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ABSTRACT

Obesity poses significant health risks and can negatively impact an individual’s quality of life.
The human obesity phenotype results from the differentiation of pre-adipocytes into adipo-
cytes, which leads to hypertrophy and hyperplasia in adipose tissue. The molecular mechan-
isms by which long non-coding RNAs (IncRNAs) modulate adipocyte differentiation, a process
implicated in obesity development, remain poorly characterized. A IncRNA which suppressed
the hepatic gluconeogenesis and lipogenesis (IncSHGL) was newly identified. Our research
aims to elucidate the functional role and mechanistic underpinnings of suppressor of IncSHGL
in adipocyte differentiation. We observed that IncSHGL expression progressively diminished
during 3T3-L1 differentiation and was downregulated in the liver and perirenal adipose tissue
of ob/ob mice. IncSHGL acts as a molecular sponge for miR-149, with Mospd3 identified as
a target of miR-149.0verexpression of IncSHGL and inhibition of miR-149 led to suppressed
3T3-L1 proliferation, decreased lipid droplet accumulation, and attenuated promoter activity of
PPARy2 and C/EBPa. These changes consequently resulted in reduced expression of Cyclin D1,
LPL, PPARy2, AP2, and C/EBPq, as well as inhibited the PI3K/AKT/mTOR signaling pathway. In
contrast, IncSHGL suppression yielded opposing outcomes. Moreover, the effects of IncSHGL
overexpression and miR-149 inhibition on reduced expression of Cyclin D1, LPL, PPARy2, AP2,
and C/EBPa were reversible upon miR-149 overexpression and Mospd3 suppression. These
findings were further validated in vivo. We also discovered a significant increase in methyla-
tion levels during 3T3-L1 differentiation, with IncSHGL highly expressed in the presence of
a methylation inhibitor. In conclusion. IncSHGL methylation facilitates adipocyte differentiation
by modulating the miR-149/Mospd3 axis. Targeting IncSHGL expression may represent
a promising therapeutic strategy for obesity-associated adipogenesis, particularly in the con-
text of fatty liver disease.
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Introduction important way to prevent and treat obesity and

Obesity is caused by multiple complex factors. It ~ the range of cardiovascular and metabolic dis-

is characterized by excessive body fat and often
accompanied by comorbidities, including ather-
osclerosis, hyperlipidemia, fatty liver disease, and
diabetes [1]. The human obesity phenotype is
caused by the transformation of pre-adipocytes
into adipocytes due to hypertrophy and hyper-
plasia of the adipose tissue [2]. Abnormal meta-
bolism and fat cell function are core mechanisms
leading to obesity [3]. The molecular regulation
of adipocyte differentiation and its relationship
with the pathogenesis of obesity is a hot spot in
medical research in recent years. Effective inhi-
bition of adipocyte differentiation has become an

eases it causes.

The proliferation and differentiation of preadi-
pocytes play a crucial role in maintaining the
number and renewal of adipocytes, and they are
closely related to the morphology and function of
adipocytes [4]. With the development of next-
generation sequencing, bovine KLF6 was identified
as a regulator of adipogenesis [5,6]. Long non-
coding RNA (IncRNAs) have a transcription
length of more than 200 nucleotides with no pro-
tein-coding function [7,8]. Increasing evidence has
demonstrated that IncRNAs play a vital role in
many biological processes, including epigenetic
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regulation, cell cycle regulation, cell differentiation
regulation, and adipocyte differentiation [7].
Zhang et al. demonstrated LncPRRX1 promoted
bovine myoblast proliferation by regulating the
miR-137/CDC42 axis [9]. Ma et al. illustrated the
critical role of IncRNA BIANCR in intramuscular
adipogenesis [10]. Wang et al. observed increased
expression of Lnc-OAD during 3T3-L1 differentia-
tion, and that knockdown of Inc-OAD suppressed
adipocyte differentiation of 3T3-L1 cells by redu-
cing the expression of PPAR-y and C/EBPa, which
are the adipocyte master transcription factors [11].
Chen et al. found that the expression of Inc-
U90926 is reduced during the differentiation of
3T3-L1 cells and in the visceral adipose tissue of
obese mice [12]. Overexpression of Inc-U90926 led
to a delay 3T3-L1 adipocyte differentiation by
decreasing the expression of PPARy2, FABP4,
and AdipoQ [13]. These results suggest that
IncRNAs regulate the expression of master genes
in adipocytes to maintain adipocyte differentia-
tion. Therefore, a better understanding of the
role of IncRNAs in adipogenesis is essential.
Moreover, the regulatory mechanism of IncRNAs
which contribute to adipocyte differentiation is
largely unknown.

In a previous study, IncSHGL was initially iden-
tified as AK143693 with a length of 1928 base pairs
and is highly expressed in the mouse liver with
unknown function [14,15]. Further research indi-
cates that overexpression of IncSHGL suppresses
hepatic gluconeogenesis and lipogenesis by
recruiting hnRNPA1 [16]. However, the regulatory
mechanisms of IncSHGL in adipocyte differentia-
tion remain unclear. Methylation is a process in
which a methyl group (CH3) is added to the DNA
molecule or its associated proteins. Increasing evi-
dence illustrated the significant role of demethy-
lase and methyltransferase in biological process.
For example, Yang et al. illustrated a negative feed-
back regulatory loop between DNA demethylase
gene TET1 and m°A methyltransferase gene
METTL3 in myoblast differentiation [17].
MEFTTL3 was reported to promote MEF2C pro-
tein expression through posttranscriptional mod-
ification in an m6A-YTHDF1-dependent manner
[18]. Moreover, study observed that METTL3-
mediated IncRNA EN_42575 exerted a regulatory
effect on IPEC-J2 cells exposed to CPB2 toxins

[19]. Wang et al. reported induction of m6A
methylation in adipocyte exosomal LncRNAs
mediating myeloma drug resistance [20]. Thus,
there are urgent needs in understanding the
methylation of IncSHGL during adipocyte differ-
entiation. One system that has been thoroughly
investigated for adipocyte differentiation is the
in vitro-induced adipocyte differentiation of 3T3-
L1 cells. This system recapitulates the major pro-
cess in adipogenesis in vivo [21]. Our study
focused on the role of IncSHGL in adipocyte dif-
ferentiation in vitro and in ob/ob mice, with the
aim to provide new targets for IncRNAs in the
treatment of obesity.

Materials and methods
Adipocyte differentiation

Preadipocytes 3T3-L1 cells were obtained from
ImmoCell Biotechnology Co., Ltd. (Xiamen, China)
and cultured in DMEM supplemented with 10%
newborn calf serum (Genview, GD3103-500 ML).
Adipocyte differentiation was induced as described
previously [7]. Cells were treated with 1 pmol/L dex-
amethasone (Sigma), 1 pg/mL insulin (Signma), and
0.5mmol/L 3-isobutyl-1-methylxanthine (IBMX,
Sigma) when the cells passaged at 70-80% conflu-
ence on day 0. The medium was then changed to
DMEM supplemented with 10% fetal bovine serum
(FBS, Gibco) and 1 pg/mL insulin on day 2. During
the entire 12-day differentiation process of 3T3-L1
preadipocytes, the culture medium was replaced
with DMEM supplemented with 10% fetal bovine
serum (FBS, Gibco), which was refreshed every two
days. The process of 3T3-L1 adipocyte differentia-
tion was observed using Oil Red O staining. Cells
were cultured in an incubator (Thermofisher) under
37°C and supplemented with 5% CO,.

Oil red O staining

For oil red O staining, we referred to the previous
methods [22], and made some minor adjustments.
Preadipocytes 3T3-L1 cells were collected at 0, 2, 4,
6, 8, and 12 d after differentiation. The cells were
fixed in 70% ethanol for 5 min. After three washes
with PBS, the cells were stained with Oil Red
O solution (Solarbio, G1262) for 1h at 25°C.



Images were visualized by light microscopy and
photographed after excess stain was removed
using 70% isopropyl alcohol.

Cell transfection

After differentiation for 8 days, preadipocytes 3T3-L1
cells were used for further experiments. Transfection
was performed in 3T3-L1 cells, which were cultured in
DMEM supplemented with 10% fetal bovine serum
reached 60-90% confluence. Lipofectamine 2000 (Cat.
No. 52887) was used to transfect the cells with
IncSHGL shRNA, miR-149, or Mospd3. After 48
hours of transfection, the cells were collected and
used for further study, such as CCK8 assay and wes-
tern blot. The forward and reverse sequence of
IncSHGL shRNALI as following: 57-
AUUCUCUGGACCCUUGCUACUACUG-3° and
5-CAGUAGUAGCAAGGGUC- CAGAGAAU-3.
The forward and reverse sequence of IncSHGL
shRNA2 as following: 5-
GCGCUUACUGGAAGCUCUAAGUGGA-3° and
5-UCCACUUAGAGCUUCCAGUAAGCGC-3”.

Cell-counting kit 8 (CCK-8) assay

CCK-8 assay was used to assess the proliferation of
3T3-L1 cells. Preadipocytes 3T3-L1 cells were col-
lected and 4,000 cells/well were seeded in a 96-well
plate. After culturing for different times, the cells
were refreshed with 90 uL and 10 uL Cell Counting
Kit-8 (Dojindo) for each well in a 96-well plate. The
cells were incubated for 2 h at 37°C. Absorbance was
measured at 450 nm using a microplate reader
(OLYMPUS, CX41).

Table 1. The primers used for qRT-PCR.
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EdU labeling assay

The EdU labeling kit (RIBOBIO, Cat. No.
C10327) was used to further detect the prolifera-
tion of 3T3-L1 cells under the different treat-
ments. Briefly, 1x 10> cells were treated with
10 uM EdU for 1h at 37°C. The cells were then
fixed with 4% formaldehyde and permeabilized
with 0.5% Triton X-100 for 10 min. After wash-
ing with PBS, the cells were incubated with 400
uL Apollo ° reaction cocktail for 30 min and
washed three times with PBS. The DNA was
stained with Hoechst 33,342 (5 pug/mL, 500 pL/
well) for 30 min. Images were captured using
a confocal microscope (Zeiss LSM710). Image
J software was used for cell counting analy-
sis [23].

Quantitative real time polymerase chain reaction
(QRT-PCR)

TRIzol (Takara, 9109) was utilized to extract the
total RNA from the 3T3-L1 cells and tissues. The
Bestar qPCR kit (DBI) was used for cDNA
synthesis, and the concentration of cDNA was
measured using NanoDrop. qRT-PCR was then
performed on a Stratagene ReaL time PCR sys-
tem (Mx3000p, Agilent) with BestarTM qPCR
MasterMix (2043, DBI under the following con-
ditions: 95°C for 2 min, 40 cycles of 94°C for 20
s, 58°C for 20 s, and 72°C for 20 s. f-Actin and
U6 were used as mRNA and miRNA internal
controls, respectively. The relative gene expres-
sion was calculated using the 2-AACq method.
The primers used in this study are listed in
Table 1.

ID Forward Sequence (5" — 3') Reverse Sequence (5" — 3’)
B-actin CATTGCTGACAGGATGCAGA CTGCTGGAAGGTGGACAGTGA
LncSHGL ACAAATGATGGAGGGCCTGG GGCAGGTCCCACGAAATACA
LPL GGGAGTTTGGCTCCAGAGTTT TGTGTCTTCAGGGGTCCTTAG
PPARy2 TCGCTGATGCACTGCCTATG GAGAGGTCCACAGAGCTGATT
FABP4/AP2 AAGGTGAAGAGCATCATAACCCT TCACGCCTTTCATAACACATTCC
C/EBPa CAAGAACAGCAACGAGTACCG GTCACTGGTCAACTCCAGCAC
DNMT1 AAGAATGGTGTTGTCTACCGAC CATCCAGGTTGCTCCCCTTG
Mospd3 CTGGTCTTTCCCCCGGATCTA ACAGAACTCGGAAGCGAAGC
Cyclin D1 GCGTACCCTGACACCAATCTC CTCCTCTTCGCACTTCTGCTC
ué CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT
miR-149-3p CTCAACTGGTGTCGTGGAGT ACACTCCAGCTGGGGAG
CGGCAATTCAGTTGAGGCACCGCC GGAGGGACGGGGGCG
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Western blotting

The proteins of cell and tissue samples were lysed
with RIPA lysis buffer (Beyotime, Shanghai), and the
protein concentrations were measured using the
BCA Protein Assay kit (Thermo). Proteins (10 pg/
well) were loaded and separated using 10% SDS-
PAGE and then transferred onto PVDF membranes
(IPVH00010, Millipore). The membrane was
blocked with 5% skimmed milk at room temperature
for 30 min. Subsequently, the membrane was incu-
bated with primary antibody Mospd3 (1: 1000,
26168-1-AP, proteintech), Cyclin D1 (1: 1000,
26939-1-AP, proteintech), PPARy2 (1: 1000,
ab178868, abcam), C/EBPa (1: 1000, 18311-1-AP,
proteintech), LPL (1:6000, 55208-1-AP, protein-
tech), PI3K (1: 4000, 67071-1-Ig, proteintech),
AKT (1: 8000, 10176-2-AP, proteintech), p-PI3K
(I: 1000, ab278545, abcam), p-AKT (1: 8000,
66444-1-Ig, proteintech), FABP4/AP2 (1:10000,
12802-1-AP, proteintech), mTOR (1:10000, 66888
1-Ig, proteintech), p-mTOR (1:10000, ab109628,
abcam), and GAPDH(1:10000, abcam, ab8245) at
4°C overnight. The membrane was incubated at
25°C with a diluted secondary antibody for 1.5h.
Protein bands were visualized using an enhanced
chemiluminescence kit (Millipore, KLS0500) and
imaged using MICROTEK (Bio-5000). The relative
protein expression was quantified using Image]
according to the chemiluminescence of the bands.

Immunofluorescence assay

The 3T3-L1 cells were collected and seeded onto
coverslips in 24-well plates at 40-60% density.
After culturing for 24 h, cells were washed twice
with PBS and fixed with 4% paraformaldehyde for
30 min at 25°C. The cells were permeabilized using
0.1% Triton X-100 for 10 min and blocked for 30
min at 25°C after treatment with NH,CI solution.
The cells were incubated with Mospd3 (1:100,
26168-1-AP, Proteintech) for 2 h at 25°C. The cells
were incubated with diluted 488-conjugated second-
ary antibodies (Life Technologies) for 2 h in the dark
at 25°C. The nuclei were stained with 4, 6-diami-
dino-2-phenylindole (DAPI) for 1 min at 25°C in the
dark. The images were observed using a laser scan-
ning confocal microscope (Zeiss, LSM710). Cell
counting was performed using Image] software.

Luciferase reporter assay

The target sequences of IncSHGL and Mospd3, con-
taining wild-type and mutant binding sites, were
cloned into the psiCHECK-2 vector. The promoter
sequence of PPARy2 and C/EBPacontaining with
wild type and mutant binding sites was cloned into
the pGL3-Basic vector, respectively. The psiCHECK-
2-IncSHGL or Mospd3 with miR-149 mimics were
co-transfected with lipofectamine 3000 transfection
reagent (Thermo) into 3T3-L1 preadipocytes at a cell
density of 60-90%, respectively. For PPARy2 and C/
EBPa, the PPARY2 and C/EBPa-pGL3-basic vector
was transfected into overexpressing or/and suppres-
sing IncSHGL, Mospd3 and miR-149 in 3T3-L1 cells,
respectively, 100 ng pRL-TK (a Renilla luciferase
plasmid) act as control. A dual Luciferase reporter
assay kit (Beyotime, Shanghai, China) was used to
detect luciferase activity.

DNA methylation analysis

DNA from 3T3-L1 preadipocytes or cells treated with
the methyltransferase inhibitor 5-Aza-dC was
extracted using a DNA extraction kit (Biospin,
Hangzhou). The EpiTect Fast DNA Bisulfite Kit
(Qiagen) was used to extract genomic DNA.
Methylation-specific PCR was performed under the
conditions: 95°C for 3 min, 95°C for 15 s, 58°C for 155,
and 72°C for 30 s, followed by 40 cycles at 72°C for 5
min. The products of methylation-specific PCR were
separated by agarose gel electrophoresis for 25 min at
120V and the image was captured using a UV
Transmission Analyzer (ZF1-II, Jlapenf Biotech,
Shanghai). The primers were designed based on the
CpG sites on the IncSHGL promoter. The U primer

was Forward: 5-
TTTATTTGTATGTAATAGGACGCGT-3,
Reverse:5’-

CTAAATTAATAAAAAAAACCCCGTT-3’and the
M primer was Forward: 5’-
TTTATTTGTATGTAATAGGATGTGT-3, Reverse:
5- CCTCTAAATTAATAAAAAAAACCCCAT-3.

Immunoprecipitation assay

Cells (2.0 x 10° per well) were seeded into
a 6-well plate and transfected with miR-149
mimics when the confluence reached 60-90%.



Cells were lysed using radioimmunoprecipitation
assay (RIPA) buffer after transfection for 24 h.
Before co-precipitation, the Mospd3 or IncSHGL
probe antibody was incubated with protein
G magnetic beads for 12h at 4°C. The lysate
was  co-immunoprecipitated = with  protein
G magnetic beads for 4h at 25°C. To remove
nonspecific binding, 25uL of blocked protein
G Dynabeads (Life Technologies) was added to
each sample, incubated for 1h at 4°C, and then
removed with a magnetic field. Finally, the sam-
ples were treated with proteinase K and SDS to
degrade Argonaute protein, disrupt antibody
binding and elute RNA from magnetic beads,
and treated with DNase I. The eluted RNA was
resuspended in 30 uL of RNase-free water and
maintained at —80°C. An IgG antibody (#5415,
Cell Signaling Technology) was used as
a negative control (NC). qRT-PCR was per-
formed as described for qRT-PCR.

Animal model and analyses

Seven-week-old male C57BL/6 and ob/ob mice
were purchased from Model Organisms Co. Ltd.
(Shanghai, China). C57BL/6 and ob/ob mice were
fed a basal diet (5% fat) and a high-fat diet (HFD)
(20% fat) under a 12h light-dark cycle with free
access to water and food for one week [24]. The
C57BL/6 mice were randomly divided into four
groups: a control group with a basal diet, ob/ob
group with a HFD, NC and IncSHGL group, NC,
and IncSHGL adenovirus was injected by tail vein
for 14 days in ob/ob mice with HFD. These ob/ob
mice were fed a HFD until their body weights of
were 30% greater than that of the control mice,
then these transgenic obese mice and the control
mice were analyzed. Triglyceride (TG, MAK266,
Sigma) and total cholesterol (TC, CS0005, Sigma)
from serum were detected using an ELISA Kit
according to the manufacturer’s instructions.
This animal study was reviewed and approved by
the ethics committee of the first Affiliated Hospital
of Xiamen University.

H&E staining

For H&E staining, we referred the protocol in
published paper [25]. The livers of mice were
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removed and fixed with 4% paraformaldehyde at
37°C for 24h. Specimens were then dehydrated,
embedded, and cut into 5um thickness slices
according to the manufacturer’s instructions. The
slices were stained with Harris (Servicebio, G1004)
for 4min, divided for a few seconds with 1%
hydrochloric acid alcohol, rinsed with tap water,
returned to blue color with 0.6% ammonia water,
and rinsed with running water. The slices were
stained with eosin dye (Servicebio, G1005) for 3
min. Subsequently, the slices were dehydrated and
sealed with neutral resin. Images were captured
using an inverted fluorescence microscope
(Nikon Eclipse E100).

Statistical analysis

All data, presented as the mean + s.e.m., were ana-
lyzed and visualized using Graph Pad Prism soft-
ware (version 8.0). The unpaired student’s t-test
performed to calculate the significance
between the two groups. Statistical significance
was set at P <0.05.

was

Results

IncSHGL gradually decreased during 3T3-L1
preadipocytes differentiation

To investigate the role of IncSHGL in the differ-
entiation process of 3T3-L1 preadipocyte cells, we
employed qRT-PCR to measure IncSHGL expres-
sion. We first induced 3T3-L1 cell differentiation
and observed that, according to Figure 1la, the
intensity of Oil Red O staining demonstrated
a significant accumulation of lipid droplets follow-
ing a 2-day induction period. A high quantity of
lipid droplets was evident on days 8 and 12.
Concurrently, the expression levels of adipocyte
marker genes, such as LPL, PPARy2, AP2, and
C/EBPa, progressively increased during 3T3-L1
preadipocyte differentiation, reaching peak levels
after 8 days of induction (Figure 1b-e). This obser-
vation confirmed the successful induction of 3T3-
L1 cell differentiation. Given that IncSHGL has
been previously implicated in the regulation of
lipid metabolism [10], we examined its expression
during 3T3-L1 cell differentiation. Intriguingly, we
discovered that IncSHGL expression steadily
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Figure 1. LncSHGL was gradually decrease during 3T3-L1 preadipocytes differentiation. a, Oil red O staining was used to detect lipid
droplet at 0, 2, 4, 6, 8 and 12 days during 3T3-L1 preadipocytes differentiation, Bar = 20 um; b-e, the expression of adipocyte marker
genes LPL, PPARy2, AP2 and C/EBPa was detected by qRT-PCR during 3T3-L1 preadipocytes differentiation, respectively, GAPDH act
as control; F, the expression of LncSHGL was detected by qRT-PCR during 3T3-L1 preadipocytes differentiation; data was represented

as meanzSD, **P < 0.01, vs 0 day.

decreased as 3T3-L1 preadipocyte cells differen-
tiated, reaching its lowest point after 8days of
induction (Figure 1f). This finding suggests that
elevated IncSHGL expression may suppress 3T3-
L1 differentiation.

Overexpression of IncSHGL impeded adipocyte
differentiation and lipid droplet accumulation

To investigate the role of IncSHGL in adipocyte
differentiation and lipid droplet accumulation, we
performed overexpression and knockdown of
IncSHGL in MDI-stimulated 3T3-L1 preadipocytes
(treated with 3-isobutyl-1-methylxanthine [IBMX],
dexamethasone [Dex], and insulin). Cells transfected
with IncSHGL OE or sh-IncSHGL plasmids exhib-
ited successful overexpression or suppression of
IncSHGL, respectively (Figure 2a). The CCK-8
assay revealed that IncSHGL overexpression inhib-
ited 3T3-L1 preadipocyte proliferation, while
IncSHGL  suppression promoted proliferation
(Figure 2b). EAU staining corroborated these find-
ings, with the EAU labeling kit showing a significant
decrease in EdU-positive cells upon IncSHGL over-
expression and an increase following IncSHGL

suppression in MDI-stimulated 3T3-L1 preadipo-
cytes, compared to control and vector groups
(Figure 2c).

Oil Red O staining demonstrated that
IncSHGL overexpression substantially reduced
lipid droplet accumulation, while IncSHGL sup-
pression increased accumulation in MDI-
stimulated 3T3-L1 preadipocytes (Figure 2d).
Triglyceride (TG) content changes were consis-
tent with the observed alterations in lipid dro-
plet accumulation induced by IncSHGL
(Figure 2e). Furthermore, both mRNA and pro-
tein expression levels of adipocyte marker genes,
including Cyclin D1, LPL, PPARy2, AP2, and C/
EBPa, were markedly downregulated upon
IncSHGL overexpression and upregulated upon
IncSHGL suppression (Figure 2f,g). These find-
ings indicate that IncSHGL overexpression hin-
ders adipocyte differentiation and lipid droplet
accumulation.

LncSHGL acts as a sponge of miR-149

To elucidate the molecular impact of IncSHGL on
adipocyte differentiation, we employed Starbase v2.0
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to predict potential miRNA targets of IncSHGL.
Three binding sites on IncSHGL, located at positions
87-108, 445-466, and 1091-1112, were identified as
targets for miR-149 (Figure 3a). When cells were co-
transfected with wild-type IncSHGL and miR-149
mimic, the relative luciferase activity was signifi-
cantly reduced compared to the negative control
(NC) group. However, no changes in relative lucifer-
ase activity were observed in the miR-149 mimic
group relative to the NC group when cells were co-
transfected with mutant IncSHGL at position 445-
466, but not at positions 87-108 or 1091-1112
(Figure 3b). This suggests that IncSHGL can bind
with miR-149 at position 445-466.

Additionally, the miR-149 immunoprecipitation
experiment revealed that IncSHGL was significantly

enriched when immunoprecipitated with miR-149
mimics compared to NC (Figure 3c). miR-149
expression was markedly reduced in cells overex-
pressing IncSHGL and upregulated in cells with
silenced IncSHGL (Figure 3d). These findings indi-
cate that IncSHGL functions as a molecular sponge
for miR-149.

miR-149 could patrtially reverse the function of
LncSHGL on adipocyte differentiation and lipid
droplet accumulation

To elucidate the role of miR-149 in modulating the
effects of IncSHGL on adipocyte differentiation and
lipid droplet accumulation, we introduced miR-149
mimics into IncSHGL-overexpressing adipocytes. The
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expression of miR-149 was significantly upregulated
in IncSHGL-overexpressing adipocytes treated with
miR-149 mimics compared to the negative control
(NC) group (Figure 4a). EAU experiments revealed
that the number of EdU-positive cells was markedly
reduced in IncSHGL-overexpressing adipocytes in the
presence of miR-149 mimics relative to the NC group
(Figure 4b). Oil Red O staining demonstrated that
miR-149 mimics substantially increased lipid droplet
accumulation in IncSHGL-overexpressing adipocytes
compared to the NC group (Figure 4c). Triglyceride
(TG) content also exhibited a significant increase in
the presence of miR-149 mimics relative to the NC
group (Figure 4d).

Furthermore, qRT-PCR and western blot
experiments indicated that the expression of adi-
pocyte marker genes, including Cyclin D1, LPL,
PPARy2, AP2, and C/EBPa, were notably upregu-
lated in the presence of miR-149 compared to the
NC group (Figure 4e,f). These findings demon-
strate that miR-149 can counteract the effects of
IncSHGL on adipocyte differentiation and lipid
droplet accumulation.
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Mospd3 targeted with miR-149

We utilized TargetScan to investigate the down-
stream targets of miR-149. As depicted in
Figure 5a, the binding site analysis within the 3’
untranslated region (UTR) of Mospd3 indicated
that miR-149 may regulate Mospd3. The relative
luciferase activity was significantly decreased in
the miR-149 mimic group compared to the nega-
tive control (NC) group when co-transfected with
the wild-type Mospd3 binding site. In contrast, no
change in relative luciferase activity was observed
in the miR-149 mimic group after co-transfection
with the mutant Mospd3 binding site (Figure 5a).

Furthermore, the miR-149 immunoprecipita-
tion experiment results showed that Mospd3 was
significantly enriched in immunoprecipitates
obtained from the miR-149 mimic group, com-
pared to the NC group (Figure 5b). We also
found that Mospd3 expression was upregulated
in cells overexpressing IncSHGL and downregu-
lated in cells with silenced IncSHGL, compared
to the NC group (Figure 5c,d). Additionally,
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Figure 4. miR-149 could partially reversed the function of LncSHGL on adipocyte differentiation and lipid droplet accumulation. a,
the expression of miR-149 was significantly upregulated when treatment with miR-149 mimics; b, edu analysis was used to detect
the proliferation of overexpressing LncSHGL adipocyte treatment with miR-149 mimics; ¢, Oil Red O staining was used to detect lipid
droplet accumulation in overexpressing LncSHGL adipocyte treatment with miR-149 mimics, Bar = 20 um: d, the contents changes of
TG in overexpressing LncSHGL adipocyte treatment with miR-149 mimics; e and F, qRT-PCR and western blot was used to detect the
expression of adipocyte marker genes CyclinD1, LPL, PPARy2, AP2 and C/EBPa in overexpressing LncSHGL adipocyte treatment with
miR-149 mimics; data was represented as mean+SD, **, P < 0.01, IncSHGL (OE) +mimic group vs IncSHGL (OE) group.
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immunofluorescence experiments demonstrated
that Mospd3 fluorescence intensity was signifi-
cantly increased in cells overexpressing IncSHGL
and decreased in cells with silenced IncSHGL com-
pared to the NC group transfected with an empty
vector (Figure 5e). The increased Mospd3 mRNA
and protein expression induced by IncSHGL over-
expression was markedly diminished in the pre-
sence of miR-149 mimics (Figure 5f,g), suggesting
that Mospd3 is a target of miR-149.

Mospd3 knockdown reversed the function of
miR-149 inhibitor on adipocyte differentiation
and lipid droplet accumulation

To investigate the role of Mospd3 in adipocyte
differentiation and lipid droplet accumulation

CELL CYCLE (&) 2371

transfected with Mospd3 siRNA. The expression
of Mospd3 was significantly downregulated in
Mospd3-silenced adipocytes treated with the
miR-149 inhibitor compared to the negative con-
trol (NC) group (Figure 6a,b). EdU staining
revealed that the number of EdU-positive cells
was substantially increased in Mospd3-silenced
cells in the presence of the miR-149 inhibitor
compared to the NC group (Figure 6c).

Oil Red O staining and TG content analysis
indicated that Mospd3 silencing notably pro-
moted lipid droplet accumulation and elevated
TG content in the presence of the miR-149
inhibitor =~ compared to the NC group
(Figure 6d,e). Additionally, the expression of
adipocyte marker genes, including Cyclin D1,
LPL, PPARy2, AP2, and C/EBPa, were markedly

influenced by miR-149, adipocytes were upregulated following Mospd3 knockdown
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Figure 6. Mospd3 knockdown reversed the function of miR-149 inhibitor on adipocyte differentiation and lipid droplet accumula-
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compared to the NC group (Figure 6f,g). These
findings demonstrate that Mospd3 knockdown
reverses the effects of the miR-149 inhibitor on
adipocyte differentiation and lipid droplet
accumulation.

IncSHGL regulated PPARy2 and C/EBPa
expression by regulating the promotor of PPARy2
and C/EBPa via miR-149/Mospd3 axis

To elucidate the mechanism by which IncSHGL
regulates PPARy2 and C/EBPa expression, we
assessed the modulation of PPARy2 and C/EBPa
by IncSHGL through luciferase activity.
Overexpression of IncSHGL diminished the rela-
tive luciferase activity, while suppression of
IncSHGL enhanced the relative luciferase activity
compared to the control group, which was trans-
tfected with pGL6-PPARy2 or C/EBPa promoter
(Figure 7a,b). Further analysis demonstrated that

the relative luciferase activity was significantly
increased when treated with miR-149 mimics
compared to the NC group (Figure 7c,d).
Additionally, we found that the relative luciferase
activity was markedly upregulated by treatment
with Mospd3 siRNA in miR-149 inhibitor adipo-
cytes compared to the NC group (Figure 7e,f).
These results indicate that IncSHGL regulates
PPARy2 and C/EBPa expression by modulating
the promoters of PPARy2 and C/EBPa via the
miR-149/Mospd3 axis.

PI3K/AKT signaling pathway is affected by the
IncShgl/miR-149/mospd3 axis

To investigate the downstream signaling pathways
influenced by IncSHGL, differentially expressed
genes (DEGs) between low and high expression
groups of IncSHGL were obtained using bioinfor-
matics analysis. GO and KEGG enrichment analyses
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were performed based on DEGs. The top 10
enriched pathways with the lowest P values in the
GO biological process, cellular component, and
molecular function are shown in Figure 8a. KEGG
enrichment analysis indicated that the PI3K-AKT
pathway was the most significantly enriched among
high and low IncSHGL expression groups
(Figure 8b).

In accordance with the bioinformatic analysis
results, the protein expression levels of PI3K/
AKT signaling pathway-related genes were
detected using western blotting. As shown in

Sig GO terms of DE gene-BP

G0:0048731 System development [331] - 0 GOOD44484 Collpar [849] -

G0:004851 Pasilive requlaton of
tiological process [392] 1 °

G0:0005623 Coll[843] -

Pvalue

Sig GO terms of DE gene-CC

CELL CYCLE (&) 2373

Figure 8c, the protein expression levels of phos-
phorylated PI3K, AKT, and mTOR were signifi-
cantly reduced in cells overexpressing IncSHGL
and upregulated in cells with silenced IncSHGL.
Further analysis demonstrated that the reduced
expression of phosphorylated PI3K, AKT, and
mTOR by IncSHGL overexpression was partially
reversed after cells were treated with miR-149
mimics (Figure 8d). Additionally, we found that
suppression of Mospd3 increased the expression
of phosphorylated PI3K, AKT, and mTOR in
3T3-L1 adipocytes in the presence of the miR-
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149 inhibitor (Figure 8e). These results suggest
that IncSHGL regulates the PI3K/AKT signaling
pathway via the miR-149/Mospd3 axis.

DNA methylation was increased in 3T3-L1 cell
during differentiation

As DNA methylation plays a crucial role in adi-
pose development [12], we measured DNA methy-
lation levels in MDI-stimulated cells. As shown in
Figure 9a, the DNA methylation level was drama-
tically elevated in the MDI group compared to that
in the control group. Further analysis indicated
that the expression of DNA methyltransferase 1
(DNMT1), which promotes DNA methylation
[13], gradually increased during 3T3-L1
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M MUMUMUMU

differentiation, and the expression of DNMTI1
reached its highest level after 8 days of stimulation
(Figure 9b).

To further explore the DNA methylation level
during 3T3-L1 cell differentiation, 5-Aza-2’-
deoxycytidine (5-Aza-dC), an inhibitor of
DNMTT1 activity that induces DNA hypomethy-
lation, was used to treat 3T3-L1 cells. The
results showed that the DNA methylation level
was significantly reduced when cells were treated
with 5-Aza-dC (Figure 9c). Further analysis illu-
strated that the expression levels of DNMTI,
LPL, PPARy2, AP2, and C/EBPa were signifi-
cantly downregulated, while the expression level
of IncSHGL was dramatically upregulated after
treating cells with 5-Aza-dC (Figure 9d). This
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Figure 9. DNA methylation was increased in 3T3-L1 cell during differentiation. a, MSP was used to detect DNA methylation in the
3T3-L1 cell differentiation; b, the expression of DNMT1 gRT-PCR at 0, 2, 4, 6, 8 and 12 days during 3T3-L1 differentiation; ¢, DNA
methylation level was detected by MSP treatment with 5-Aza-dC; d, the expression of DNMT1, LPL, PPARy2, AP2, C/EBPa and
IncSHGL was detected by qRT-PCR in adipocyte treatment with 5-Aza-dC; data was represented as mean+SD, **, P < 0.01, 5-Aza-dC

group vs control group.



result indicates that the DNA methylation level
increased during differentiation. Inhibition of
DNA methylation increased the expression of
IncSHGL and reduced the expression of adipo-
cyte marker genes.

Lipid droplet accumulation and PI3K/AKT/mTOR
signaling pathway were affected by
overexpression of LncSHGL in ob/ob mice

To further determine the function of IncSHGL in
adipose tissue development, ob/ob mice overex-
pressing IncSHGL were established. LncSHGL
expression was significantly downregulated in the
liver and perirenal fat, but not in the subcutaneous
fat of ob/ob mice, compared with control mice
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(Figure 10a). After overexpressing IncSHGL in
ob/ob mice, an upregulation of IncSHGL was
observed in the liver, but not in the subcutaneous
fat or perirenal fat (Figure 10a). Therefore, we
focused on the function of IncSHGL in the liver
for further analysis.

H&E staining indicated that inflammatory
infiltration and injury were dramatically aggra-
vated in ob/ob mice but alleviated after IncSHGL
overexpression in ob/ob mice (Figure 10b). Oil
Red O staining showed lipid droplet accumula-
tion in ob/ob mice, while overexpression of
IncSHGL significantly reduced lipid droplet
accumulation in the liver (Figure 10c).
Consistent with these results, the contents of
total cholesterol and total TG were significantly
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Figure 10. Lipid droplet accumulation and PI3K/AKT/mTOR signaling pathway was affected by overexpression of LncSHGL in ob/ob
mice. a, the expression of LncSHGL in subcutaneous, liver and perirenal fat of ob/ob mice after overexpressing LncSHGL; b, H&E
staining analysis was used to detect the inflammatory infiltration and injury in ob/ob mice while by overexpressing LncSHGL; ¢, Oil
Red O staining was used to detect lipid droplet accumulation in ob/ob mice with LncSHGL overexpression; d, TC and total TG in liver
was detect in ob/ob mice by overexpressing LncSHGL; e and f, the expression of miR-149 and Mospd3 was detected by gRT-PCR in
the ob/ob mice by overexpressing LncSHGL; g, the expression of Cyclin D1, LPL, PPARy2, AP2, C/EBPa was detected by western blot
in ob/ob mice by overexpressing LncSHGL; h, the expression of PI3K, AKT and mTOR was detected by western blot affected by
LncSHGL in ob/ob mice. Data was represented as mean+SD, **, P < 0.01, ob/ob group vs control group; ob/ob +IncSHGL (OE) group
vs ob/ob +IncSHGL (NC) group.
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increased in ob/ob mice but reduced by over-
expression of IncSHGL (Figure 10d).
Furthermore, miR-149 was significantly upre-
gulated in ob/ob mice when compared with con-
trol mice, whereas downregulated miR-149 was
observed in the overexpressed IncSHGL in ob/ob
mice (Figure 10e). However, the changes in
Mospd3 expression showed opposite results
when compared to miR-149 expression
(Figure 10f). Moreover, the expression of
Cyclin D1, LPL, PPARy2, AP2, and C/EBPa
were significantly increased in ob/ob mice but
decreased in ob/ob mice overexpressing
IncSHGL (Figure 10g). In addition, the accumu-
lation of phosphorylated PI3K, AKT, and mTOR
proteins was significantly upregulated in ob/ob
mice and downregulated in ob/ob mice overex-
pressing IncSHGL (Figure 10h). The in vivo
results were consistent with the in vitro results.
The above data illustrated that IncSHGL over-
expression inhibited lipid droplet accumulation
in the liver of ob/ob mice via the miR-149/
Mospd3 axis. As shown in Figure 11, methyla-
tion of IncSHGL promotes adipocyte differentia-
tion by regulating the miR-149/Mospd3 axis.
The expression of IncSHG was downregulated
by DNA methylation, and Mospd3 was

downregulated by sponging miR-149. Finally,
the IncSHGL-mediated miR-149/Mospd3 axis
would increase the expression of PPARy2 and
C/EBPa and activate the PI3K/AKT signaling
pathway, promoting adipocyte differentiation.

Discussion

Obesity has become a serious public health issue
worldwide [26]. Obesity is a metabolic abnormal-
ity characterized by excessive fat accumulation due
to energy imbalance in the body, normally mani-
festing as an abnormal increase in the number and
volume of adipocytes [27]. Therefore, a deep
understanding of the mechanisms of adipocyte
differentiation is of great significance for the pre-
vention and treatment of obesity. IncRNAs widely
participate in various important physiological pro-
cesses in organisms and regulate the expression of
target genes at the transcriptional and post-
transcriptional epigenetic levels. Increasing num-
bers of IncRNAs have been identified in the adi-
pocyte differentiation, such as Plncl, PVTI, and
slincRAD [28-30]. In a previous study, Wang et al.
demonstrated that the expression of mouse
IncSHGL and its homologous human IncRNA
B4GALT1-AS1 was significantly reduced in the

Y

PPARY2 and C/EBPa

PI3K/AKT signaling pathway

l

Figure 11. Graphical abstract. Methylation of LncSHGL promotes adipocyte differentiation via regulating miR-149/Mospd3 axis. the
expression of IncSHG was downregulated affected by DNA methylation and then the Mospd3 was downregulated by sponging miR-
149. Finally, the IncSHGL mediated miR-149/Mospd3 axis will increase the expression of PPARy2 and C/EBPa and activate PI3K/AKT

signaling pathway that promote adipocyte differentiation.



livers of obese mice, and overexpression of
IncSHGL suppressed hepatic gluconeogenesis and
lipogenesis [16]. Consistent with a previous study
on IncSHGL, we demonstrated that IncSHGL was
gradually decreased during 3T3-L1 differentiation
and was downregulated in the liver and perirenal
fat of ob/ob mice. Further analysis indicated that
overexpression of IncSHGL impeded 3T3-L1 pre-
adipocytes differentiation and lipid droplet accu-
mulation both in vitro and in vivo, indicating that
IncSHGL reduced 3T3-L1 preadipocytes differen-
tiation. Mechanistically, IncSHGL promoted adi-
pocyte differentiation by regulating the miR-149/
Mospd3 axis. These findings provide a new under-
standing of the role of IncSHGL in modulating
adipogenesis during obesity.

With the advanced development of IncRNAs,
many studies have demonstrated that IncRNAs
perform biological functions as ceRNAs of
miRNA-mRNA networks [31]. For example, Li
et al. revealed that the expression of IncRNA
HCG11 is reduced during adipogenesis, and
further analysis showed that HCG11 inhibits cell
proliferation and adipogenesis by sponging miR-
204-5p and regulates SIRT1 expression [32]. Guo
et al. comprehensively investigated and screened
crucial IncRNAmiRNAmMRNA interaction axes
using microarray datasets and revealed that the
RP11-552F3.9-miR-130b-5p/miR-23a-5p-LEP
interaction axes may be crucial for inducing adi-
pogenic differentiation [31]. Zhang et al. identified
RP11-142A22.4 as a significantly upregulated
IncRNA in visceral adipose tissue that promoted
adipogenesis by sponging miR-587 to modulate
Wnt53 expression [33]. Therefore, we first
explored the target miRNAs of IncSHGL using
bioinformatics analysis. After validation, miR-149
was identified as a target of IncSHGL. Using miR-
149 mimics and inhibitors, we further confirmed
the influence of miR-149 on the function of
IncSHGL during 3T3-L1 cell differentiation.
Therefore, we predicted the targets of miR-149
and Mospd3. Unsurprisingly, downregulating
expression of Mospd3 amplified the production
of triglycerides and lipid droplets. Finally, we con-
firmed that IncSHGL acts as a sponge for miR-149,
and Mospd3 is a target of miR-149. Further ana-
lysis indicated that miR-149 could partially reverse
the function of IncSHGL, and Mospd3 knockdown
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reversed the function of miR-149 inhibitor on
adipocyte differentiation and lipid droplet accu-
mulation. PPAR-y and C/EBPa act as two adipo-
cyte master transcription factors that play crucial
roles in adipogenesis [34]. Overexpression of
LncSHGL downregulated PPARy2 and C/EBPa
expression by regulating promotor of PPARy2
and C/EBPa via regulating miR-149/Mospd3
expression. These results indicated that IncSHGL
regulated PPARY2 and C/EBPa expression by reg-
ulating promotor of PPARy2 and C/EBPa via
miR-149/Mospd3 axis which could affect the 3T3-
L1 preadipocytes differentiation.

The differentiation of precursor adipose stem
cells into mature adipocytes is one of the most
important reasons for adipose tissue hyperplasia
[35]. Differentiation of pre-adipocytes into mature
adipocytes is a key process involving the coordi-
nated expression of specific genes [3]. To deter-
mine the signaling pathways affected by IncSHGL,
the differentially expressed genes between the low
and high IncSHGL expression groups were sub-
jected to GO and KEGG enrichment analyses. GO
enrichment KEGG analysis illustrated that PI3K-
AKT was the most significantly enriched signaling
pathway between low and high IncSHGL expres-
sion. The PI3K-AKT signaling pathway is one of
the most important signaling pathways currently
studied for adipocyte differentiation. Cai et al.
indicated that Inc-ORA is highly expressed in ob/
ob mice, and knockdown of Inc-ORA inhibited
adipocyte differentiation by regulating the PI3K/
AKT/mTOR signaling pathway [36]. Furthermore,
He et al. showed that SNORD126 promoted adi-
pogenesis in cells and rats by activating the PI3K-
AKT pathway [37]. In this study, we found that
phosphorylated PI3K, AKT, and mTOR were sig-
nificantly downregulated after IncSHGL overex-
pression but upregulated when cells were silenced
with IncSHGL. Further analysis indicated that the
reduction in phosphorylated PI3K, AKT, and
mTOR levels caused by IncSHGL overexpression
was partially reversed in the presence of miR-149
mimics. In addition, suppression of Mospd3 also
increased the expression of phosphorylated PI3K,
AKT, and mTOR in 3T3-L1 adipocytes in the
presence of the miR-149 inhibitor both in vitro
and in vivo. These results suggest that the
IncSHGL/miR-149/Mospd3 axis modulates the
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PI3K/AKT/mTOR signaling pathway, which in
turn regulates cell proliferation, differentiation,
and production of triglycerides and lipid droplets
in the cells and livers of obese mice.

DNA methylation is a significant epigenetic reg-
ulation of the eukaryotic cell genome and is insepar-
able from the development of vascular diseases, as
well as in adipocyte differentiation [38]. Liu et al.
demonstrated that adipocyte differentiation and
lipid deposition could be enhanced by ColXV by
reducing DNA methylation and repressing the
cAMP/PKA signaling pathway [39]. Hoxa5 pro-
motes adipose differentiation by increasing DNA
methylation levels and inhibiting the PKA/HSL sig-
naling pathway in mice [40]. Thus, we considered
whether methylation of IncSHGL affects the expres-
sion of wild type IncSHGL. First, we found that DNA
methylation level and the expression of DNMT1 and
LPL, PPARy2, AP2, and C/EBPa were dramatically
elevated in MDI stimulated group while was signifi-
cantly inhibited after cells treated with 5-Aza-dC,
which is an inhibitor of DNMT1, suggesting that
DNA methylation participated in the 3T3-L1 cell
differentiation. In addition, we found that IncSHGL
expression was dramatically upregulated upon treat-
ment with 5-Aza-dC, suggesting that IncSHGL
expression is affected by DNA methylation.
Moreover, we validated the function of IncSHGL in
adipogenesis using a mouse model of obesity. We
found that low IncSHGL expression was observed in
the liver, perirenal fat, and subcutaneous fat of ob/ob
mice, but not in control mice. Interestingly, we
observed overexpressed IncSHGL in ob/ob mice
with overexpressed IncSHGL only in the liver, but
not in perirenal fat and subcutaneous fat. Consistent
with IncSHGL expression, downregulation of miR-
149 and upregulation of Mospd3 were observed in
ob/ob mice overexpressing IncSHGL.
Overexpression of IncSHGL induced a decrease in
the production of triglycerides and cholesterol,
which was consistent with the reduced expression
of adipogenesis-related genes. Finally, an upregu-
lated signaling pathway of PI3K/AKT/mTOR was
observed in the livers of ob/ob mice after IncSHGL
overexpression. Taken together, we demonstrated
that methylation of IncSHGL may promote adipo-
cyte differentiation by regulating the miR-149/
Mospd3 axis involved in the PI3K/AKT signaling
pathway in vitro and in vivo.

Conclusion

Our study revealed that IncSHGL expression
declines during the differentiation of 3T3-L1
cells. Through further investigation, we were able
to demonstrate that suppression of IncSHGL
expression promotes adipocyte differentiation by
regulating the miR-149/Mospd3 axis and PI3K/
AKT signaling pathway. Additionally, we found
that DNA methylation of IncSHGL plays a vital
role in this process. These findings suggest that
modulating IncSHGL expression may be
a promising therapeutic target for adipogenesis in
obesity, particularly in cases of fatty liver disease.
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