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Abstract
Current studies have shown that lncRNA plays an essential regulatory role in the physiological
metabolism of cells. lncRNA HCP5 promotes proliferation and invasion in tumor cells and regulates
differentiation in some stem cells. Our study was designed to determine the effects of HCP5 on the
adipogenic differentiation of adipose-derived stem cell (ADSCs) and explore its underlying molecular
mechanisms. ADSCs are known for their pluripotent differentiation potential and ready availability,
making them promising intermediates for cell-based tissue damage repair. Our data revealed that HCP5
expression was elevated in differentiation-induced ADSCs, and that its overexpression promoted
adipogenic differentiation in these cells. Then we predicted and then con�rmed the effects of targeted
interaction between HCP5 and miR-27a-3p. We also predicted and con�rmed that miR-27a-3p
demonstrated some binding a�nity for PPARγ and then used this information to design a gain-and-loss-
of-function experiment to verify that HCP5 regulates ADSCs adipogenic differentiation via its regulation
of miR-27a-3p and PPARγ. These experiments showed that HCP5 overexpression promotes adipogenic
differentiation in ADSCs, which was impaired by the upregulation of miR-27a-3p. Overexpression of miR-
27a-3p inhibited PPARγ expression, and overexpression of HCP5 restored this inhibitory effect. Finally,
transfection with PPARγ siRNAs reduced the adipogenic promotion due to HCP5 overexpression in these
cells. Taken together our data suggest that the HCP5/miR-27a-3p/PPARγ axis may be a major regulator
of adipogenic differentiation in ADSCs, which might be the probable molecular mechanism underlying
the effects of HCP5 in these cells.

Introduction
Stem cells have the potential for pluripotent differentiation and have promising research prospects in
tissue damage repair. This study aimed mainly to �nd the mechanisms of stem cell differentiation at the
molecular level. Mesenchymal stem cells (MSCs), pluripotent cells derived from the mesoderm, can
differentiate into multiple tissues, including bone, cartilage, fat, muscle, and tendons, and have been
increasingly mentioned in studies related to tissue repair. Experimental MSCs have been isolated from
various sources, including umbilical cords, bone marrow, and adipose tissues [1]. Of these, adipose-
derived stem cells (ADSCs), which are extracted from adipose tissues, are among the most commonly
used because they are easily extracted with minimal invasion or tissue damage and can be obtained in
reasonably large quantities. Animal models of ischemic disease have shown that ADSCs function to
promote angiogenesis and reconstruction [2], and the transplantation of ADSCs has demonstrated
excellent therapeutic outcomes when applied to studies treating both peripheral and central nerve injury
models [3, 4]. ADSCs also play an essential role in repairing tissues such as skeletal and smooth muscle
[5, 6]. There has been an explosion of interest in ADSC differentiation in the treatment of tissue damage,
with several of these interventions even entering the clinical evaluation stage [7]. However, the
mechanisms underlying ADSC differentiation are poorly de�ned. A study of the mechanism of ADSC
adipogenic differentiation contributes to the better application of ADSCs in tissue repair .
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Long non-coding RNAs (lncRNA) are a class of non-coding RNAs that are more than 200 nucleotides in
length and are capable of participating in multiple cellular and physiological processes, often playing
essential regulatory roles in many diseases [8]. Cao et al. found that lncRNA RMRP promotes bladder
cancer cells proliferation and invasion [9], whereas Liao et al. suggested that lncRNA is involved in the
proliferation and differentiation of various in�ammatory cells and the secretion of several in�ammatory
factors [10]. lncRNA MEG3 regulates apoptosis of adipose‐derived stem cells [11]. Several reports also
suggest that these lncRNAs are involved in the regulation of stem cell differentiation. MALAT1 promotes
BMSC differentiation into endothelial cells [12], whereas PRNCR1 affects the osteogenic differentiation of
MSCs by modulating CXCR4 expression [13]. HCP5 (human leukocyte antigen (HLA) Complex P5) is also
a type of lncRNA. Recent studies have focused on its regulation of cancer cells where it promotes
proliferation and invasion [14–17], and HCP5 also regulates the differentiation of some cells. HCP5 has
recently been reported to facilitate epithelial-mesenchymal transition in colorectal cancer [18] and was
linked to osteoblastic differentiation of BMSCs, in a study evaluating osteoporosis [19, 20]. Chen et al.'s
study on childhood obesity showed that HCP5 promotes adipogenic differentiation [21], but the molecular
mechanisms underlying this regulation remain unknown.

miRNAs are a class of endogenous single-stranded non-coding RNA molecules that are 20-22 nucleotides
in length and known to regulate the expression of their target genes via their 3′ untranslated regions.
miRNAs play a regulatory role in many cellular and physiological processes, such as in self-repair, signal
transduction, and cell differentiation [22]. In experiments using both human and mouse-derived BMSCs,
miRNA-130a promoted osteogenic differentiation and inhibited adipogenic differentiation [23]. In vitro
experiments conducted by Chen et al. showed that mir-363 inhibits both mitosis and adipose
differentiation in ADSCs [24], whereas Kim et al.’s in vivo studies identi�ed miRNA-27a as a repressor of
lipogenic differentiation [25]. Guo et al. found that miRNA-27a-3p binds speci�cally to PPARγ
(peroxisome proliferator-activated receptor) and suppresses its expression [26], which is signi�cant since
PPARγ, a nuclear hormone receptor, acts as the major transcription factor for adipogenic differentiation
[27]. Although the targeted regulatory relationship between miRNA-27a-3p and PPARγ has been reported,
the mechanism by which miRNA-27a-3p affects adipogenic differentiation in ADSCs and its regulation of
PPARγ requires further veri�cation.

The theory of ceRNA (competing endogenous RNAs)-mediated regulation, �rst proposed by Salmena et
al. in 2011, suggests that various RNA transcripts interact and effect a complex regulatory network in
cells. This has been con�rmed in several studies and has gradually become a research hotspot [28].
lncRNAs can regulate the development and progression of multiple diseases when they act as ceRNAs
[29], with many of these effectors acting as an miRNA sponge, allowing for complex dynamic regulation
of the target gene [30]. We speculated that there might be a ceRNA relationship between HCP5 and
miRNA-27a-3p. In this study, we experimentally veri�ed the regulatory relationship between HCP5, miRNA-
27a-3p and PPARγ to further discuss the molecular mechanism of ADSCs adipogenic differentiation.

Methods And Materials
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Cell culture and differentiation

Human ADSCs were purchase from the Cell Bank (Shanghai Institutes, China) for Biological Sciences and
were cultured in DMEM/F12 1:1 medium (Gibco; Thermo Fisher Scienti�c, Inc. USA) supplemented with
10% fetal bovine serum (FBS, Gibco; Thermo Fisher Scienti�c, Inc. USA). Cells were incubated in a
humidi�ed chamber with a temperature of 37 ℃ and a CO2 concentration of 5%. Adipogenic
differentiation was induced in the cells were induced by incubating them in DMEM/F12 medium
supplemented with 10% FBS, 0.5 mM 3-isobutyl-1-methylxanthine, 1 μM dexamethasone, and 5 μg /mL
insulin at 37 ℃ for 2 days. This medium was then replaced with DMEM/F12 supplemented with 10%
FBS and 5 μg /mL insulin every two days.

Transfection

Human HCP5 sequence (GenBank, NR_040662.1) was synthesized and subcloned into a pcDNA3.1
vector (Genepharma, Shanghai, China) for transfection, with the empty vector acting as a vehicle control.
HCP5 knockdown relied on a lentiviral vector, pGLVH1/GFP+Puro (Genepharma, Shanghai, China),
expressing an shRNA against HCP5. The sequences of the shRNA and its negative control were as
follows: 5′‐GCAGTGTGCTTCCTTCCTT‐3′ and 5′‐TTCTCCGAACGTGTCACGT‐3′. The sense and anti-sense
sequences for the miR-27a-3p mimics (Genepharma, Shanghai, China) were 5′-
UUCACAGUGGCUAAGUUCCGC-3′ and 5′-GGAACUUAGCCACUGUGAAUU-3'. The sequences of the sense
and anti-sense negative control were 5′-UUCUCCGAACGUGUCACGUTT-3′ and 5′-
ACGUGACACGUUCGGAGAATT-3'. The sequence of the miR-27a-3p inhibitor (Genepharma, Shanghai,
China) was 5′-GCGGAACUUAGCCACUGUGAA-3′, and that of its negative control was 5′-
CAGUACUUUUGUGUAGUACAA-3'. The sequences of the siRNA against PPARγ and its negative control
were 5′‐AGUUUGCUGUGAAGUUCAAUG‐3′ and 5′‐UUGAACUUCACAGCAAACUCA‐3′. HCP5 interactions with
miR-27a-3p were evaluated using by co-transfection of the HCP5 vector (or NC vector) and the miR-27a-
3p mimics (or mimics NC) or the HCP5 shRNA (or shRNA NC) and miR-27a-3p inhibitor (or inhibitor NC).
Interactions between HCP5 and PPARγ were evaluated using co-transfections of the HCP5 vector (or NC
vector) and PPARγ siRNAs (or siRNA NC). All cells were transfected using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer's protocol, and all subsequent experiments were
completed 48 h post-transfection.

Oil Red O staining

ADSCs were cultured in induction medium and then stained with oil-red O at 0, 2, 4, 6 and 8 days to
evaluate adipogenic differentiation in response to changes in HCP5 expression. Next, we evaluated
whether HCP5 regulates adipogenic differentiation in ADSCs via its interaction with miR-27a-3p.
Therefore, we co-transfected ADSCs with pcDNA3.1-HCP5 and miR-27a-3p mimics. We also co-
transfected ADSCs with HCP5 shRNA and an miR-27a-3p inhibitor and then subjected the cells to 4 days
of culture in the adipose induction medium. We then evaluated their adipogenic differentiation using oil
red O staining. After removing the induction medium, the ADSCs were washed with PBS twice. They were
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�xed with 4% paraformaldehyde for 30 min at 20 ℃, following which, the paraformaldehyde was
removed by washing the cells twice in PBS. We then treated the cells with Oil Red O solution for 30 min
and then washed the cells three times with PBS. After staining, plates were placed on a white
background. Photos were taken to observe and compare the number of red-stained cells. 

Immuno�uorescence

Using immuno�uorescence studies, we evaluated the expression of PPARγ in cells. Cells were �xed using
4% paraformaldehyde for 30 min at 20 ℃, following which, the paraformaldehyde was removed by
washing the cells twice in PBS. They were then incubated with primary anti-PPARγ antibody (ab209350,
Abcam, Cambridge, UK) and primary anti-β tubulin antibody (ab78078, Abcam, Cambridge, UK) at 4 ℃
for 8 h, washed, and then incubated with goat anti-rabbit IgG (FITC) secondary antibody (ab6717, Abcam,
Cambridge, UK ) and goat anti-mouse IgG (DyLight549) secondary antibody (a23310, Abbkine, California,
USA) for 1 h at 20 ℃. Next, the cells were counterstained with DAPI (c0060, Solarbio) for 5 min and
visualized using a �uorescence microscope (400×) �tted with a camera (Olympus, Japan).

qRT-PCR

Trizol reagent (Invitrogen; Thermo Fisher Scienti�c) was used to extract each group’s total RNA, and the
quantity and quality of this RNA were then evaluated using a Nanodrop ND-2000 spectrophotometer. We
used 2 µg of total RNA for both the mRNA and lncRNA expression analysis, which was reverse
transcribed to cDNA. A RevertAid First Strand cDNA Synthesis kit (Thermo Scienti�c™, USA) was used.
The template used for the miRNA analysis was reverse transcribed into cDNA using a miDETECT A
Track™ qRT-PCR kit (RiboBio, Guangzhou, China). SYBR Green PCR Master Mix (Applied Biosystems,
Foster, CA, USA) was used to perform the qRT-PCR according to the manufacturer, using an ABI 7500
(Applied Biosystems, Foster, CA, USA). Primer sequences for HCP5 were as follows: forward 5′-
TATCCCTGTGAAGATGAACC-3′, reverse 5′-TGCCACCTCTAAATGTCCTA-3′. Primer sequences for PPARγ
were as follows: forward 5′-GACGAGCTCCAGAAAAGTCCCAGTCGCTGACAAAG-3′, reverse: 5′-
CATCTCGAGTA TTAAAAGTAAATTGTAAATGTATC-3′. Primer sequences for miR-27a-3p: forward 5′-
GCCGCTTCACAGTGGCTAA-3′, reverse: 5′-GTGCAGGGTCCGAGGTATTC-3′. Primer sequences for GAPDH
were as follows: forward 5′‐CGGAGTCAACGGATTTGGTCG‐3′, reverse 5′
‐TCTCGCTCCTGGAAGATGGTGAT‐3′. Primer sequences for U6 were as follows: forward 5 -CTCGCTTCG
GCAGCAGCACATATA-3 , reverse: 5 -AAATATGGAACGCTTCACGA-3 . Either GAPDH or U6 was used as the
control depending on the assay, and relative expression was calculated using the 2-ΔΔCt method. Each
evaluation was repeated three times.

Luciferase reporter assay

We then validated these predictions using a dual-luciferase reporter assay using luciferase reporters with
both the WT and mutant binding sequence from HCP5 and the WT and mutant binding sequences from
PPARγ. A luciferase-based reporter assay was performed to evaluate the speci�c interactions within our
ceRNA network. We constructed two PGL3 (Promega, Madison, USA) reporter constructs. The wild-type
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(WT) HCP5 or the mutant (Mut) HCP5 sequence was cloned. We constructed a second similar set of
reporters to evaluate miR-27a-3p binding of PPARγ, with the WT PPARγ or Mut PPARγ sequence inserted.
ADSCs were then cultured and transfected in a 96-well plate. Forty-eight hours after transfection, the cells
were harvested, and the luciferase activity was measured using a Dual-Luciferase Reporter Assay kit
(Promega, Madison, USA). These assays were performed in triplicate.

Western blotting

Cells were lysed by RIPA (Beyotime Institute of Biotechnology, Haimen, China) . The BCA protein assay kit
(Wanleibio, Co., Ltd., Shanghai, China) was used to quantify the harvested protein. A total of 20 μg/lane
protein were separated using 10% SDS-PAGE and then transferred onto a polyvinylidene di�uoride
membrane. The membranes were blocked with 5% skimmed milk powder in Tris-buffered saline-0.1%
Tween-20 (TBST) at 20 °C for 2 h. Then the membranes were incubated with following primary
antibodies overnight at 4 °C:.anti-PPARγ (ab209350, Abcam, Cambridge, UK, 1:1000 ) and anti-GAPDH
(ab9485,Abcam, Cambridge, UK, 1:2000 ). The membranes were then washed three times in TBST and
incubated with a horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (ab288151,
Abcam, Cambridge, UK, 1:10000 ) for 2 h at 20 °C. Finally, the protein bands were visualized using a
chemiluminescence detection system ( SuperSignal™West Pico PLUS, Thermo Fisher Scienti�c, Inc.).
Image-pro Plus software (version 6.0; Media Cybernetics, Inc.) was used to quanti�ed protein expressions.

Statistical analysis

All continuous variables are described as the mean ± SEM, and all statistical analyses were performed
using SPSS version 13.0 software (SPSS, Inc.). Differences between groups were evaluated using an
unpaired Student's t-test, and statistical signi�cance was set at a P-value of < 0.05. All experiments were
performed in triplicate.

Results

HCP5 promotes adipogenic differentiation in ADSCs
On performing oil red O staining, we noted that increases in induction time led to increased oil red O
staining in the treated adipocytes (Fig. 1A). Therefore, we examined the relationship between
adipogenesis and HCP5 expression by quantifying HCP5 expression at each time point using qRT-PCR.
The results of these assays showed that the expression levels of HCP5 gradually increased with
increasing induction time (Fig. 1B). These results suggest that HCP5 expression may be linked to
adipogenesis in these cells and support our hypothesis that this lncRNA plays an important role in the
adipogenic differentiation of ADSCs. We then con�rmed this by transfecting ADSCs with pcDNA3.1-HCP5
and an empty vector control (NC) and comparing the oil red O staining from these two groups following 4
days of induction (Fig. 1C, D). We found more red-stained cells in the pcDNA3.1-HCP5 group than in the
NC group, suggesting that HCP5 plays a distinct role in promoting the adipogenic differentiation of
ADSCs.
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<Figure 1>

Prediction and validation of the targeting effects of HCP5 and miR-27a-3p

We then explored the underlying mechanism of action for HCP5 in these cells. We predicted the targets of
HCP5, which identi�ed miR-27a-3p as an important potential target (Fig. 2A). In further predictions, we
found that PPARγ is a potential target for miR-27a-3p (Fig. 2B), allowing us to begin to develop a
potential regulatory axis. Dual-luciferase reporter assays using luciferase reporters showed that the
�uorescence activity of miR-27a-3p was signi�cantly reduced in HCP5-Wt-transfected cells compared
with that in HCP5-Mut cells (Fig. 2C, p<0.05) and that the �uorescence activity of miR-27a-3p was
signi�cantly reduced in PPARγ-Wt compared to PPARγ-Mut (Fig. 2D, p<0.05).

<Figure 2>

We then con�rmed that miR-27a-3p and PPARγ were involved in the adipogenic differentiation of ADSCs
by examining their expression in the cells at days 0, 2, 4, 6 and 8 of induction. qRT-PCR showed that miR-
27a-3p expression gradually decreased with increasing induction time (Fig. 2E) whereas western blotting
showed that PPARγ expression gradually increased with increasing induction time (Fig. 2F).

We further con�rmed whether the expression of HCP5 and PPARγ was associated with the expression of
miR-27a-3p by transfecting a series of ADSCs with miR-27a-3p or NC mimics. qRT-PCR revealed that miR-
27a-3p expression was signi�cantly increased in ADSCs treated with the miR-27a-3p mimics compared to
that in the NC mimic group (Fig. 2G, p<0.05). qRT-PCR also revealed that HCP5 expression was
signi�cantly lower in the miR-27a-3p mimic group compared to that in the NC group (Fig. 2H, p<0.05),
con�rming the interaction between these two transcripts. Western blotting revealed that PPARγ
expression was signi�cantly decreased in cells treated with the miR-27a-3p mimic compared to that in the
NC group (Fig. 2I, p<0.05), con�rming the interactions between miR-27a-3p and PPARγ. Taken together,
these results suggest a direct regulatory interaction between HCP5, miR-27a-3p, and PPARγ in ADSCs.

Hcp5 Modulates The Expression Of Mir-27a-3p And Pparγ
To further investigate the regulatory effect of HCP5 on miR-27a-3p and PPARγ in ADSCs, we transfected
pcDNA3.1-HCP5 and HCP5 shRNA into ADSCs, respectively. RT-qPCR tests showed that HCP5 knockdown
increased miR-27a-3p expression levels signi�cantly (Fig. 3A, p<0.05). However, the upregulation of HCP5
signi�cantly reduced the expression levels of miR-27a-3p (Fig. 3C, p<0.05). The detection of PPARγ
protein by Western blotting showed that PPARγ was signi�cantly reduced at HCP5 knockdown (Fig. 3B,
p<0.05) and that PPARγ was signi�cantly increased when HCP5 was upregulated (Fig. 3D, p<0.05). These
results suggest that HCP5 inhibits the miR-27a-3p expression and promotes PPARγ expression.

<Figure 3>

HCP5 regulates adipogenic differentiation in ADSCs where it acts as a ceRNA
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Following the downregulation of HCP5, adipogenic differentiation in the HCP5 shRNA + inhibitor NC
group was signi�cantly decreased compared to that in the shRNA NC + inhibitor NC group. However, this
decrease in adipogenic differentiation was weakened by the concomitant downregulation of miR-27a-3p
(Fig. 4A). In contrast, upregulation of HCP5, as demonstrated by the pcDNA3.1-HCP5 + mimics NC group,
promoted the adipogenic differentiation of cells compared to that in the pcDNA3.1 vector + mimic NC
control. In contrast, upregulation of miR-27a-3p expression in the pcDNA3.1-HCP5+miR-27a-3p mimics
group signi�cantly impaired this effect compared with the pcDNA3.1-HCP5 + mimics NC group (Fig. 4B).

<Figure 4>

Then, we evaluated the competitive regulation of PPARγ effected by the interactions between HCP5 and
miR-27a-3p by evaluating the changes in PPARγ expression in each group of cells using both western-
blotting and immuno�uorescence staining. The results revealed that PPARγ expression was signi�cantly
increased in the shRNA NC + miR-27a-3p inhibitor group compared to that in the shRNA NC + inhibitor NC
group and in the HCP5 shRNA + inhibitor NC group compared to that in the shRNA NC + miR-27a-3p
inhibitor group (Fig. 4C, D). In contrast, PPARγ expression was signi�cantly reduced in the pcDNA3.1
vector + miR-27a-3p mimics group compared to that in the pcDNA3.1 vector + mimics NC group. However,
the inhibitory effect of miR-27a-3p was signi�cantly reduced following the upregulation of HCP5 as
demonstrated by the comparison between the pcDNA3.1-HCP5 + miR-27a-3p mimics group and the
pcDNA3.1 vector + miR-27a-3p mimics group (Fig. 4E, F). These results suggest that HCP5 acts as a
ceRNA for miR-27a-3p and uses this mechanism to modulate PPARγ expression.

We then validated this regulatory network by co-transfecting ADSCs with pcDNA3.1-HCP5 and PPARγ
siRNA and then staining each group of cells with oil-red O to observe the extent of adipogenic
differentiation. The number of adipogenic cells in the pcDNA3.1-HCP5 + PPARγ siRNA group was
signi�cantly lower than that in the pcDNA3.1-HCP5 + siRNA NC group (Fig. 4G, p<0.05), suggesting that
PPARγ knockdown markedly reduced the HCP5 overexpression-induced promotion of adipogenic
differentiation. These results support our hypothesis that HCP5 promotes ADSC adipogenic
differentiation by promoting the expression of PPARγ.

Discussion
Several recent studies have shown that lncRNAs play various essential regulatory roles in many diseases
and biological functions with many of the physiological activities of stem cells, including differentiation,
regulated by these transcripts [31]. Li et al. reported that MEG3 inhibits the adipogenic differentiation of
ADSCs and promotes their osteogenic differentiation [32], while Liu et al. reported that TINCR regulation
was critical to their adipogenic differentiation [33]. HCP5 expression was upregulated in response to
adipogenesis in ADSCs. Consequently we proposed that HCP5 is involved in the regulation of their
adipogenic differentiation. We validated this hypothesis in an overexpression experiment, which showed
that upregulation of HCP5 signi�cantly increased adipogenic differentiation in the ADSCs.
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We predicted that HCP5 could target miR-27a-3p, which is known to play a regulatory role in multiple
physiological processes [34, 35]. miR-27a-3p promotes the osteogenic differentiation of MC3T3-E1 cells
[36], and Shi et al. reported that miR-27a-3p is involved in adipogenic differentiation and obesity in
humans [37]. Our experiments revealed that adipogenesis decreased the expression of miR-27a-3p in
ADSCs. The result suggested the involvement of miR-27a-3p in regulating the adipogenic differentiation
of ADSCs and its downstream targets remained to be further explored. Our prediction experiments
showed that miR-27a-3p targeted PPARγ, which is a signi�cant regulator of adipogenesis [38, 39] and
whose levels were signi�cantly increased in our adipogenic induction assay. Transfection with an miR-
27a-3p mimic revealed that the expression of both HCP5 and PPARγ was inhibited by increased
expression of this miRNA, con�rming the likely interaction between these three effectors.

We then used overexpression and silencing assays to explore the regulatory effects of HCP5 on miR-27a-
3p and PPARγ. Our data revealed that miR-27a-3p expression was signi�cantly inhibited, and PPARγ
expression was induced in response to increased HCP5 expression. However, HCP5 silencing induced a
signi�cant increase in miR-27a-3p expression and a signi�cant decrease in PPARγ. This suggests that
miR-27a-3p expression is negatively correlated with HCP5, while PPARγ expression is positively correlated
with HCP5. We speculate that miR-27a-3p may be an intermediate mediator of HCP5 regulation of PPARγ.

Various recent studies have linked HCP5 to the regulation of various physiological activities such as
proliferation, migration, invasion, and EMT. Moreover, reports suggest that this regulation is mediated by
the fact that HCP5 acts as a gene sponge for effector miRNAs, thus regulating the expression of their
downstream targets [40]. We also found that silencing of HCP5 inhibited ADSCs adipogenic
differentiation, while knockdown of miR-27a-3p restored this adipogenic effect. Moreover, we found that
miR-27a-3p had an inhibitory effect on PPARγ expression, and that the overexpression of HCP5 restored
its expression, while miR-27a-3p knockdown induced a marked increase in PPARγ. However, this upward
trend was signi�cantly reduced when HCP5 expression was downregulated. This result con�rmed that the
competitive binding of HCP5 to miR-27a-3p regulates ADSCs adipogenic differentiation likely via changes
in its regulation of PPARγ.

To con�rm this, we then co-transfected ADSCs with pcDNA3.1-HCP5 (or pcDNA3.1 vector) and PPARγ
siRNA (or siRNA NC), which revealed a clear promoting effect for HCP5 during adipogenesis that was
signi�cantly reduced in cells with reduced PPARγ. This result con�rmed that HCP5 promotes
adipogenesis by promoting the expression of PPARγ.

Taken together, our data con�rm that HCP5 promotes adipogenic differentiation of ADSCs. Further
investigations of its mechanism revealed that HCP5 acts as a ceRNA for miR-27a-3p, competitively
inhibiting its expression and thereby regulating the expression of its downstream target gene, PPARγ.
Stem cell differentiation relies on a series of complex regulatory networks, but our study is the �rst to
identify the HCP5/miR-27a-3p/PPARγ axis, which may be a critical mechanism in the regulation of
adipogenic differentiation in ADSCs. Whether similar mechanisms exist in other stem cells remains to be
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evaluated. Alternatively, this study was only performed only at the cellular level, and the action process of
this mechanism in vivo still requires further experiments and validation.

Declarations

Funding
This research did not receive any speci�c grant from funding agencies in the public, commercial, or not-
for-pro�t sectors.

References
1. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD, Moorman MA, Simonetti DW,

Craig S, Marshak DR. Multilineage potential of adult human mesenchymal stem cells. Science. 1999
Apr 2;284(5411):143-7.

2. Mazo M, Hernández S, Gavira JJ, Abizanda G, Araña M, López-Martínez T, Moreno C, Merino J,
Martino-Rodríguez A, Uixeira A, García de Jalón JA, Pastrana J, Martínez-Caro D, Prósper F. Treatment
of reperfused ischemia with adipose- derived stem cells in a preclinical Swine model of myocardial
infarction. Cell Transplant. 2012;21(12):2723–33.

3. Wang Y, Zhao Z, Ren Z, Zhao B, Zhang L, Chen J, Xu W, Lu S, Zhao Q, Peng J. Recellularized nerve
allografts with differentiated mesenchymal stem cells promote peripheral nerve regeneration.
Neurosci Lett. 2012 Apr 11;514(1):96-101.

4. Constantin G, Marconi S, Rossi B, Angiari S, Calderan L, Anghileri E, Gini B, Bach SD, Martinello M,
Bifari F, Galiè M, Turano E, Budui S, Sbarbati A, Krampera M, Bonetti B. Adipose-derived
mesenchymal stem cells ameliorate chronic experimental autoimmune encephalomyelitis. Stem
Cells. 2009 Oct;27(10):2624–35.

5. Brown C, McKee C, Bakshi S, Walker K, Hakman E, Halassy S, Svinarich D, Dodds R, Govind CK,
Chaudhry GR. Mesenchymal stem cells: Cell therapy and regeneration potential. J Tissue Eng Regen
Med. 2019 Sep;13(9):1738–1755.

�. Rodríguez LV, Alfonso Z, Zhang R, Leung J, Wu B, Ignarro LJ. Clonogenic multipotent stem cells in
human adipose tissue differentiate into functional smooth muscle cells. Proc Natl Acad Sci U S A.
2006 Aug 8;103(32):12167-72.

7. Naderi N, Combellack EJ, Gri�n M, Sedaghati T, Javed M, Findlay MW, Wallace CG, Mosahebi A,
Butler PE, Seifalian AM, Whitaker IS. The regenerative role of adipose-derived stem cells (ADSC) in
plastic and reconstructive surgery. Int Wound J. 2017 Feb;14(1):112–124.

�. Ferrè F, Colantoni A, Helmer-Citterich M. Revealing protein-lncRNA interaction. Brief Bioinform. 2016
Jan;17(1):106–16.

9. Cao HL, Liu ZJ, Huang PL, Yue YL, Xi JN. lncRNA-RMRP promotes proliferation, migration and
invasion of bladder cancer via miR-206. Eur Rev Med Pharmacol Sci. 2019 Feb;23(3):1012–1021.



Page 11/17

10. Liao K, Xu J, Yang W, You X, Zhong Q, Wang X. The research progress of LncRNA involved in the
regulation of in�ammatory diseases. Mol Immunol. 2018 Sep;101:182–188.

11. Shi Y. MEG3 regulates apoptosis of adipose–derived stem cells. Mol Med Rep. 2020
Jun;21(6):2435–2442.

12. Sun X, Luo L, Li J. LncRNA MALAT1 facilitates BM-MSCs differentiation into endothelial cells via
targeting miR-206/VEGFA axis. Cell Cycle. 2020 Nov;19(22):3018–3028.

13. Gong ZM, Tang ZY, Sun XL. LncRNA PRNCR1 regulates CXCR4 expression to affect osteogenic
differentiation and contribute to osteolysis after hip replacement. Gene. 2018 Oct 5;673:251–261.

14. Chen Y, Zhang X, An Y, Liu B, Lu M. LncRNA HCP5 promotes cell proliferation and inhibits apoptosis
via miR-27a-3p/IGF-1 axis in human granulosa-like tumor cell line KGN. Mol Cell Endocrinol. 2020
Mar 1;503:110697.

15. Liang L, Xu J, Wang M, Xu G, Zhang N, Wang G, Zhao Y. LncRNA HCP5 promotes follicular thyroid
carcinoma progression via miRNAs sponge. Cell Death Dis. 2018 Mar 7;9(3):372.

1�. Wang X, Zhang X, Dang Y, Li D, Lu G, Chan WY, Leung PCK, Zhao S, Qin Y, Chen ZJ. Long noncoding
RNA HCP5 participates in premature ovarian insu�ciency by transcriptionally regulating MSH5 and
DNA damage repair via YB1. Nucleic Acids Res. 2020 May 7;48(8):4480-4491.

17. Jiang L, Wang R, Fang L, Ge X, Chen L, Zhou M, Zhou Y, Xiong W, Hu Y, Tang X, Li G, Li Z. HCP5 is a
SMAD3-responsive long non-coding RNA that promotes lung adenocarcinoma metastasis via miR-
203/SNAI axis. Theranostics. 2019 Apr 13;9(9):2460-2474.

1�. Yang C, Sun J, Liu W, Yang Y, Chu Z, Yang T, Gui Y, Wang D. Long noncoding RNA HCP5 contributes
to epithelial-mesenchymal transition in colorectal cancer through ZEB1 activation and interacting
with miR-139-5p. Am J Transl Res. 2019 Feb 15;11(2):953–963.

19. Chen H, Chen L. An integrated analysis of the competing endogenous RNA network and co-
expression network revealed seven hub long non-coding RNAs in osteoarthritis. Bone Joint Res. 2020
May 16;9(3):90–98.

20. Li X, Yang J, Liu D, Li J, Niu K, Feng S, Yokota H, Zhang P. Knee loading inhibits osteoclast lineage in
a mouse model of osteoarthritis. Sci Rep. 2016 Apr 18;6:24668.

21. Chen R, Xin G, Zhang X. Long non-coding RNA HCP5 serves as a ceRNA sponging miR-17-5p and
miR-27a/b to regulate the pathogenesis of childhood obesity via the MAPK signaling pathway. J
Pediatr Endocrinol Metab. 2019 Dec 18;32(12):1327–1339.

22. Zhang B, Pan X, Anderson TA. MicroRNA: a new player in stem cells. J Cell Physiol. 2006
Nov;209(2):266–9.

23. Lin Z, He H, Wang M, Liang J. MicroRNA-130a controls bone marrow mesenchymal stem cell
differentiation towards the osteoblastic and adipogenic fate. Cell Prolif. 2019 Nov;52(6):e12688.

24. Chen L, Cui J, Hou J, Long J, Li C, Liu L. A novel negative regulator of adipogenesis: microRNA-363.
Stem Cells. 2014 Feb;32(2):510–20.



Page 12/17

25. Kim SY, Kim AY, Lee HW, Son YH, Lee GY, Lee JW, Lee YS, Kim JB. miR-27a is a negative regulator of
adipocyte differentiation via suppressing PPARgamma expression. Biochem Biophys Res Commun.
2010 Feb 12;392(3):323-8.

2�. Guo L, Chen K, Yuan J, Huang P, Xu X, Li C, Qian N, Qi J, Shao Z, Deng L, He C, Xu J. Estrogen inhibits
osteoclasts formation and bone resorption via microRNA-27a targeting PPARγ and APC. J Cell
Physiol. 2018 Jan;234(1):581–594.

27. Brun RP, Tontonoz P, Forman BM, Ellis R, Chen J, Evans RM, Spiegelman BM. Differential activation
of adipogenesis by multiple PPAR isoforms. Genes Dev. 1996 Apr 15;10(8):974–84.

2�. Salmena L, Poliseno L, Tay Y, Kats L, Pandol� PP. A ceRNA hypothesis: the Rosetta Stone of a hidden
RNA language? Cell. 2011 Aug 5;146(3):353–8.

29. Tay Y, Rinn J, Pandol� PP. The multilayered complexity of ceRNA crosstalk and competition. Nature.
2014 Jan 16;505(7483):344–52.

30. Qi X, Zhang DH, Wu N, Xiao JH, Wang X, Ma W. ceRNA in cancer: possible functions and clinical
implications. J Med Genet. 2015 Oct;52(10):710–8.

31. Fatica A, Bozzoni I. Long non-coding RNAs: new players in cell differentiation and development. Nat
Rev Genet. 2014 Jan;15(1):7-21.

32. Li Z, Jin C, Chen S, Zheng Y, Huang Y, Jia L, Ge W, Zhou Y. Long non-coding RNA MEG3 inhibits
adipogenesis and promotes osteogenesis of human adipose-derived mesenchymal stem cells via
miR-140-5p. Mol Cell Biochem. 2017 Sep;433(1-2):51-60.

33. Liu Y, Wang Y, He X, Zhang S, Wang K, Wu H, Chen L. LncRNA TINCR/miR-31-5p/C/EBP-α feedback
loop modulates the adipogenic differentiation process in human adipose tissue-derived
mesenchymal stem cells. Stem Cell Res. 2018 Oct;32:35-42.

34. Choe N, Kwon DH, Ryu J, Shin S, Cho HJ, Joung H, Eom GH, Ahn Y, Park WJ, Nam KI, Kim YK, Kook H.
miR-27a-3p Targets ATF3 to Reduce Calcium Deposition in Vascular Smooth Muscle Cells. Mol Ther
Nucleic Acids. 2020 Sep 28;22:627-639.

35. Wu R, Zhao B, Ren X, Wu S, Liu M, Wang Z, Liu W. MiR-27a-3p Targeting GSK3β Promotes Triple-
Negative Breast Cancer Proliferation and Migration Through Wnt/β-Catenin Pathway. Cancer Manag
Res. 2020 Jul 24;12:6241-6249.

3�. Ren LR, Yao RB, Wang SY, Gong XD, Xu JT, Yang KS. MiR-27a-3p promotes the osteogenic
differentiation by activating CRY2/ERK1/2 axis. Mol Med. 2021 Apr 26;27(1):43.

37. Shi C, Huang F, Gu X, Zhang M, Wen J, Wang X, You L, Cui X, Ji C, Guo X. Adipogenic miRNA and
meta-signature miRNAs involved in human adipocyte differentiation and obesity. Oncotarget. 2016
Jun 28;7(26):40830-40845.

3�. Kim SY, Kim AY, Lee HW, Son YH, Lee GY, Lee JW, Lee YS, Kim JB. miR-27a is a negative regulator of
adipocyte differentiation via suppressing PPARgamma expression. Biochem Biophys Res Commun.
2010 Feb 12;392(3):323-8. doi: 10.1016/j.bbrc.2010.01.012. Epub 2010 Jan 7. PMID: 20060380.

39. Lehmann JM, Moore LB, Smith-Oliver TA, Wilkison WO, Willson TM, Kliewer SA. An antidiabetic
thiazolidinedione is a high a�nity ligand for peroxisome proliferator-activated receptor gamma



Page 13/17

(PPAR gamma). J Biol Chem. 1995 Jun 2;270(22):12953-6.

40. Zou Y, Chen B. Long non-coding RNA HCP5 in cancer. Clin Chim Acta. 2021 Jan;512:33-39.

Figures

Figure 1
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HCP5 promotes adipogenic differentiation in ADSCs

(A) Adipogenic-induced ADSCs were oil-red O stained and photographed at each induction time point (0,
2, 4, 6 and 8 days). (B) HCP5 expressions at each induction time point (0, 2, 4, 6 and 8 days) were
quanti�ed using qRT-PCR. (C) HCP5 expressions of transfected ADSCs (*p<0.05). (D) Adipogenic
differentiation of pcDNA3.1-HCP5 and NC group ADSCs was determined by oil-red O staining. 

Figure 2

Prediction and validation of the targeting effects of HCP5 and miR-27a-3p
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(A, B) The predicted binding sites of between HCP5 and miR-27-3p, PPARγ and miR-27-3p. The wild type
or mutant of HCP5 or PPARγ-3’UTR were instered into luciferase reporter vector, respectively, and then co-
transfected with miR-27a-3p mimic or NC. (C,D) The luciferase activities were detected after 48h
transfection (*p<0.05). (E) miR-27a-3p expressions at each induction time point (0, 2, 4, 6 and 8 days)
were quanti�ed using qRT-PCR. (F) PPARγ expressions at each induction time point (0, 2, 4, 6 and 8 days)
were detected by western blotting. (G, H) Expressions of miR-27a-3p and HCP5 were quanti�ed by qRT-
PCR, respectively, after miR-27a-3p mimics were transfected (*p<0.05). (I) Expressions of PPARγ were
detected by western blotting after miR-27a-3p mimics were transfected (*p<0.05).

Figure 3

HCP5 modulates the expression of miR-27a-3p and PPARγ

(A) Expressions of miR-27a-3p were quanti�ed by qRT-PCR after HCP5 shRNA were transfected (*p<0.05).
(B) Expressions of PPARγ were detected by western blotting after HCP5 shRNA were transfected
(*p<0.05). (C)Expressions of miR-27a-3p were quanti�ed by qRT-PCR after pcDNA3.1-HCP5 were
transfected (*p<0.05). (D) Expressions of PPARγ were detected by western blotting after pcDNA3.1-HCP5
were transfected (*p<0.05).
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Figure 4

HCP5 regulates adipogenic differentiation in ADSCs where it acts as a ceRNA 

ADSCs were co-transfected by the HCP5 shRNA (or shRNA NC) and miR-27a-3p inhibitor (or inhibitor NC)
or the HCP5 vector (or NC vector) and the miR-27a-3p mimics (or mimics NC). (A, B) Adipogenic
differentiation of ADSCs in each group was determined by oil-red O staining. Cells labeling PPARγ were
incubated with primary anti-PPARγ antibody followed by goat anti-rabbit IgG (FITC) secondary antibody
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(green). The nuclear counter stain was DAPI (blue). Primary anti-β tubulin antibody was followed by goat
anti-mouse IgG (DyLight549) secondary antibody (red). (C, E) Expression of PPARγ in each group was
detected by western blotting (*p<0.05). (D, F) Expression of PPARγ in each group was detected by
Immuno�uorescent analysis. (G) ADSCs were co-transfected by the HCP5 vector (or NC vector) and
PPARγ siRNAs (or siRNA NC) and oil-red O stained. 


