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Abstract

Adipogenesis participates in many physiological and pathological processes, such as obe-

sity and diabetes, and is regulated by a series of precise molecular events. However, the

molecules involved in this regulation have not been fully characterized. In this study, we

identified a long noncoding (lnc)RNA, lncRNA-Adi, which is highly expressed in adipose

tissue-derived stromal cells (ADSCs) that are differentiating into adipocytes. Knockdown

of lncRNA-Adi impaired the adipogenic differentiation ability of ADSCs. Moreover,

lncRNA-Adi was found to interact with microRNA (miR)-449a to enhance the expression

of cyclin-dependent kinase (CDK)6 during adipogenesis. The mechanism by which

lncRNA-Adi regulates adipogenesis was determined to involve an lncRNA-Adi-miR-449a

interaction that competes with the CDK6 30 untranslated region to increase CDK6 trans-

lation and activate the pRb-E2F1 pathway to promote adipogenesis. These findings pro-

vide valuable information and a new study angle to search for therapeutic targets

against metabolic disorders such as obesity and diabetes.
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1 | INTRODUCTION

The prevalence of obesity caused by unhealthy lifestyles such as exces-

sive consumption of sweetened beverages and food and reductions in

physical activity is sharply increasing worldwide.1,2 By 2030, the number

of people predicted to be overweight and obese will reach 2.16 billion

globally.3 Excess weight and obesity are important risk factors for many

chronic diseases such as cardiovascular disease and type 2 diabetes,

which are major sources of morbidity and mortality.4

Clinically, obesity manifests as excessive adipose tissue accumula-

tion throughout the body, which is the result of pathologically acceler-

ated adipogenesis. During this process, adipose-derived stem cells

(ADSCs) in adipose tissue proliferate and differentiate into adipocytes

containing lipid droplets to store energy.5,6 Therefore, an understand-

ing of the mechanism regulating adipogenesis is important to combat

excess weight gain and obesity.

Adipogenesis is the process by which ADSCs differentiate into adi-

pocytes, which includes three primary phases. The first involves the com-

mitment of ADSCs to the adipocyte lineage. In the second phase of

mitotic clonal expansion (MCE), committed growth-arrested ADSCsYuanwei Chen and Kaide Li contributed equally to this study.
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reenter the cell cycle, and undergo several rounds of cell division. In the

final phase of terminal differentiation (TD), adipocytes mature as their

genes are widely expressed and lipid droplets accumulate.5,7 This

sequential process is governed by a precise and complex regulatory net-

work involving transcription factors, signaling molecules, and noncoding

RNAs.8-12

Although previous studies of these regulatory molecules have

greatly advanced our understanding of adipogenesis regulation, many

questions remain unanswered. For instance, the function of the MCE

stage is unclear, for which little is known about the role of target

mRNA degradation by miRNA.

In recent years, long noncoding (lnc)RNAs have been shown to have

epigenetic regulatory functions in a variety of biological processes includ-

ing X chromatin inactivation, p53-mediated apoptosis, developmental

contexts, and cell differentiation.13,14 For example, linc-MD1 was shown

to be a competitive endogenous RNA for miR-133 and miR-135

targets during myoblast differentiation,15 the heart-associated lncRNA

Braveheart was required for the cardiovascular lineage commitment of

mouse embryonic stem cells,16 and lnc-DC was essential for dendritic cell

differentiation.17 Some studies have also demonstrated that lncRNAs

indeed have a function on adipogenesis. For example, lncRNA Plnc1 could

promote adipogenic differentiation by regulating PPARγ.18 LncRNAGAS5

could inhibit adipogenic differentiation of bone marrow mesenchymal

stem cells by modulating the miR-18a/CTGF axis.19 However, these just

reveal the tip of the iceberg of functions of lncRNAs on adipogenesis.20

With amounts of novel lncRNAs identified,21 we hypothesized that some

lncRNAs which were not reported previously might have specific roles in

adipogenesis.

To address this, we used full transcriptome microarrays to detect

the expression profiles of undifferentiated and adipogenic-induced

ADSCs. We found that lncRNA-Adi showed expression differences

between the two groups and had a notable position in the

TF-lncRNA-mRNA network. LncRNA-Adi was specifically and highly

expressed in the MCE stage of adipogenesis. RNA interference (RNAi)-

mediated lncRNA-Adi knockdown blocked adipogenic differentiation of

ADSCs, suggesting that lncRNA-Adi was indispensable for adipogenesis.

LncRNA-Adi was located in the cytoplasm of ADSCs and bound miR-

449a, an important regulatory molecule of cell proliferation. LncRNA-Adi

was also a competitive endogenous RNA for cyclin-dependent kinase

6 (CDK6) mRNA, which both share a binding site for miR-449a, in activa-

tion of the pRb-E2F1 pathway and the promotion of free E2F1 in ADSC

induction. Therefore, the mechanism of lncRNA-Adi regulation of

adipogenesis was proposed as the binding of lncRNA-Adi with miR-449a

to influence CDK6-pRb-E2F1 axis activation in the regulation of cell divi-

sion and PPARγ expression during adipogenesis.

2 | MATERIALS AND METHODS

2.1 | Ethics and informed consent

This study followed the guidelines in the Declaration of Helsinki and

the International Guiding Principles for Animal Research and Law for

Management of Experimental Animal. The Research Ethics Board

established by the Ethics Committee of the West China Hospital of

Stomatology, Sichuan University, examined the proposed research

protocol for this project, and found it to be ethically acceptable.

2.2 | Cell culture and differentiation

Inguinal fat tissue was aseptically obtained from the groin of 2-week-

old female Wistar rats (24 healthy donors in total) following anesthe-

sia by an intramuscular injection of Nembutal at 25 mg/kg according

to International Guiding Principles for Animal Research. The soft tis-

sue and small vessels were removed, and ADSCs were isolated by first

removing extracellular matrix through incubating adipose specimens

at 37�C for 1 hour with 0.25% type I collagenase. The compound was

then centrifuged at 1000 rpm for 8 minutes, and then washed

three times with phosphate-buffered saline (PBS). The pellet was

resuspended in alpha-modified eagle medium (α-MEM) with 10% fetal

bovine serum (FBS) and incubated in a humidified atmosphere of 5%

CO2 at 37�C. For adipogenic differentiation, passage 2 (P2) ADSCs

were seeded at a density of 1 × 105 cells/cm2 in six-well plates and

washed with PBS twice when the cells reached 70%~80% confluence.

The cells were maintained in the adipogenic stimulation medium,

which consisted of α-MEM with 20% FBS containing 0.5 mM

3-isobutyl-1-methylxanthine, 1 μM dexamethasone, and 5 μg/mL

insulin (MDI). The adipogenic stimulation medium change was per-

formed every 3 days. For osteogenic differentiation, P2 ADSCs were

seeded at a density of 1 × 105 cells/cm2 in six-well plates and cul-

tured in α-MEM with 10%FBS for 2 days and washed with PBS twice.

The cells were maintained in the osteogenic stimulation medium con-

sisting of α-MEM containing 10% FBS 10 mM β-glycerophosphate,

0.01 μM dexamethasone, 50 μg/mL ascorbic acid and 0.01 μM

1, 25-dihydroxyvitamin D3. The osteogenic stimulation medium

change was performed every 3 days. For chondrogenic differentiation,

P2 ADSCs were seeded at a density of 1 × 105 cells/cm2 in six-well

Significance statement

This study found a new lncRNA, which was named lncRNA-

Adi, that highly expressed in adipogenic-induced ADSCs.

Furthermore, lncRNA-Adi could competitively interact with

miR-449a, which protects CDK6 from degradation by miR-

449a, to improve CDK6 translation level and activate pRb-

E2F1 pathway, which is crucial to cell proliferation in the

early stage of adipogenesis, to promote adipogenesis. These

findings not only revealed the function and mechanism of

lncRNA-Adi in regulating adipogenesis but also, more impor-

tantly, could provide valuable information and a new study

angle in the future to search for therapeutic target in fight-

ing against metabolic disorders such as obesity and

diabetes.
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plates and cultured in α-MEM with 10%FBS for 2 days and washed

with PBS twice and digested with 0.25% trypsin. The digested

medium was centrifuged at 1000 rpm for 5 minutes. The pellet was

resuspended in 15 mL centrifuge tube with 0.5 mL chondrogenic stim-

ulation medium purchased from Cyagen (China) and was centrifuged

at 1000 rpm for 5 minutes, then incubated in a humidified atmosphere

of 5% CO2 at 37�C. The chondrogenic stimulation medium change

was performed every 3 days. For neurogenic differentiation, P2

ADSCs were seeded at a density of 1 × 105 cells/cm2 in six-well

plates coated with poly-L-lysine/laminin and cultured in α-MEM with

10%FBS for 2 days and washed with PBS twice. The cells were

maintained 24 hours in the neurogenic stimulation medium containing

200 μM butylated hydroxyabisole, 5 μg/mL insulin, 2 mM sodium val-

proate, 10 μM Forskolin, 1 μM hydrocortisone, 25 mM potassium

chloride, and 2 mM L-glutamine.

2.3 | Oil red O staining

After culturing with adipogenic stimulation medium for 7 days, the

ADSCs were stained with oil red O. Briefly, induced cells were washed

three times with PBS then fixed in 4% paraformaldehyde at room

temperature for 30 minutes. After washing with PBS three more

times, the cells were stained with oil red O solution (60% oil red O

stock solution containing 0.5% oil red O in isopropanol and 40%

deionized water) for 30 minutes, washed three times with PBS, rinsed

with 60% isopropanol, then observed with a microscope.

2.4 | Microarrays

Total RNA was extracted with TRIzol according to the manufacturer's

protocol. It was then labeled, amplified, and hybridized with the RAT

GENE 2.0 ST Array (Affymetrix) following the Affymetrix WT Plus

Reagent Kit Manual and Affymetrix GeneChip Expression Analysis

Technical Manual. The Affymetrix Expression Console implementation

of RAM was used for quantile normalization and background correc-

tion. All transcripts level files were imported into Affymetrix Expres-

sion Console and normalized by the quantile method. Combat

software was used to adjust the normalized intensity to remove batch

effects. A random variance model t test was applied to discriminate

differentially expressed genes between ADSCs group and adipogenic-

induced ADSCs group. After false-discovery rate analysis, differen-

tially transcripts were selected only if P value <.05 and the change in

expression was ≥1.5-fold. Hierarchical clustering was performed using

Cluster. N = 3 samples per group were used.

2.5 | Bioinformatics analysis

Gene ontology (GO) analysis was used to explore the functions of dif-

ferentially expressed genes identified in this study. GO analysis orga-

nizes genes into hierarchical categories and can uncover gene

regulatory networks on the basis of biological processes and molecu-

lar functions (http://www.geneontology.org). Pathway analysis was

applied to place differentially expressed genes according to Kyoto

Encyclopedia of Genes and Genomes (KEGG; http://www.genome.jp/

kegg/). Fisher's exact tests were used to identify GO category and

pathways, and the threshold of significance of GO and pathways were

defined by the P value. P values were calculated for the enrichments

of GO and pathways. Gene coexpression networks were constructed

to identify interactions among genes and lncRNAs. Gene coexpression

networks were built according to the normalized signal intensity of

individual genes. The data were preprocessed by using the median

gene expression value of all transcripts expressed from the same cod-

ing genes. Then, the data for differentially expressed mRNAs and

lncRNAs was screened and removed from the dataset. For each pair

of genes analyzed, we calculated the Pearson correlation and chose

pairs with significant correlations to construct the network. To make a

visual representation, only the strongest correlations (≥0.7) were

included in the visual networks. The coexpression networks were

drew using Cytoscape. The lncRNA-mRNA network was first built to

identify the interactions between coding genes and lncRNAs in

ADSCs group and adipogenic induction group. In each network,

degree centrality of each lncRNA in network was calculated to deter-

mine the relative importance of lncRNA in network. The degree differ-

ence of each lncRNA between two networks was calculated and

sorted in descending order. The 19 lncRNAs having big degree differ-

ence (>0.01) between two networks (ADSCs group and adipogenic

induction group) were finally screened out.

2.6 | Quantitative RT-PCR

Quantification of RNA was performed with MMLV reverse transcrip-

tase and SYBR-green-based qPCR with an ABI PRISM7900 system.

qPCR was performed by primary incubation at 95�C for 10 minutes

followed by 40 cycles of 95�C for 10 seconds and 60�C for

60 seconds. Relative RNA expression was normalized to the levels of

actin and calculated with the ΔΔCt method. The primer pairs are

given in Supplementary Table 1. N = 3 samples per group were used.

2.7 | RNAi-mediated knockdown of lncRNA-Adi

The lncRNA-Adi short hairpin (sh)RNA pLPDS019 vector and Mission

nontargeting control shRNA pLPDS019 vector were purchased from

Novobio. Lentiviral packaging of these constructs was carried out in

293T cells. In brief, 6 × 106 cells were seeded in 10-cm dishes in

Dulbecco's modified Eagle medium (DMEM) medium containing 10%

FBS 1 day before transfection. A total of 3 μg of either lncRNA-Adi

shRNA pLPDS019 vector or Mission nontargeting control shRNA

pLPDS019 vector were mixed with 9 μg packaging mix in 1.5 mL

Opti-MEM, and then mixed with lipofectamine 2000 to obtain com-

plexes. Cells were cultured with complexes in a humidified atmo-

sphere of 5% CO2 at 37�C for 6 hours; then, the medium was
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replaced with DMEM medium containing 10% FBS. After 48 hours,

supernatants were collected, centrifuged at 3000 rpm for 10 minutes,

and filtered through 0.45 μm filters. The collected supernatants were

concentrated by ultracentrifugation with 50 000g at 4�C for 2 hours.

The virus particle pellet was resuspended in DMEM and frozen at

−80�C until use.

F IGURE 1 Legend on next page.
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2.8 | Cell proliferation and apoptosis

For the cell proliferation assay, the ADSCs transfected with nothing

were collected as a blank control (BC), and transfected with small

interfering (si)RNA targeting nothing as a negative control (NC), and

transfected with siRNA targeting lncRNA-Adi as a knockdown group

(lnc-Adi-KD). N = 3 samples per group were used. The ADSCs in BC,

NC, and lnc-Adi-KD groups were respectively cultured with

adipogenic induction. Cells were harvested at days 0, 3, 5, and 7 of

induction and seeded at 100 μL per well in 96-well culture plates, and

CCK-8 assays were performed with Cell Counting Kit-8 following the

manufacturer's guidelines. In brief, cells were cultured with adipogenic

induction medium for 0, 3, 5, and 7 days, then 10 μL CCK-8 was

added to each well, and the cells were further cultured in a humidified

atmosphere of 5% CO2 at 37�C for 2 hours. The absorbance value

was then measured at 450 nm. For the cell apoptosis assay, ADSCs

(BC), ADSCs (NC), and ADSCs (lnc-Adi-KD) were cultured with

adipogenic induction, and cells were harvested at days 0, 3, 5, and

7 of induction and resuspended in 100 μL binding buffer, then stained

with 5 μL 7-ADD for 10 minutes in dark condition and added into

400 μL of binding buffer. They were then stained with 1 μL Annexin

V-PE for 10 minutes in the dark and immediately analyzed by flow

cytometry.

2.9 | RNA fluorescence in situ hybridization

ADSCs were seeded in 24-well plates and induced with adipogenic stim-

ulation medium for 3 days. After washing three times with PBS, cells

were fixed with 4% paraformaldehyde for 10 minutes followed by

permeabilization with 0.5% Triton X-100 for 5 minutes at 4�C. After

washing three times with PBS, cells were incubated with probes over-

night at 37�C. They were then washed three times with 4 × saline

sodium citrate (SSC) containing 0.1% Tween-20 at 42�C followed by

once each with 2 × SSC and 1 × SSC. They were washed a further three

times with PBS, incubated with 40,6-diamidino-2-phenylindole

dihydrochloride for 10 minutes, and then washed three more times with

PBS. Cells were then observed under a fluorescence microscope.

LncRNA-Adi probes were synthesized by Ribobio Co, Ltd.

2.10 | Dual luciferase reporter assay

HEK293 cells were seeded into each well of 96-well plate and cul-

tured in a humidified atmosphere of 5% CO2 at 37�C to reach 70%

confluence. They were then cotransfected with 0.21 μg reporter or

mutant reporter (pMIR-Report), 0.021 μg internal control pRL-TK

Renilla luciferase plasmid, and rno-miR-449-5p mimic or NC miRNA

mimic molecules (final concentration, 50 nM) with 50 μL

Lipofectamine 2000. Lysates were harvested 48 hours after trans-

fection, and reporter activity was measured with the Dual Lucifer-

ase Assay (Promega). Data were normalized by dividing firefly

luciferase activity with that of Renilla luciferase as previously

reported. N = 3 samples per group were used.

2.11 | Cell cycle analysis

ADSCs (BC) and ADSCs (lnc-Adi-KD) were cultured with adipogenic

induction for 24 hours and then cells were collected respectively,

rinsed with PBS, and fixed for 2 hours with ice-cold ethanol at 4�C.

They were then centrifuged at 1000 rpm for 5 minutes, and the pel-

lets were rinsed with cold PBS. Next, 0.5 mL stain buffer was added

to the cells and incubated for 30 minutes at 37�C, and they were

immediately analyzed by flow cytometry. Data were assessed with

the FlowJo software. N = 3 samples per group were used.

2.12 | Western blot analysis

ADSCs were scraped off the culture plates, washed with PBS, and

lysed with RIPA lysis buffer (1 mM MgCl2, 10 mM Tris-HCl pH 7.4,

1% Triton X-100, 0.1% sodium dodecyl sulfate [SDS], and 1% Nonidet

P40 cocktail). The proteins were separated with 10% SDS-

polyacrylamide gel electrophoresis, and transferred to cellulose mem-

branes. The membranes were incubated overnight with the following

primary antibodies: anti-CDK6 (Abcam, UK), anti-CDC25A (Abcam),

anti-pRb (Abcam), anti-E2F1 (Abcam), and anti-β actin (Bioss, China).

They were then immunoblotted with an antirabbit horseradish

peroxidase-conjugated secondary antibody (Abcam). Immunoreactiv-

ity was visualized with enhanced chemiluminescence and analyzed

with the Quantity One system.

2.13 | Statistics

Statistical significance of all molecular analyses in this study was

assessed by Student's t test. P ≤ .05 was labeled as *, P ≤ .01 was

labeled as **, and P ≤ .001 was labeled as ***. All the P-adjusted values

are given in Supplemental Information.

F IGURE 1 Identification of adipose tissue-derived stromal cell (ADSC) pluripotency and homogeneity, and adipogenic induction. A, ADSCs
displayed typical fibroblast-like morphology. Primary cell culturing for 1 day (a), 4 days (b), 7 days (c), and 10 days (d). B, ADSC surface markers
were analyzed by flow cytometry. CD29(+) 99.9%, CD90(+) 99.9%, CD31(−) 3.41%, and CD45(−) 1.73%. C, The identification of ADSC multiple
differentiation potential. (a) Oil red O staining showing ADSCs differentiating into adipocytes in which the lipid droplets were stained red.
(b) Positive alizarin red staining showing calcifying nodules formed after ADSC induction into osteoblasts. (c) Toluidine blue staining showing
ADSCs differentiating into chondrocytes. (d) Immunofluorescent staining with NF antibody after ADSC with neurogenic induction for 1 day.
(e) DAPI staining of ADSC with neurogenic induction for 1 day. (f) Merged image of (d) and (e)

LncRNA-Adi REGULATES ADIPOGENESIS 1057
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2.14 | Data availability

The raw microarray data have been deposited in the Gene Expression

Omnibus database (accession code GSE119796). All microarray exper-

iments were performed as independent triplicates, and the microarray

data referenced during the study are available in a public repository

(https://www.ncbi.nlm.nih.gov/geo/).

3 | RESULTS

3.1 | lncRNA-Adi might have functions during
adipogenesis

ADSCs displayed a typical fibroblast-like morphology (Figure 1A).

Multilineage potential and cell surface marker detection based on the

International Federation for Adipose Therapeutics and Science and

the International Society for Cellular Therapy22 showed that ADSCs

had good pluripotency and homogeneity (Figure 1B,C). With a stan-

dard cocktail induction medium of 3-isobutyl-1-methylxanthine, dexa-

methasone, and insulin (MDI), ADSCs could be induced into mature

adipocytes by day 7 (Figure 2A).

Transcriptome microarrays were used to detect the transcript

expression profiles of undifferentiated ADSCs and ADSCs exposed

to adipogenic induction medium for 7 days (adipogenic-inducted

ADSCs). The expression of 2117 mRNAs were significantly

changed (fold change ≥1.5), with 1088 upregulated and 1029 down-

regulated (P-adjusted values are showed in Table S2). Adipocyte

differentiation-related mRNAs such as Slc2a4, Fabp4, PPARγ, and

CEBPα were unsurprisingly significantly upregulated in adipogenic-

inducted ADSCs (Figures 2B). The main functions of the differen-

tially expressed genes were analyzed by GO analysis (P-adjusted

values are showed in Table S3). The enriched functions of

upregulated mRNAs contained fatty acid beta-oxidation, fatty acid

metabolic process, etc, whereas the enriched functions of down-

regulated mRNAs contained positive regulation of cell proliferation,

cell adhesion, etc (Figure S1). Moreover, KEGG pathway analysis

showed that the upregulated genes were mainly involved in the met-

abolic pathways (Figure S2).

By differential expression analysis, 19 lncRNAs were screened

out which have expression differences between undifferentiated

ADSCs and adipogenic-induced ADSCs (fold change ≥1.5; Figure 2C).

We then constructed signal networks and lncRNA-mRNA networks in

undifferentiated ADSCs and adipogenic-induced ADSCs (Figures S3

and S4). By calculating the differences in parameters of lncRNAs in

the two networks, we found that 18 of the 19 lncRNAs showed

differences in the two networks, which was nearly in line with the dif-

ferential screening results.

To further identify lncRNAs that are specifically expressed during

adipogenesis, we built the TF-lncRNA-mRNA network (Figure S5). By

calculating and ordering the difference value of degrees which repre-

sented the interaction relationship of lncRNAs and genes in

undifferentiated ADSCs and adipogenic-induced ADSCs networks, we

found that XR_593805 (ENSRNOT00000012585 in the Ensembl

database, referred to as lncRNA-Adi hereafter) had a higher difference

value, suggesting it might function in adipogenesis. Next, we located

lncRNA-Adi at position 33075109 to 33076725 on rat chromosome

8, with a length of 1617 bp and represents a conserved nucleotide

(phyloP 1.03) in 20 species.

3.2 | lncRNA-Adi is specifically highly expressed in
MCE stage of ADSC adipogenic differentiation

To understand the role of lncRNA-Adi during adipogenesis, we

examined its expression at different time points (days 0, 1, 3, 5,

and 7) by quantitative real-time (qRT)-PCR. LncRNA-Adi expression

was upregulated on days 1, 3, 5, and 7 in ADSCs receiving

adipogenic induction compared with undifferentiated ADSCs (day

0), peaking on days 1 and 3 when ADSCs were undergoing MCE

(Figure 3A,B).

We then induced ADSCs to differentiate in different directions

and detected lncRNA-Adi expression levels. LncRNA-Adi was

expressed at low levels in osteoblast-like, chondrocyte-like, and

neuron-like cells induced from ADSCs, and highly expressed in adipo-

cytes induced from ADSCs (Figure 3C–F). These results showed that

lncRNA-Adi was specifically expressed during the adipogenic differen-

tiation of ADSCs.

3.3 | lncRNA-Adi is indispensable for the
adipogenic differentiation of ADSCs

To identify the functional contribution of lncRNA-Adi in adipogenesis,

we performed RNAi-mediated loss-of-function experiments to block

lncRNA-Adi expression. The ADSCs in BC, NC and lnc-Adi-KD

groups were cultured in α-MEM with 10% FBS for 2 days and then

inducted with adipogenic stimulation medium for 7 days. As

expected, lncRNA-Adi expression was significantly suppressed in

lnc-Adi-KD ADSCs during adipognesis (Figure 4A,B), indicating that

the siRNA-transfected model could be used in loss-of-function

lncRNA-Adi studies.

F IGURE 2 Overview of transcriptome microarrays. A, Cell morphology changing during adipogenic induction. (a) Uninduced adipose tissue-
derived stromal cells (ADSCs). (b) ADSCs with adipogenic induction for 3 days. (c) ADSCs with adipogenic induction for 5 days. (d–f) ADSCs with
adipogenic induction for 7 days under magnifications of 40, 100, and 200. (g–i) Oil red O staining of ADSC with adipogenic induction for 7 days
under magnifications of 40, 100, and 200. B, Cluster of coding transcripts (left) and adipocyte gene transcripts (right). Adipocyte differentiation-
related mRNAs such as Slc2a4, Fabp4, PPARγ, and CEBPα were unsurprisingly significantly upregulated in adipogenic-induced ADSCs (right). C,
Cluster of noncoding transcripts (left) and long noncoding (lnc)RNAs (right)
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We induced ADSCs in BC, NC, and lnc-Adi-KD groups into adipo-

cytes with MDI adipogenic induction medium, and observed the dif-

ferentiation process on days 0, 3, 5, and 7. Compared with ADSCs in

BC and NC groups, those in the lnc-Adi-KD group lacked the typical

morphological changes that occurred during adipogenesis, such as

changing into a rounder and more dense phenotype and slower

growth on day 3 and less lipid droplet accumulation on days 5 and

7 (Figure 4D). After 7 days of adipogenic induction, the oil red O

staining was used to evaluate the lipid accumulation. In BC and NC

groups, a large area of cells was stained red by the naked eye, which

F IGURE 3 Long noncoding (lnc)RNA-Adi is specifically and highly expressed in mitotic clonal expansion of adipose tissue-derived stromal cell
(ADSC) adipogenic differentiation. A, The expression level of lncRNA-Adi was significantly upregulated in ADSCs with adipogenic induction for
7 days compared to uninduced ADSCs detected by qRT-PCR; n = 3. B, Expression pattern of lncRNA-Adi during adipogenic induction detected by

qRT-PCR in which the expression of lncRNA-Adi was strikingly upregulated in days 1 and 3 and then was slowly downregulated in days 5 and
7 while the expression level of lncRNA-Adi was still higher than that of uninduced ADSCs (day 0); n = 3. C, Relative expression of lncRNA-Adi in
ADSCs with adipogenic induction for 3 days when the induction began and 7 days when the mature adipocytes formed; n = 3. D, Relative
expression of lncRNA-Adi in ADSCs with osteogenic induction for 3 days when the induction began and 21 days when the calcifying nodules
formed; n = 3. E, Relative expression of lncRNA-Adi in ADSCs with chondrogenic induction for 3 days when the induction began and 21 days
when the chondrogenic induction completed; n = 3. F, Relative expression of lncRNA-Adi in ADSCs with neurogenic induction for 1 day when the
neurogenic induction completed; n = 3
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F IGURE 4 Legend on next page.
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diffuse cells were stained in the lnc-Adi-KD group (Figure 4C). Micro-

scopic observations were in agreement with these findings

(Figure 4E).

To further evaluate the molecular changes in BC, NC, and si-

lncRNA-Adi ADSCs groups during adipogenesis, we determined the

expression of six important adipocyte genes, C/EBPα, PPARγ, aP2,

LPL, GLUT4, and leptin. These genes were significantly down-

regulated in the si-lncRNA-Adi group compared with BC and NC

group during adipogenesis (Figure 4F). These results showed that

interfering with the expression of lncRNA-Adi in ADSCs blocked

adipogenic differentiation, indicating that lncRNA-Adi was indispens-

able for the adipogenic differentiation of ADSCs.

F IGURE 4 Long noncoding (lnc)RNA-Adi is indispensable for adipogenic differentiation of adipose tissue-derived stromal cells (ADSCs). A,
GFP positive cytoplasm image (right) showed that packaged lentivirus with lncRNA-Adi shRNA sequence successfully transfected into ADSCs. B,

ADSCs transfected with lentivirus with lncRNA-Adi shRNA sequence (lnc-Adi-KD) expressed little lncRNA-Adi during adipogenic induction
compared to ADSCs transfected with nothing (ADSCs(BC)) and with lentivirus with nontargeting control sequence (lnc-Adi-NC), which verified
that the effects of interfering lncRNA-Adi expression in lnc-Adi-KD group ADSCs; n = 3. C, Oil red O staining of ADSCs in BC, NC, and KD
groups at day 7. D, Microscopic observation of cell morphology changes in BC, NC, and KD groups at days 0, 3, 5, and 7 after adipogenic
induction. E, Microscopic observation of oil red O staining of ADSCs in BC, NC, and KD groups during adipogenic induction at days 0, 3, 5, and
7 under magnifications of 100, 200, and 400. F, Expression level of key adipocytes genes including C/EBPα, PPARγ, aP2, LPL, GLUT4, and leptin
in BC, NC, and KD groups during adipogenic induction at days 0, 3, 5, and 7; n = 3

F IGURE 5 Long noncoding
(lnc)RNA-Adi locates in the
cytoplasm and is a decoy of miR-
449a. A, RNA fluorescence in
situ hybridization (FISH).
(a) lncRNA-Adi probe detection.
(b) DAPI staining. (c) Merged
image of (a) and (b). B, Relative
lncRNA-Adi RNA levels in
cytoplasm and nuclear fractions

in uninduced adipose tissue-
derived stromal cells (ADSCs;
day 0) and adipogenic-induced
ADSCs (days 3 and 7). C, RNA
binding protein
immunoprecipitation (RIP) result
showed that the binding ability
with lncRNA-Adi had no
difference between IgG and
PPARγ; n = 3. D, Predicted target
site of lncRNA-Adi binding with
miR-449a by Targetscan. E, Dual
luciferase reporter assay to
verify that lncRNA-Adi could
bind with miR-449a; n = 3
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3.4 | LncRNA-Adi is located in the cytoplasm and
is a decoy of miR-449a

To elucidate the mechanism by which lncRNA-Adi regulating

adipogenesis, we investigated its location and predicted its possible

mechanism by bioinformatics. RNA fluorescence in situ hybridization

(FISH) located lncRNA-Adi in the cytoplasm (Figure 5A), which was

supported by detection of high lncRNA-Adi expression in ADSC cyto-

plasm fractions on days 3 and 7 of adipogenesis, compared with little

expression in nuclear fractions at the same time point (Figure 5B).

Previous studies indicated that cytoplasm-located lncRNAs could

function as: (a) a Staufen 1 decoy to prevent degradation of related

mRNA; (b) a transcriptional factor decoy to regulate related gene

expression; or (c) an miRNA decoy to prevent the degradation of tar-

get mRNAs.23 We used RepeatMasker to analyze lncRNA-Adi

sequence information for the presence of short interspersed nuclear

elements (SINEs) such as Alu elements, which are essential for the

Staufen 1 decoy function. The absence of SINEs in lncRNA-Adi indi-

cated that it does not function as a Staufen 1 decoy. We next simu-

lated the lncRNA-Adi secondary structure using RegRNA 2.0, and

predicted a PPARγ binding domain. However, RNA binding protein

immunoprecipitation revealed no significant difference in lncRNA-Adi

binding with PPARγ and control IgG, suggesting that no binding rela-

tionship exists between PPARγ and lncRNA-Adi during adipogenesis

(Figure 5C). Finally, we used Targetscan to predict possible binding

between miRNAs and RNA sequences, which showed that mir-449a

has a strong binding ability (8-mer) with lncRNA-Adi (Figure 5D).

To verify the binding relationship between lncRNA-Adi and miR-

449a, we used the dual luciferase reporter assay. Wild-type and

mutant lncRNA-Adi were fused to the luciferase coding region (F-luc-

lncRNA-Adi-WT and F-luc-lncRNA-Adi-mut) and transfected into

H293T cells with or without miR-449a mimics. Luciferase assays

showed that, in the presence of miR-449a, wild-type lncRNA-Adi

reporter constructs were significantly downregulated compared with

mutant lncRNA-Adi reporter constructs (Figure 5E). This indicated

that lncRNA-Adi binds miR-449a and acts as an miR-449a decoy.

3.5 | LncRNA-Adi interacts with miR-449a to
control CDK6-pRb-E2F1 axis in adipogenesis
regulation

Mir-449a is an important member of miR-34 family, which has signifi-

cant roles in regulating cell divisions. To verify whether the lncRNA-

Adi interacting with miR-449a influences cell divisions during

adipogenesis, we first examined the proliferation of BC, NC, and lnc-

Adi-KD ADSCs. Lnc-Adi-KD proliferation was significantly down-

regulated compared with BC and NC groups on days 3, 5, and 7 after

adipogenic induction, indicating that interfering with lncRNA-Adi

expression inhibited cell divisions during adipogenesis (Figure 6A). We

next undertook ADSC cell cycle analysis on day 1 after adipogenic

induction to determine which checkpoint was influenced. We found

that lnc-Adi-KD ADSCs had a lower proportion of cells in S phase

than BC groups (Figure 6B,C), in which the mean proportion of cells in

S phase is 10.16% in BC group and 6.85% in lnc-Adi-KD group with

statistical difference. And the mean proportion of cells in G1 phase is

77.37% in BC group and 78.17% in lnc-Adi-KD group and that of cells

in G2 phase is 7.53% in BC group and 8.9% in lnc-Adi-KD group. We

also evaluated the relative expression of miR-449a in ADSCs, and

found that it was downregulated in the MCE stage and gradually

upregulated in the TD stage during the adipogenic induction of

ADSCs (Figure 6D). These results indicated that lncRNA-Adi influ-

ences cell division by controlling miR-449a.

To further understand how the interaction of lncRNA-Adi and

miR-449a regulates target mRNA during adipogenesis, we assumed

that CDK6 and CDC25A mRNAs were the target mRNAs protected

by lncRNA-Adi from degradation by miR-449a and tested this by the

dual luciferase reporter assay.

To further find out the target mRNA regulating by the interaction

of lncRNA-Adi and miR-449a during adipogenesis, we made a predic-

tion based on previous studies. According to the previous studies, we

assumed that miR-449a target CDK6 and CDC25A mRNAs were the

target mRNAs protected by lncRNA-Adi from degradation by miR-

449a. In the presence of the wild-type lncRNA-Adi plasmid, the 30

untranslated region (UTR) of CDK6 reporter constructs was

upregulated even though miR-449a was present, but the 30 UTR of

CDC25A was not influenced either in the presence of miR-449a

mimics or plasmids encoding wild-type lncRNA-Adi and miR-449a

mimics. These results showed that CDK6 mRNA could be prevented

from degradation by miR-449a in the presence of lncRNA-Adi

(Figure 6E).

Because CDK6 is an important inducer that dissociates the

pRb/E2F1 complex into free pRb and E2F1, we next investigated

whether lncRNA-Adi could bind miR-449a to prevent CDK6 mRNA

degradation. CDK6 mRNA expression and the protein expression of

CDK6, pRb, and E2F1 were downregulated in lnc-Adi-KD ADSCs at

day 1 after adipogenic induction. This verified that lncRNA-Adi

influenced CDK6-pRb-E2F1 axis activation by binding with miR-449a

during adipogenesis (Figure 6F,G). All the P-adjusted values for qPCR

analyzes are showed in Table S4.

F IGURE 6 Long noncoding (lnc)RNA-Adi controls miR-449a to regulate the CDK6-pRb-E2F1 axis in the control of adipogenesis. A, Adipose
tissue-derived stromal cell (ADSC) proliferation rate in KD, NC, and KD groups during adipogenic induction; n = 3. B, ADSC cell cycle analysis on
day 1 after adipogenic induction in BC (upper panel) and KD (lower panel) groups. C, Percentage of cells in G1, S, and G2 phases in BC and KD
groups; n = 3. D, Expression pattern of miR-449a in ADSCs during adipogenic induction; n = 3. E, Dual luciferase reporter assay verification of the
impact of lncRNA-Adi and miR-449a interaction on CDK6 and CDC25A expression during adipogenic induction of ADSCs; n = 3. F, Relative
expression of CDK6 and CDC25A in ADSCs with adipogenic induction for 0 and 1 days in BC and KD groups; n = 3. G, Western blot analysis of
CDC25A, CDK6, pRb, and E2F1 in BC and KD groups. H, Integrated model explains the mechanism of lncRNA-Adi in regulating adipogenesis
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4 | DISCUSSION

Since the first successful isolation of ADSCs from adipose tissue,24

their adipogenic differentiation has been widely and systematically

studied.25-28 The primary stages of adipogenesis and various regula-

tory molecules such as PPARγ have previously been extensively

reported.29-31 However, it remains unclear which molecules regulate

adipogenesis in its early clonal expansion stage, and what are the key

factors that control miRNA regulation of target mRNA during

adipogenesis.32-34

To answer these questions, we focused on lncRNAs, which were

recently shown to have important functions in cell differentiation.35

Using full transcriptome microarrays, we identified lncRNA-Adi as

being highly expressed in adipogenic-induced ADSCs compared with

undifferentiated ADSCs. Further studies showed that lncRNA-Adi was

specifically and highly expressed in the MCE stage of adipogenesis.

Knockdown of lncRNA-Adi in ADSCs blocked adipogenic differentiation,

illustrating that lncRNA-Adi was indispensable for adipogenesis. We also

found that lncRNA-Adi was located in the cytoplasm and bound

miR-449a. This interaction was shown to influence CDK6-pRb-E2F1 axis

activation to regulate cell division and PPARγ expression during

adipogenesis. These results reveal the importance of lncRNA-Adi in the

regulatory networks of adipogenesis, and show that lncRNAs are poten-

tial targets against obesity and excess weight gain.

The concept that lncRNAs play important functions in biological

processes has been widely embraced now. It was found owning

important regulatory roles in many physiological functions like X chro-

mosome inactivation and genomic imprinting and so on.13,36 Also,

abnormal lncRNA expression has been documented in diseases such

as cancer and Alzheimer's disease, whereas lncRNAs have also been

shown to have an important impact on cell differentiation and tissue

development.14,35 Besides, lncRNAs have been demonstrated owning

tissue and cell-specific expression profiles. It was found that lncRNAs

strikingly tissue specifically expressed across different tissues and cell

types.37 Thus, lncRNAs are thought as fine-tuners of cell fates and are

worth further studies in kinds of biological processes.38,39

Previous studies investigated the role of lncRNAs in controlling

adipogenic differentiation. One hundred seventy-five lncRNAs were

shown to be specifically regulated during adipogenesis, although their

functions remain to be clarified, whereas Blnc1 was reported to func-

tion in brown and beige adipocyte development.20,40 Moreover,

lncRNA ADINR controlled adipocyte differentiation by activating

C/EBPα.41 However, these studies did not focus on different stages

of adipocyte differentiation. LncRNA-Adi was first described and iden-

tified genome sequence of the Brown Norway rat,21 whereas the

function of lncRNA-Adi on adipogenesis has not yet been illustrated.

In the present study, we identified lncRNA-Adi as having differential

expression between adipogenic-induced and uninduced ADSCs, as

well as an important position in the regulatory network, specifically in

the MCE stage of adipogenesis. And the functions of lncRNA-Adi on

adipogenic differentiation of mesenchymal stem cells from other

source like bone marrow have not been reported, which could be a

research agenda in further study.

MCE and TD are the two most crucial stages of adipogenesis.30,42

Blocking TD would undoubtedly impair fat cell formation during

adipogenesis, but the role of MCE was previously unclear. However,

recent in vitro and in vivo studies have shown that blocking MCE

impaired adipogenesis.43,44 Moreover, several regulatory molecules

such as SIRT6 and miR-363 were found to regulate adipogenesis by

influencing MCE.12,45 However, the regulatory roles of MCE stage in

adipogenesis have still not been elucidated, and no studies have

reported the function of lncRNAs in MCE. We found that lncRNA-Adi

highly expressed in MCE stage and we conducted an RNAi-mediated

loss-of-function experiment, which showed that lncRNA-Adi silencing

in ADSCs impaired lipid droplet accumulation on the seventh day of

adipogenic induction. It also repressed the expression of six key

adipogenic genes, revealing suppression at the molecular level. These

results confirmed that lncRNA-Adi controls the process of adipogenic

differentiation at the MCE stage.

The mechanisms by which lncRNAs regulate biological process

are various and complex, and can be summarized as four archetypes:

signals, decoys, guides, and scaffolds.23 The exact mechanism depends

on the lncRNA location. LncRNAs acting as signals, guides, and scaf-

folds are largely located in the nucleus, whereas those functioning as

decoys could be located either in the nucleus or in the cytoplasm.

FISH and nuclear- and cytoplasmic-fractionated qRT-PCR both indi-

cated that lncRNA-Adi was located in the cytoplasm, suggesting that

it is likely to function as a decoy. Targetscan and Miranda software

both predicted an interaction between lncRNA-Adi and mir-449a,

which was confirmed by the dual luciferase reporter assay. This

showed that lncRNA-Adi acts as an miR-449a decoy to regulate the

adipogenic differentiation of ADSCs.

MiR-449a has an important role in regulating cell cycle arrest.46,47

It influences the pRb-E2F1 pathway in cell proliferation by controlling

CDK6 and CDC25A.48,49 E2F1 is a key transcriptional factor in MCE

stage and it also controls the expression of PPARγ in the TD stage of

adipogenesis, which decided that E2F1 could play dual functions in

adipogenesis.50,51 In the present study, repressing the expression of

lncRNA-Adi reduced the expression of CDK6 and inhibited the pRb-

E2F1 pathway. This indicated that lncRNA-Adi interacts with miR-

449a to upregulate the CDK6-pRb-E2F1 axis, promote cell prolifera-

tion during MCE, and influence PPARγ expression in the TD stage of

ADSC adipogenic differentiation. This also explains why lncRNA-Adi

was highly expressed during the entire process of adipogenesis but

demonstrated different expression levels between MCE and TD,

suggesting that the dual function of E2F1 in adipogenesis might be

controlled by lncRNA-Adi.

5 | CONCLUSION

In summary, lncRNA-Adi was specifically and highly expressed in the

MCE stage of ADSC adipogenic differentiation, and inhibition of its

expression blocked adipogenic differentiation. Our findings suggest

that lncRNA-Adi could be a ceRNA to CDK6, both of which interact

with miR-449a, to control the pRb-E2F1 pathway in the adipogenic
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differentiation of ADSCs. This could form the basis of future work to

treat obesity and other metabolic diseases.
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