulating lipid metabolism, which also mediates the role of Sema7A in
metabolism, oxidative phosphorylation and glycolysis of macrophages
[30]. Integrin B1 is reported to be expressed in mesenchymal stem
cells and decreased after adipocyte differentiation [18]. Inhibition of
integrin B1 leads to increased adipogenesis [19], and activation of the
integrin B1-FAK pathway inhibits adipo/lipogenesis [20]. In our study,
we also showed that Sema7A bound to integrin B1 and that inhibition
of downstream FAK signaling blocked the inhibitory effect of Sema7A
on lipogenesis. FAK activation is reported to activate ERK signaling and
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inhibit srebp1 and pparg expression, which leads to the expression of
adipogenesis and lipogenesis genes. We found a stimulatory role of
Sema7A in ERK phosphorylation (which negatively regulates adipo-
genesis) during adipogenesis. However, an in-depth understanding of
the interaction of Sema7A with integrin and the downstream signaling
pathway in regulating adipogenesis and lipid metabolism in adipocytes
needs further investigation.

In our study, we also found that Sema7A deletion led to whitening of
brown adipose tissue in HFD and elderly mice, implying that Sema7A
may regulate brown adipose metabolism. In vitro results showed that
Sema7A inhibited lipogenesis and stimulated thermogenesis in brown
adipocytes. These results suggest that the regulatory role of beige and
brown adipose tissue may also be a contributing factor for their role in
obesity. The regulation of Sema7A in lipogenesis was also observed in
macrophages and endothelial cells, suggesting that the role of Sema7A
in metabolism might be independent of cell type. A recent report
showed that Sema7A regulates oxidative phosphorylation and glycol-
ysis in macrophages [30], indicating its potential role in regulating
metabolism in other cells. Whether Sema7A regulates thermogenesis
of beige adipocytes and skeletal muscle and the underlying mecha-
nism are warranted for a further investigation.

NAFLD is an important complication of obesity [31], which might lead to
nonalcoholic hepatitis, hepatic fibrosis and even liver cancer. In this study,
we found more severe diet-induced hepatic steatosis when Sema7A was
deleted, which might also contribute to the weight increase in Sema7A~’/
~ mice. Lipids deposited in the liver could be derived from diet, circulating
fatty acids released from adipose tissue, and de novo lipogenesis.
Circulating fatty acids account for approximately 60% of the hepatic tri-
glyceride content in NAFLD [32], and obesity results in elevation of
circulating fatty acids [32,33]. Hence, increased hepatic steatosis in
Sema7A-deleted mice may partly result from obesity. De novo lipogenesis
also plays a substantial role in the pathogenesis of NAFLD, accounting for
26% of hepatic triglycerides [32]. Quantitative PCR results showed
increased expression of lipogenic genes in the livers of Sema7A~'~ mice,
implying that Sema7A might also participate in de novo lipogenesis in the
liver, which deserves further investigation.

We noticed that pgWAT did not change in Sema7A~’~ male mice on
HFD, although the weights of SWAT, pgWAT and BAT all increased in
Sema7A~’~ female mice on HFD. This gender difference in response
to Sema7A deficiency could be due to multiple factors. First, many
genes regulate metabolic phenotypes differently in different genders.
For example: Lyplal1 knock out only protects against diet induced
obesity in female mice, but not in male mice (Knockout of murine
Lyplal1 confers sex-specific protection against diet-induced obesity,
bioRxiv, posted 8.05.2021). Tmem18 knockout male mice show
increased obesity, while female mice show no difference [34]. Hepatic
steatosis was observed in igf1-deficient male zebrafish but not in
female fish [35]. Second, hormone differences are believed to be an
important influencing factor for metabolic differences in male and
female mice [36,37]. Although most researchers have used male mice
in experiments for consistency, increasing evidence indicates that both
genders have been used to study the role of genes or medications in
metabolic diseases.

In summary, we have identified a new role of Sema7A in obesity and
hepatic steatosis. SNPs in Sema7A are correlated with metabolic
parameters in the human population. Moreover, administration of
rSema7A protected against HFD-induced obesity in mice. Although a
further understanding of how Sema7A plays its role in obesity is
required for its translational study, our findings open a new research

direction for investigating obesity and related metabolic diseases,
providing a potential new prophylaxis and therapeutic target.
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