
ABSTRACT
Long noncoding RNAs (lncRNAs) have been implicated in a range of developmental processes and diseases, but 
the roles and mechanisms by which they act in adipogenic differentiation and adipose tissue biology are still 
unknown. By comparing the different expression patterns of lncRNAs before and after the adipocyte differentiation 
of human adipose-derived mesenchymal stem cells (hADSCs), we characterized a novel lncRNA, AC092834.1, 
which is significantly increased in preadipocytes. By gain- and loss-of-function experiments, we demonstrated 
that lncRNA AC092834.1 potentiated adipogenic differentiation through directly increasing the level of expression 
of DKK1, which competitively binds with LRP5 to inhibit the Wnt-β-catenin pathway and reduce the inhibition 
of adipogenesis by Wnt signaling. This finding provides novel mechanistic insights into a critical role for lncRNA 
AC092834.1 as a regulator of adipogenic differentiation, which expands our knowledge about the molecular 
mechanisms of obesity and other adipogenic differentiation-related disorders.
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INTRODUCTION

obesity has attracted increasing attention worldwide, 
particularly because obesity is a major risk factor for 
diabetes, hyperlipidemia, atherosclerosis, fatty liver and 
chronic inflammation, (Martenstyn, et al., 2020; Sun and 
Karin, 2012; Shulman, et al., 2014). The rising incidence 
of obesity has become a serious health challenge with 
the current prevalence predicted to triple by 2030 
according to the World health organization (Who), 
( Corrales, et al.,2018). Adipocytes, the main component 
of adipose tissue, play crucial roles in systemic 
metabolism and energy homeostasis. in response to 
abnormal adipogenesis and as adipocytes accumulate 
excessively, a host of metabolic problems emerge, (Cohen, 
et al., 2016). human adipose-derived mesenchymal stem 
cells (hADSCs) are major sources of adipocyte generation 
and have the capacity of self-renewal and multi-
lineage differentiation potential such as commitment 
into preadipocytes. The underlying pathophysiology of 
obesity remains ill-defined and further understanding of 
the adipogenesis mechanism is of great significance for 
the prevention and therapy of obesity-related diseases.
The mechanisms governing hADSCs adipogenesis are 
quite complex, and a great deal of investigation has 
focused on regulating adipocyte lineage commitment 
by modulating cell signaling pathways or numerous 
transcription factors.

A range of transcription factors such as peroxisome 
proliferator-activated receptor-gamma (PPARγ) and 
several members of the CCAAT/enhancer-binding proteins 
(C/eBPs, specifically C/eBPα/β) have been demonstrated to 
be critical for the differentiation of hADSCs into adipocytes, 
(hadrich and Sayadi, 2018). importantly, PPARγ can 
promote adipogenesis in the absence of C/eBPα, while C/
eBPα does not function similarly in PPARγ-deficient cells, 
(Lee, et al., 2019). in terms of signaling pathways in 
adipogenesis, multiple extracellular and intracellular 
signaling pathways such as Wnt/β-catenin, Tgf-β, 
MAPK, and Pi3K signaling are vitally important for 
adipogenesis and are well-studied, (Chen, et al., 2016). 
on the other hand, epigenetic regulation, including DNA 
methylation, histone modification, and noncoding RNA 
modulation also exert important roles in the regulation 
of adipogenic differentiation of hADSCs. Recently, large-
scale sequencing initiatives demonstrated that noncoding 
RNAs play significant roles in the control of transcription 
and epigenetic regulators, and, crucially, help establish 
lineage specification through dependent or independent 
mechanisms.Long noncoding RNAs (lncRNAs) are a 
subset of noncoding RNAs that are longer than 200 nt 
and are characterized by only rarely encoding proteins; 
instead, lncRNAs are involved in the regulation of 
gene expression at the epigenetic, transcriptional, and 
posttranscriptional levels(Kopp and Mendell, 2018).

A growing number of researchers have indicated that 
lncRNAs are extensively involved in the regulation 
of numerous cellular processes, including stem cell 
pluripotency cell differentiation and human disease 
pathogenesis(fico, et al., 2019).Recent studies have 
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prompted us to hypothesize that lncRNAs (such as 
ADiNR, slincRAD and h19) are implicated in adipocytes’ 
fate decisions of hADSCs through the control of master 
adipogenic transcriptional factors, including PPARγ and 
C/eBPα,(Xiao, et al., 2015;; Schmidt, et al., 2018 Yi, et al., 
2019). Despite progress in identifying and functionally 
dissecting lncRNAs involved in adipogenic differentiation 
and adipose tissue biology, our understanding of how 
lncRNAs control hADSCs commitment into preadipocytes 
differentiation and function in particular remains 
elusive.

To gain molecular insights into these processes, we here 
performed RNA-sequencing (RNA-Seq) of hADSCs and 
preadipocytes and characterized a novel adipocyte-
specific lncRNA potentiating adipogenic differentiation. 
This novel lncRNA, named AC092834.1, was significantly 
increased in preadipocytes and played a positive role in 
adipogenesis of hADSCs. By gain- and loss-of-function 
experiments, for the first time, we demonstrated that 
overexpression of AC092834.1 directly promoted an 
increase in the level of DKK1, which competitively 
binds to LRP5 to inhibit the Wnt-β-catenin pathway and 
reduced inhibition of adipogenesis by Wnt signaling. our 
findings provide novel mechanistic insights into a critical 
role for lncRNA AC092834.1 as a regulator of adipogenic 
differentiation, which expands our knowledge about 
molecular mechanisms of obesity and other adipogenic 
differentiation related disorders.

MATERIALS AND METHODS

Induced adipocyte differentiation and Oil Red O staining: 
When the hADSCs were 90% confluent, the culture 
medium was replaced with adipogenesis induction 
medium (AM), which consists of high-glucose Dulbecco’s 
modified eagle medium (DMeM) containing 10% fBS, 
0.1 mM ascorbic acid, 1 μΜ dexamethasone and 0.5 
mM 3-isobutyl-1-methylxanthine. The AM was changed 
every 3 days until the intracellular lipid droplets were big 
and round. oil Red o staining was used to monitor the 
progress of the lipid droplets. Briefly, cells were washed 
twice with PBS and fixed with 4% paraformaldehyde 
for 5 min. Then, the paraformaldehyde was washed 
away with distilled water and the cells were stained 
with filtered 0.6 mg/mL oil Red o solution for 30 min 
at room temperature. After staining, excess stain was 
removed by rinsing with distilled water and the results 
were visualized by light microscopy. RNA extraction 
and quantitative reverse transcription-polymerase 
chain reaction (qRT-PCR) Total RNA was extracted 
from cultured cells with TRizol Reagent and treated 
with DNase i (Ambion, USA) at 37°C for 30 min. cDNAs 
were synthesized using a high-capacity cDNA reverse 
transcription kit (Applied Biosystems, USA) and 100 ng 
of cDNA was used in each sample. Primers used are listed 
in the Supplementary Table S1. The relative expression 
level of mRNA was evaluated using the 2-ΔΔCt method 
and was normalized to the gAPDh expression level. 

Cytoplasmic and Nuclear RNA Extraction: The extraction 
was performed as according to the manufacturer’s 
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protocol of the Ne-PeR™ Nuclear and Cytoplasmic 
extraction Reagent kit (Thermo Scientific, USA). first, 
harvested cells were washed with ice-cold PBS and 
centrifuged to remove the supernatant. Then, 100 μL 
ice-cold CeR i was added to each 10 μL cell precipitation 
and vortexed for 15 sec at high speed and then incubated 
on ice for 10 min. We repeated this step 2 times to fully 
lyse the cells. Last, 5.5 μL of ice-cold CeR ii was added 
to each 10 μL cell precipitation and vortexed for 5 sec 
on the highest setting, and then incubated on ice for 2 
min. We repeated this step 2 times and the supernatant 
was collected as the cytoplasmic fraction while the 
precipitate was the nuclear fraction. for RNA extraction, 
both fractions were first incubated with Proteinase K (10 
mg/mL) at 37 for 20 min and then RNA was extracted 
by TRizol.

ShRNA transfection and lentiviral vector infection: 
lncRNA shRNA or the negative control (RiboBio, China) 
at a concentration of 50 nM was transfected into cells 
using Lipofectamine 3000 (invitrogen, USA) and opti-

MeM (gibco, USA) culture medium, according to the 
manufacturer’s instructions. Then, 48 h after transfection, 
cells were harvested and the interference efficiency of 
the treatments were detected. The lncRNA AC092834.1 
sequence was cloned into the LV5-ef1-a-egfP-Puro 
vector plasmid, and a vector that expressed a scrambled 
RNA was used as a negative control. The lentiviruses were 
produced through the transient transfection of 293T cells 
using Lipofectamine Plus. Lentivirus vectors and plasmid 
vectors were prepared according to the protocol from 
genePharma (genePharma, China). The lentiviruses were 
named lenti-AC092834.1 and lenti-NC. After infection 
with lentivirus (Moi=10) and selection with puromycin, 
almost all of the cells were gfP-expressing, indicating 
stable expression of the lentiviruses.

Western blot analysis: Total protein was extracted 
using RiPA lysis buffer with 1 mM PMSf, centrifuged 
and we quantified the supernatant using a BCA Protein 
Assay Kit (Beyotime, China), and then the proteins were 
denatured for 10 min in boiling water. A sample of 20 
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Figure 1. Characterization and expression pattern analysis of lncRNA AC092834.1. 
a. The genome location locus of AC092834.1 checked in the UCSC database system. b. AC092834.1 exon 
sequence information shown in the Ensemble database. c. Prediction of protein coding probability of lncRNA 
AC092834.1 by Coding Potential Assessment Tool (CPAT). d. qRT-PCR analyses detected the expression 
levels of lncRNA AC092834.1 e. The expression level of AC092834.1 in cytoplasmic and nuclear extracts 
of hADSCs followed by qRT-PCR analysis. GAPDH served as a cytoplasmic mRNA control and snoRNA 
U1 served as a nuclear RNA control. 
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μg of protein from each lysate was separated by SDS-
PAge and transferred onto a PVDf membrane (0.22 
μm, Millipore). The PVDf membrane was blocked in 5% 
nonfat milk in TBST for 1 h and then incubated with 
primary antibodies at 4 overnight, followed by incubation 
with horseradish peroxidase (hRP)-coupled second 
antibodies. The specific primary antibodies used were as 
follows: CeBPA polyclonal antibody (Abcam, #ab2295), 
PPARg polyclonal antibody (Cell Signaling Technology, 
#2443), PLiN polyclonal antibody (Abcam, #ab172907), 
fABP4 polyclonal antibody (Abcam, #ab92501), DKK1 
polyclonal antibody (Abcam, #ab61275), β-catenin 
polyclonal antibody (Abcam, # ab32572) and gAPDh 
polyclonal antibody (Proteintech, # 60008-1-ig).

Statistical analysis: All of the staining and western blot 

images were conducted in triplicate. gAPDh was used 
as an internal control in the qRT-PCR and western blot 
analyses. All of the numerical results are presented as 
the means± S.D from more than three experiments. The 
significant differences between groups were analyzed 
using Student’s t-tests (two-tailed) and among multiple 
groups were assessed by one-way ANoVA. P < 0.05 
was considered statistically significant, as indicated by 
asterisks (*P < 0.05, **P< 0.01, ***P< 0.001).

RESULTS AND DISCUSSION

lncRNA AC092834.1 was significantly upregulated during 
the adipogenic differentiation of hADSCs: hADSCs were 
cultured and characterized (fig.S1). RNA-sequencing 
analyses and qRT-PCR analyses found the lncRNA 

Figure 2: AC092834.1 knockdown inhibited the adipogenic differentiation of hADSCs. 
a. lncRNA AC092834.1 was silenced using two independent shRNAs (sh1 and sh2). The knockdown efficiency 
was verified by qRT-PCR compared with the negative control (NC) on day 0 and day 6 of adipogenesis 
after lncRNA AC092834.1 knockdown. b., c. qRT-PCR and western blot analyses detected the mRNA and 
protein levels of adipogenesis transcription factors and marker genes CEBPA, PPARG, PLIN, and FABP4 
after lncRNA AC092834.1 knockdown. d. Oil Red O staining was performed on day 12 of adipogenic 
differentiation to evaluate the efficiency of adipogenesis after lncRNA AC092834.1 knockdown.
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(>90%), which indicated that AC092834.1 might function 
at the transcription level (fig. 1e).

Downregulation of lncRNA AC092834.1 inhibited the 
adipogenic differentiation of hADSCs: To study the 
function of lncRNA AC092834.1 during adipogenesis, 
we inhibited the endogenous expression of lncRNA 
AC092834.1 in hADSCs by two shRNA lentiviral vectors 
(sh1, sh2) and a negative control (NC) (fig. 2a). Then, 
the qRT-PCR analysis confirmed that the intracellular 
lncRNA AC092834.1 mRNA levels were significantly 
downregulated on day 0 and day 6 of adipogenesis 
(fig. 2b). qRT-PCR and western blot analyses revealed 
that when lncRNA AC092834.1 was downregulated, 
adipogenic transcription factors and marker genes 
CeBPA, PPARg, PLiN, and fABP4 were markedly 
decreased at both the mRNA and protein levels (fig. 2c, 
2d). Consistently, we also found knockdown of lncRNA 
AC092834.1 resulted in an adipogenesis delay, as shown 
by the decreased number of oil Red o staining positive 
cells (fig. 2e). These results suggested that lncRNA 
AC092834.1 plays an important role in adipogenesis of 
hADSCs.
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AC092834.1 (UCSC iD: uc062vpi.1, chr4:23,779,590-
23,782,560) was significantly upregulated during 
adipogenic differentiation of hADSCs.To identify 
the basic genome information of AC092834.1, the 
AC092834.1 genomic locus was checked by UCSC (http://
genome.ucsc.edu) (fig. 1a) and ensemble database 
(http://www.ensembl.org/index.html) was utilized to 
obtain its transcriptional variants sequences (fig. 1b). 
To further exclude its coding potential, the sequences 
of lncRNA AC092834.1 were input into the Coding 
Potential Assessment Tool (CPAT) (http://lilab.research.
bcm.edu/cpat/) program to predict its potential to code 
proteins and the results showed that AC092834.1 has no 
protein coding probability (fig. 1c). qRT-PCR analyses 
detected the expression levels of lncRNA AC092834.1 
was significantly upregulated during the adipogenic 
differentiation of hADSCs (fig. 1d). Since subcellular 
localization and cell fractionation are essential for 
understanding the function and mechanism of lncRNAs, 
we separated the cytoplasm and nuclear RNA by 
extraction and detected the AC092834.1 expression 
level by qRT-PCR analysis. The results showed that 
AC092834.1 largely displayed a nuclear distribution 

Figure 3: AC092834.1 promoted the adipogenic differentiation of hADSCs
a. LncRNA AC092834.1 overexpression lentiviral vectors (lenti-AC092834.1) were 
used to upregulate AC092834.1 expression. Images show GFP-positive cells under 
a fluorescence microscope, indicating that the cells were stably transfected. b. qRT-
PCR analysis detected the mRNA level of lncRNA AC092834.1. c., d. qRT-PCR and 
western blot analysis detected the mRNA and protein levels of CEBPA, PPARG, 
PLIN, and FABP4. e. Oil Red O staining was performed to view the efficiency of 
adipogenesis.
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Overexpression of lncRNA AC092834.1 facilitates 
adipogenesis of hADSCs: To further confirm the role 
of AC092834.1 in the differentiation of hADSCs to 
adipocytes, we overexpressed full length AC092834.1 in 
hADSCs using a lentivirus vector (fig. 3a), and AC092834.1 
expression was thus significantly upregulated on day 0 
and day 6 of adipogenesis (fig. 3b). Compared with the 
control, ectopic expression of AC092834.1 significantly 
impaired the expression of the adipogenic transcription 
factors and marker genes CeBPA, PPARg, PLiN, and 
fABP4, as verified by qRT-PCR and western blot analyses 
(fig. 3c, 3d). Moreover, oil Red o staining indicated that 
there were more lipid droplets after the treatments with 
the lentivirus vector, indicating more mature adipocytes 
and that the adipogenesis of hADSCs was accelerated (fig. 
3e). Altogether, these data demonstrate that AC092834.1 
is a positive regulator in the differentiation of hADSCs 
towards adipocytes.

lncRNA AC092834.1 might induce DKK1 expression 
and antagonize the Wnt/β-catenin pathway: The 
observations from the AC092834.1 loss-of-function and 
gain-of-function studies suggested that AC092834.1 

plays an important role in adipogenesis gene regulation. 
Wnt/β-catenin signaling is an important pathway that 
regulates adipogenesis, and by analyzing changes 
in important molecules, we found that DKK1 mRNA 
expression was significantly decreased during adipocytes 
differentiated from the AC092834.1 knockdown  
(fig. 4a). DKK1 antagonizes WNT signaling by binding 
as high-affinity antagonists to LRP5/6 co-receptors 
that results in the degradation of cytosolic β-catenin. 
The results showed that the protein level of DKK1 was 
reduced while β-catenin was increased in AC092834.1 
knockdown cells, and the contrary results were seen in 
AC092834.1 overexpression cells (fig. 4b, 4c). These 
results demonstrated that AC092834.1 might promote 
DKK1 expression and thus more DKK1 was secreted 
extracellularly to competitively combine with LRP5/6 
and block WNTs binding, subsequently inducing 
decreases in the β-catenin protein level. Suppression of 
the Wnt/β-catenin pathway promoted the transcription of 
adipogenic factors and thus facilitated the differentiation 
of hADSCs into adipocytes (fig. 4d).

Mesenchymal stem cells (MSCs) are multipotent cells 
that can differentiate into ectodermal, mesodermal and 
endodermal lineage cells, and have immune modulatory 
properties that could benefit patients with autoimmune 
diseases, (Ullah,et al., 2015). The multipotential 
capacities and therapeutic potential of hADSCs have 
prompted numerous clinical studies based on MSC with 
encouraging results reported to date[Le, et al., 2008]. 
MSCs have received increasing attention as a new target 
for obesity therapy, and the results suggested that obesity 
could be prevented by controlling MSC adipogenesis, 
(Matsushita and Dzau, 2017). however, understanding 
of the relationship between MSCs and obesity and 
its potential clinical implications remains ill defined, 
and further studies are necessary of the mechanisms, 
regulation and outcomes of adipogenesis crucial for 
MSC-based treatments for obesity. Recently, some studies 
proved that long noncoding RNAs have a significant 
and crucial role in the maintenance, commitment 
and differentiation of MSCs to adipocyte lineages by 
regulating the principal adipogenic transcription factors 
and signaling pathways, (Cai, et al., 2018). LncRNA 
ADiNR has been proven to transcriptionally activate 
C/eBPα by specifically binding to PA1 and recruiting 
MLL3/4 histone methyl-transferase complexes to increase 
h3K4me3 and decrease h3K27me3 histone modification, 
(Xiao, et al., 2015). 

The PPARγ -activator RBM14-associated lncRNA 
(Paral1) is restricted to adipocytes and is decreased 
in humans with an increased body mass index and 
in diet-induced or genetic mouse models of obesity. 
LncRNA Paral1 favors adipocyte differentiation 
and coactivates the master adipogenic regulator 
PPARγ, and thus it is considered an obesity-sensitive 
regulator of adipocyte differentiation and function,  
(firmin, et al., 2017). To explore more lncRNAs that 
play important roles in adipogenic differentiation, we 
compared the lncRNA expression profiles of preadipocytes 
and hADSCs through high-throughput RNA-sequencing 

Figure 4: LncRNA AC092834.1 regulated the expression 
of DKK1 and β-catenin of the Wnt pathway. 
a. qRT-PCR analysis of DKK1 mRNA expression in hADSCs 
that were transfected with siRNA or infected by lentiviral 
vectors. b. Western blot analysis of the protein level of 
DKK1 and β-catenin in hADSCs that were transfected 
with siRNA or infected by lentiviral vectors. c. Protein 
quantitative analysis of DKK1 and β-catenin by ImageJ 
software. d. Schematic diagram of the regulatory effects 
of AC092834.1 on hADSCs adipogenic differentiation. 
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Figure S1: Identification and characterization of hADSCs. 
a. The morphology of passage 3 of hADSCs under a light microscope. b. The early osteogenic differentiation 
was identified by ALP staining and Alizarin Red staining. c. The adipogenic differentiation of the hADSCs 
was confirmed by Oil Red O staining to detect the formation of lipid droplets in the cells. d. Flow cytometry 
assay detected cell surface marker expression of hADSCs. Scale bar: 100 μm.

and selected several lncRNAs that were significantly 
upregulated in preadipocytes. Among these lncRNAs, a 
novel lncRNA with the gene number AC092834.1 that 
was mainly located in the nucleus was found to have 
significantly upregulated expression. further study 
suggested that AC092834.1 may be a positive regulator of 
adipogenesis progression and knockdown of AC092834.1 
could significantly inhibit the expression of adipogenesis 
transcription factors CeBPα and PPARγ and adipocyte 
marker genes PLiN and fABP4, thus strongly repressing 
the adipogenic hADSCs process. 

The Wnt/β-catenin signaling pathway is not only featured 
in multiple biological processes, such as embryonic 
development, inflammation, and stem cell differentiation  
(Marchetti,et al., 2020), but also recently emerged 
as an attractive negative regulator of adipocytes 
differentiation,(Jeon,et al.,2016). Studies demonstrated 

that activation of Wnt/β-catenin signaling prevents the 
induction of C/eBPα, C/eBPβ, and PPARγ transcription 
factors, resulting in the suppression of adipogenesis of 
hADSCs; however, blocking endogenous Wnt signaling 
promotes adipogenic differentiation, suggesting that Wnt 
acts as a brake for adipogenesis, (Chung,et al.,2012). The 
canonical Wnt ligands bind with specific cell surface 
frizzled (fZD) receptors and low-density lipoprotein-
receptor-related protein-5 or -6 (LRP5/6) coreceptors, and 
then combines with intracellular degradation complex 
Dishevelled (Dvl), Axin 1 and casein kinase i (CK1), 
which results in hypophosphorylation of β-catenin 
and its translocation to the nucleus where it binds to 
the lymphoid-enhancer-binding factor/T-cell-specific 
transcription factor (Lef/TCf) family of transcription 
factors to activate the PPARγ and CeBPα genes, 
(Nusse and Clevers, 2017). 
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Wnt signaling is modulated by several extracellular 
antagonists such as dickkopf-1 (DKK1), a newly recognized 
secreted glycoprotein, that has been demonstrated to 
inhibit WNT signaling by binding as a high-affinity 
antagonist to LRP5/6 co-receptors, resulting in the 
degradation of cytosolic β-catenin,(Rachner and göbel, 
2014). Thus, DKK-1 serves as a potential therapeutic target 
in many diseases such as cancer, diabetic nephropathy, 
and osteoporosis[Chae,et al.,2019]. Recently, DKK-1 has 
been found to promote early adipogenesis during human 
adipogenesis. Studies found that increasing DKK-1 
expression during the early stage of adipogenesis and 
exogenous rhDKK-1 exposure accelerates differentiation 
by upregulating PPAR-γ and C/eBPα, (Lu, et al.,2016; 
Park,et al., 2008). in our study, we found that AC092834.1 
could promote DKK1 expression and thus more DKK1 
was secreted extracellularly to competitively combine 
with LRP5/6 and block Wnt binding, subsequently 
inducing β-catenin degradation leading to a decreased 
β-catenin protein level. This resulted in suppression of 
the Wnt/β-catenin pathway and facilitated adipogenic 
differentiation of hADSCs, which is consistent with the 
findings of previous studies.

in this study, we identified a novel lncRNA with 
functions in adipocyte physiology by comparing the 
expression patterns of lncRNAs before and after the 
adipocytes differentiation of hADSCs. We found that 
the expression of lncRNA AC092834.1 was strongly 
increased during adipogenesis, and for the first time, 
we demonstrated that lncRNA AC092834.1 acts as 
a positive regulator of adipogenic differentiation of 
hADSCs. importantly, mechanistic analysis revealed that 
AC092834.1 increased DDK1 expression and subsequently 
competitively combined with LRP5/6 to accelerate 
β-catenin degradation, which suppressed the Wnt/β-
catenin pathway and, thereby, impacted genes involved 
in the adipogenesis of hADSCs. This finding adds a new 
piece to the puzzle of the contribution of lncRNAs to 
the adipogenesis of hADSCs, and further identification 
of functional lncRNAs and cell type-specific signaling in 
adipogenesis and obesity regulation will help to expand 
the therapeutic repertoire to combat obesity and other 
adipogenic differentiation-related disorders.
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