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INTRODUCTION 
 

Mesenchymal stem cells (MSCs) are the most 

promising cell types in bone regeneration and repair [1, 

2]. As an important source of MSCs, bone marrow-

derived mesenchymal stem cells (BM-MSCs) are 

pluripotent. They can differentiate into osteoblasts, 

chondrocytes and adipocytes [3, 4]. The osteogenic 

differentiation of BM-MSCs is generally under tightly 

spatiotemporal controls to maintain skeletal health [5, 

6]. However, the impaired osteogenic differentiation 

can lead to diseases such as osteoporosis. The 

osteogenic differentiation of BM-MSCs is regulated by 

many factors, however, its specific mechanism has not 

been fully elucidated yet. 

 

Long non-coding RNAs (lncRNAs) are a special type 

of RNA that does not encode proteins or only encodes 

a small amount of short peptides [7–10]. High-

throughput chips and sequencing technologies have 

identified a large number of lncRNAs from the human 

genome. Numerous studies have shown that lncRNA 
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ABSTRACT 
 

Background: lncRNA, a type of non-coding RNA, plays an important role in the osteogenic differentiation of bone 
marrow-derived mesenchymal stem cells (BM-MSCs). In this study, lncRNA and mRNA microarrays were 
performed to study the change of gene expression during osteogenic differentiation of BM-MSCs. We focused on 
Hedgehog interacting protein (HHIP), because HHIP mRNA and lncRNA HHIP-AS1 were gradually down-regulated 
on days 0, 7, and 14 during osteogenic differentiation. In addition, the gene coding lncRNA HHIP-AS1 is located on 
the anti-sense of Hhip gene, implying the potential interaction between lncRNA HHIP-AS1 and HHIP mRNA.  
Methods: BM-MSCs with over-expressed or silenced lncRNA HHIP-AS1 were constructed to explore the 
biological role of HHIP-AS1 in osteogenic differentiation. BM-MSCs were lysed to determine the alkaline 
phosphatase activity. Fluorescence in situ hybridization and immunofluorescence were performed to analyze 
HHIP-AS1, HHIP, RUNX2 and osteocalcin. 
Results: Overexpression of lncRNA HHIP-AS1 increased HHIP expression, which suppressed Hedgehog signaling 
pathway, as indicated by the reduction of SMO, Gli1 and Gli2. The suppression of Hedgehog signal was 
associated with the inhibited osteogenesis. HHIP knockdown abolished the suppression of osteogenesis 
induced by lncRNA HHIP-AS1 overexpression. Through binding to HHIP mRNA, lncRNA HHIP-AS1 recruited 
ELAVL1 to HHIP mRNA, whereby increasing the mRNA stability and the protein level.  
Conclusions: This study revealed that down-regulation of HHIP due to lncRNA HHIP-AS1 reduction promoted 
the osteogenic differentiation of BM-MSCs though removing the suppression of Hedgehog signal. 
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has a strong regulatory role in a variety of biological 

pathways [11, 12]. lncRNA has been reported as an 

important regulator of gene expression as lncRNAs 

interact with DNA, RNA and proteins [12]. At present, 

some studies have shown that lncRNA participates in 

the regulation of BM-MSCs differentiation [13, 14], 

but its molecular mechanism has not been extensively 

investigated. Previous study has revealed that lncRNA 

Hedgehog interacting protein-antisense (HHIP-AS1) is 

significantly down-regulated during osteogenic 

differentiation of BM-MSCs [2]. Interestingly, the gene 

encoding lncRNA HHIP-AS1 is located on the anti-

sense of Hhip gene, indicating the interaction between 

lncRNA HHIP-AS1 and HHIP mRNA through 

complementary base pairing. It has been found that 

lncRNAs can impact the mRNA stabilization when 

lncRNAs complementary binding to mRNAs [15]. 

Therefore, we speculated that the interaction between 

lncRNA HHIP-AS1 and HHIP mRNA also affect 

HHIP mRNA stability, degradation and expression 

level of HHIP mRNA in cells, but further verification 

is needed.  

 

Hedgehog interacting protein (HHIP) is known as a 

highly conserved, vertebrate-specific HH signaling 

inhibitor. HHIP interacts with all three HH family 

members, including Sonic Hedgehog (SHH), Indian 

Hedgehog (IHH), and Desert Hedgehog (DHH) in the 

cell membrane, resulting in the suppression of the HH 

pathway-specific receptor SMO [16–18]. GLI is a 

transcriptional factor activated by SMO, and mediates 

biological functions of the HH signaling pathway [19]. 

Since the HH signaling pathway is closely related to 

osteogenic differentiation [19, 20], HHIP may also 

participates in the regulation of osteogenic 

differentiation by inhibiting HH signal. 

 

As indicated by lncRNA and mRNA microarrays, both 

lncRNA HHIP-AS1 and HHIP mRNA were gradually 

down-regulated on day 0, 7, and 14 during osteogenic 

differentiation in vitro. We hypothesized that the down-

regulation of HHIP mRNA was related to lncRNA 

HHIP-AS1. The down-regulation of HHIP might further 

affect the osteogenic differentiation by regulating the 

HH signaling pathway. This study aims to test the 

hypothesis through in vitro studies. Our findings may 

provide new insights in the essential regulatory role of 

lncRNA HHIP-AS1 in skeletal health and diseases. 

 

MATERIALS AND METHODS 
 

BM-MSCs isolation and cell culture 

 

Human BM-MSCs were isolated from three 

premenopausal female patients (age:20~35) who 

received fracture surgeries at Hong Hui Hospital, Xi’an 

Jiaotong University College of Medicine (Xi’an, 

China). This study was approved by the Ethics 

committee and the informed consent was obtained from 

all subjects. The collected bone marrow samples were 

heparinized and mixed with phosphate-buffered saline 

(PBS) (GE Healthcare, Madison, WI, USA). After 

overlaying on Ficoll solution (1.077 g/mL), the re-

suspended cells were centrifugated at 1,000 g for 30 

min at room temperature to isolate mononuclear cells. 

BM-MSCs were cultured in α-minimal essential 

medium (α-MEM) supplemented with 15% fetal bovine 

serum (FBS) and 1% penicillin/streptomycin 

(Invitrogen, Carlsbad, CA, USA) in a 5% CO2 incubator 

at 37° C. Culture the cells in an incubator containing 

5% CO2 and 95% air at 37° C. After 48 h, the medium 

was changed to remove non-adherent cells. An 

additional 4 day-culture was performed by changing the 

medium until BM-MSCs were confluent. The cells were 

digested with 0.25% trypsin-EDTA (Invitrogen) and 

reseeded in 6-well plates (5 × 105 cells each well) or 12-

well plates (1 × 105 cells each well). 

 

Plasmid construction and transfection 

 

When the cells were seeded at 80% confluence, the 

third-passage BM-MSCs were transfected. siRNAs 

targeting HHIP-AS1 (si-HHIP-AS1), HHIP (si-HHIP), 

ELAVL1 (si-ELAVL1) or a control non-targeting 

siRNA (NC) (Santa Cruz, Tokyo, Japan) were 

transfected into BM-MSCs using Lipofectamine RNAi 

MAX reagent (Thermo Fisher Scientific, Waltham, 

MA, USA) as per the manufacturer’s procedure. To 

induce the overexpression of HHIP-AS1, the 

oligonucleotides of full-length HHIP-AS1 (HHIP-AS1), 

overlapping sequence between HHIP-AS1 and HHIP 

(HHIP-AS1 OL), and non-overlapping sequence 

between HHIP-AS1 and HHIP (HHIP-AS1 non-OL) 

from GenePharma (Shanghai, China) were transfected 

into BM-MSCs using Lipofectamine RNAi MAX 

reagent.  

 

Osteogenic differentiation of BM-MSCs 

 

For osteogenesis, the third-passage BM-MSCs were 

resuspended in α-MEM containing 15% FBS, 1% 

penicillin/streptomycin, 50 μg/mL ascorbic acid, 

10 mmol/L β-glycerophosphate, and 0.1 mM dexa-

methasone. The cells were plated in 6-well plates at a 

density of 5 × 105 cells per well. Cells were cultured at 

37° C in a 5% CO2 incubator for 2 weeks. 

 

After culturing in osteogenic medium for 14 days, BM-

MSCs were tested for alkaline phosphatase (ALP) 
activity and mineralization. To stain ALP, the cells were 

fixed in 4% polyoxymethylene for 15 min and incubated 

with 0.1 M Tris buffer (pH 9.3) containing 0.25% 
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naphthol AS-BI phosphate (Sigma-Aldrich, St Louis, 

MO, USA) and 0.75% Fast Blue BB (Sigma-Aldrich). 

The ALP activity was quantified using a commercial kit 

following the manufacturer’s protocol (Cell Biolab, San 

Diego, CA, USA). The optical density was measured at 

450 nm with a spectrophotometer (Thermo Fisher 

Scientific).  

 

For alizarin red staining, cells were fixed in 4% 

polyoxymethylene for 15 min and stained with 1% 

Alizarin red S (pH 4.2) (Sigma-Aldrich) for 5 min. The 

mineralized matrix stained with alizarin red were rinsed 

repeatedly with 10% cetylpyridinium chloride in 10 mM 

sodium phosphate (pH 7.0). With different calcium 

dilutions, a standard calcium curve was firstly 

developed using a spectrophotometer (Thermo Fisher 

Scientific) at 562 nm, and the calcium concentration in 

cells was then determined [21, 22]. The final calcium 

level in each group was normalized to the total protein 

concentration detected in the duplicate plate. 

 

Microarray and bioinformatics analysis 

 

The intersections of the element lists of BM-MSCs 

collected at day 0, 7 and 14 during the osteogenetic 

induction were calculated using the online tool 

BIOINFORMATICS and EVOLUTIONARY 

GENOMICS (http://bioinformatics.psb.ugent.be/ 

webtools/Venn/). IntaRNA algorithm was used to 

predict the targeting site between lncRNA HHIP-AS1 

and HHIP mRNA [23]. Gene ontology analysis was 

performed using Blast2GO (https://www.blast2go.com/) 

[24] to clarify the biological function of the 

differentially expressed lncRNAs. Meanwhile, the 

number of differential proteins was counted at the level 

of GO secondary function annotation. Through Fisher’s 

exact test (p < 0.05), GO functional enrichment analysis 

was performed to reveal the overall functional 

enrichment characteristics of all differentially expressed 

proteins and its significance level. Finally, the target 

GO entries were obtained. At day 7 or 14 of 

osteogenetic induction, the differentially expressed 

lncRNAs were identified when their down-regulated 

fold-change was less than 0.5 or the up-regulated fold-

change was greater than 2 (p-value < 0.05).  

 

Reverse transcription-quantitative PCR (RT-qPCR) 

 

Total RNA from the cells was extracted using Trizol 

(Invitrogen) according to the manual. RNA 

concentration was measured using a NanoDrop 2000 

(Thermo Fisher Scientific). cDNA was prepared using a 

PrimeScript RT reagent Kit (Takara, Tokyo, Japan) 
with gDNA eraser (Takara). The RT-qPCR to quantify 

HHIP-AS1 or HHIP was performed using SYBR 

Premix Ex Taq II (Takara) on the CFX96 real-time 

system (Bio-Rad, Hercules, CA, USA). The relative 

gene expression was normalized to β-actin using the 2-

ΔΔCt method. The specific primers used in this study 

include: HHIP Forward 5’-TACACTTGCCGAGGC 

CATATT-3’ and Reverse 5’-CCCACTCACAACCT 

CCTGAAT-3’; HHIP-AS1 Forward 5’-TCTTCTGCT 

CACACCACCAC-3’ and Reverse 5’-TGCCAGCTCA 

TACAAGATGC-3’; β-actin Forward 5’-CATGTAC 

GTTGCTATCCAGGC-3’ and Reverse 5’-CTCCTTA 

ATGTCACGCACGAT-3’. 

 

Western blot 

 

After 0-21 days of induction, cells were collected, 

rinsed in PBS, and then lysed in RIPA buffer (Pierce, 

Rockford, IL, USA) containing protease and 

phosphatase inhibitors cocktail on ice. Proteins in cell 

membrane and cytoplasm were extracted using 

Minute™ Plasma Membrane Protein Isolation and Cell 

Fractionation Kit (Beijing, China). The supernatants 

were collected and the protein content was determined 

using the Bradford Protein Assay Kit (Bio-Rad). A total 

of 30 µg protein was loaded onto the 10% sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE). The isolated proteins were electro-

transferred onto PVDF membranes (Millipore, Billerica, 

MA, USA). The membrane was sealed with 5% 

skimmed milk and then incubated with rabbit-derived 

antibodies against HHIP, RUNX2, osteocalcin (OCN), 

ALP, osteopontin (OPN), ATP1A1 and β-actin at a 

1:1,000 dilution in 5% fetal bovine serum (FBS) 

overnight at 4° C. All membranes were incubated with 

horseradish peroxidase-conjugated anti-rabbit 

secondary antibodies at a dilution of 1:3,000 for 30 min 

at room temperature. The protein bands were 

visualized with the Enhanced Chemiluminescence Kit 

(Millipore). Image J was used to digitize the protein 

signaling. β-actin was selected as a control for protein 

loading. 

 

RNA pull-down assay 

 

Bio (biotinylated)-NC, bio-HHIP-AS1 OL, bio-HHIP-

AS1 non-OL labelled with RNA Labeling Mix (Roche, 

Mannheim, Germany) in vitro were transfected into 

BMSCs. The cells were lysed for 1h and collected using 

streptavidin-coupled magnetic bead (Invitrogen). The 

protein-bio/RNA-magnetic bead complex was isolated 

using high salt elution. The protein-bio/RNA was 

extracted and purified with TRIzol Kit, followed by 

qRT-PCR of HHIP mRNA. 

 

RNA stability assay 

 

To measure the RNA stability, 5 g/ml actinomycin D 

(Sigma-Aldrich) was added to BM-MSCs to inhibit the 

http://bioinformatics.psb.ugent.be/webtools/Venn/
http://bioinformatics.psb.ugent.be/webtools/Venn/
https://www.blast2go.com/
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transcription. Cells were incubated for 0 h, 5 h, 10 h, 

and 15 h. At each time point, RNA was harvested and 

quantified by qRT-PCR as described above. Transcript 

levels were plotted by an appropriate nonlinear 

regression curves using a one phase decay equation. 

RNA decay rate constant (k) was calculated by fitting 

an exponential curve to the data set (y = a*e-kt; y is the 

relative amount of RNA, and t is time). The turnover 

rate of mRNA was estimated according to previous 

reference [25]. The half-life was then calculated 

according to the equation t1/2 = ln(2)/k(26). The 

normalizer transcript 18s rRNA that does not decay 

over the course was used as control. 

 

Immunofluorescence assay 

 

The cells were rinsed twice using sterilized PBS, and 

then fixed in 3.7% formaldehyde for 10 min. The 

coverslips were rinsed in pre-cold PBS and then 

permeabilized using 0.5% Triton X-100 at 0° C for 20 

min. Cells were incubated with primary antibodies 

against HHIP, RUNX2 or osteocalcin overnight at 4° C. 

The goat anti-rabbit IgG second antibody was used to 

probe the primary antibody for 1 h at room temperature. 

Cells were rinsed in PBS, counterstained with 4’,6-

diamidino-2-phenylindole (DAPI, 1: 1,000), and rinsed 

in 0.1% Triton X-100. ProLong™ Gold Antifade 

Mountant (Invitrogen) was used to protect fluorescent 

dyes from fading. The slides were examined on a 

DMI4000B confocal microscopy equipped with a 

camera (Leica, Wetzlar, Germany). 

 

Fluorescence in situ hybridization (FISH) analysis 

 

Probes for lncRNA HHIP-AS1 and U6 were 

synthesized by Biosearch Technologies (Novato, CA, 

USA). RNA hybridization was performed at 40° C for 4 

hrs, and mixed with 50 mL washing solution containing 

20 mmol Tris-HCl (pH 7.2), 900 mmol NaCl and 0.01% 

SDS. The mixture was incubated at 48° C for 30 min. 

Then 50 µL of DAPI (1: 1,000) was used to overlay the 

air-dried filters, and incubated for 5 min. The excessive 

DAPI stain was removed using 80% ethanol solution. 

The filters were observed by DMI4000B confocal 

microscopy. 

 

RNA-immunoprecipitation (RIP) assay 

 

RIP assay was performed in lncRNA HHIP-AS1-

overexpressed and silenced BM-MSCs and the control 

cells and using Magna RIP RNA-binding protein 

immunoprecipitation kit (Millipore) according to 

manufacturer’s instructions. RNA extracted from total 

cell lysates, and incubated with IgG (as a negative 

control) and anti-ELAVL1 antibody. The immuno-

precipitates were subjected to qPCR assay to determine 

the enrichments of HHIP-AS1 and HHIP mRNA in the 

immunoprecipitates. 

 

Statistical analysis 

 

All data were shown as means ± standard deviation 

(SD). IBM SPSS Statistics 21.0 (IBM, Armonk, NY, 

USA) was used to perform statistical analysis with One-

Way or Two-Way ANOVA corrected by Dunnett. P-

values less than 0.05 were considered as statistical 

significance. 

 

Availability of data and material 

 

The datasets generated/analyzed in the present study are 

available upon reasonable request from the 

corresponding author. 

 

RESULTS 
 

lncRNA HHIP-AS1 and HHIP are continuously 

down-regulated during osteogenic differentiation of 

BM-MSCs 

 

BM-MSCs were cultured in osteogenic medium and 

collected on day 0, 7 and 14 during osteogenic 

differentiation for high-throughput lncRNAs and 

mRNAs microarrays. A total of 125 lncRNAs were 

continuously up-regulated, while 129 lncRNAs were 

down-regulated (Figure 1A). There were 65 and 63 

genes were up-regulated and down-regulated, 

respectively (Figure 1B). The top 20 differentially 

expressed lncRNAs and mRNAs were marked in 

heatmaps (Figure 1C, 1D). The top down-regulated 

lncRNA was HHIP-AS1 during the osteogenic 

differentiation. Coincidentally, HHIP mRNA was the 

fifth most significantly down-regulated mRNA during 

the osteogenic differentiation. Results from FISH 

assay showed that lncRNA HHIP-AS1 was located in 

both nucleus and cytoplasm of BM-MSCs (Figure 1E). 

A U6 probe, in cell nucleus, was used as the positive 

control. We further examined the expression level of 

lncRNA HHIP-AS1 and HHIP at different time points 

(on days 0, 3, 7, 14, and 21) during osteogenic 

differentiation of BM-MSCs using PCR assay. The 

results confirmed that both were continuously down-

regulated at the mRNA level during osteogenic 

differentiation (Figure 1F, 1G). As indicated by 

western blot, HHIP protein level was gradually 

decreased during osteogenic differentiation. However, 

protein levels of RUNX2 and osteocalcin, the markers 

of osteogenic differentiation, were gradually increased 

(Figure 1H). The change was most obvious on day 7 

and 14, thus the following gene intervention 

experiments were performed on day 7 and 14 after the 

induction. 
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lncRNA HHIP-AS1 up-regulates HHIP and inhibits 

osteogenic differentiation of BM-MSCs 

 

As both HHIP-AS1 and HHIP were significantly down-

regulated, we aimed to further explore their roles in 

osteogenic differentiation of BM-MSCs. We found that 

the first exon of HHIP-AS1 gene is completely 

complementary to the 1-24 bp region of the first exon of 

Hhip gene (Figure 2A). We constructed HHIP-AS1-

silenced and HHIP-AS1-overexpressed BM-MSCs (P < 

0.01, or P < 0.0001, Figure 2B). Through FISH and 

immunofluorescence assays, we observed that lncRNA 

HHIP-AS1 deficiency was associated with less HHIP 

protein, while HHIP-AS1 overexpression was observed 

with more HHIP (Figure 2C). We further performed 

PCR and western blot to quantify HHIP mRNA and 

protein levels after lncRNA HHIP-AS1 knockdown and 

overexpression. lncRNA HHIP-AS1 overexpression 

increased HHIP mRNA and protein on day 7 and 14 (P 

< 0.05, P < 0.001, P < 0.0001, Figure 2D, 2E).

 

 
 

Figure 1. lncRNA HHIP-AS1 and HHIP are continuously down-regulated during osteogenic differentiation of BM-MSCs. Up-

regulated or down-regulated (A) lncRNAs and (B) mRNAs were analyzed by Venn diagram during osteogenic differentiation at days 0, 7 and 
14 of osteogenic differentiation of BM-MSCs. Heatmap of (C) lncRNA and (D) mRNA changes at days 0, 7 and 14 of osteogenic differentiation 
of BM-MSCs. (E) FISH showing that lncRNA HHIP-AS1 was expressed in the nucleus and cytoplasm of BM-MSCs at day 7 of osteogenic 
differentiation of BM-MSCs. mRNA expression level of (F) lncRNA HHIP-AS1 and (G) HHIP during osteogenic differentiation. (H) Protein 
expression level of HHIP, RUNX2, and osteocalcin during osteogenic differentiation of BM-MSCs. The histogram data for each group are the 
average of three independent replicates; bars represent standard deviation; *P < 0.05, **P < 0.01, ***P < 0.001; Scale bar = 10 µm. 
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Figure 2. lncRNA HHIP-AS1 up-regulates HHIP expression and inhibits osteogenic differentiation of BM-MSCs. (A) The 

complementary sequence of the first exon of HHIP-AS1 and the first exon of HHIP. (B) lncRNA HHIP-AS1 in si-HHIP-AS1 or HHIP-AS1 
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transfected BM-MSCs was detected by PCR. (C) Fluorescence images of lncRNA HHIP-AS1 (Red), HHIP protein (Green) and DAPI (Blue) in BM-
MSCs transfected with NC, si-HHIP-AS1 and HHIP-AS1. (D) HHIP mRNA in si-HHIP-AS1 or HHIP-AS1 transfected BM-MSCs detected by PCR. (E) 
HHIP protein in cell or in cell fractions of cytoplasm and cell membrane was detected by western blot after overexpression or knockdown of 
lncRNA HHIP-AS1. (F) RUNX2 and OCN as well as (G) ALP and OPN protein levels in cells were detected by western blot after overexpression 
or knockdown of lncRNA HHIP-AS1. (H) ALP and (I) alizarin red staining after 14 days of osteogenic induction of BM-MSCs. The histogram data 
for each group are the average of three independent replicates; bars represent standard deviation; *P < 0.05, **P < 0.01, ***P < 0.001, ****P 
< 0.0001. Scale bar = 10 µm. Note: Protein levels in lncRNA HHIP-AS1 knockdown and overexpression groups on day 7 were compared to 
those in NC groups on day7. Similarly, protein levels in lncRNA HHIP-AS1 knockdown and overexpression groups on day 14 were compared to 
those in NC groups on day14. 

 

Interestingly, knockdown of lncRNA HHIP-AS1 had a 

moderate effect on the HHIP protein in the cells and 

cytoplasm, but caused a notable reduction of HHIP 

protein in the cell membrane (P < 0.05, P < 0.001, 

Figure 2E). lncRNA HHIP-AS1 overexpression 

increased HHIP protein in the cells and the cell 

membrane, but had no effect on HHIP protein in the 

cytoplasm. After knocking down lncRNA HHIP-AS1 in 

BM-MSCs, the protein levels of RUNX2 increased on 

days 7 and 14, while other markers of osteogenic 

differentiation, including OCN, ALP and OPN were 

only increased on day 14 (Figure 2F, 2G). BM-MSCs 

overexpressing lncRNA HHIP-AS1 showed the 

reduction of RUNX2 and OCN on day 14 and of ALP 

on days 7 and 14 (P < 0.05, P < 0.001). HHIP-AS1 

overexpression inhibited ALP activity and calcium 

mineralization in BM-MSCs (P < 0.01, P < 0.001) 

while HHIP-AS1 deficiency enhanced ALP activity and 

calcium mineralization, suggesting that lncRNA HHIP-

AS1 overexpression blocks osteogenic differentiation of 

BM-MSCs (Figure 2H, 2I). In summary, lncRNA 

HHIP-AS1 overexpression inhibits osteogenic 

differentiation of BM-MSCs, and the biological role of 

lncRNA HHIP-AS1 may be associated with HHIP. 

 
HHIP protein inhibits osteogenic differentiation of 

BM-MSCs 

 

To understand the role of HHIP in osteogenic 

differentiation of BM-MSCs, we constructed HHIP-

silenced and HHIP -overexpressed BM-MSCs. HHIP 

overexpression decreased protein levels of RUNX2, 

OCN, ALP and OPN on day 14, while HHIP 

knockdown increased the protein levels of RUNX2, 

OCN, ALP and OPN (P < 0.001, Figure 3A). HHIP 

overexpression inhibited ALP activity and calcium 

mineralization in BM-MSCs, while HHIP depletion 

increased ALP activity and calcium mineralization (P < 

0.001, Figure 3B, 3C). 

 

lncRNA HHIP-AS1 inhibits osteogenic differentiation 

of BM-MSCs by increasing HHIP RNA stability 

 

It has been reported that lncRNA antisense can form 

complementary RNA duplex with the target sense gene 

and increase target gene stability and its expression [15]. 

As predicted using IntaRNA algorithm, lncRNA HHIP-

AS1 shared the complementary sequence with the first 

exon of HHIP. Then we constructed the recombinant 

plasmids carrying the overlapping or non-overlapping 

sequences of lncRNA HHIP-AS1 and HHIP. Results 

from qRT-PCR analysis showed that HHIP-AS1 OL, but 

not HHIP-AS1 non-OL, contributed to a significant 

increase in HHIP transcription (P < 0.001) (Figure 4A). 

The RNA pull-down experiment confirmed that the 

overlapping regions of lncRNA HHIP-AS1 and HHIP 

mRNA can be complementarily combined (P < 0.001) 

(Figure 4B). The results of RNA stability experiments 

showed that the half-life of HHIP was significantly 

prolonged and the stability was increased after 

overexpression of the overlap region of HHIP-AS1  

(P < 0.05) (Figure 4C). These data suggested  

that lncRNA HHIP-AS1 binds to HHIP mRNA, 

leading to increased stability of HHIP mRNA. To 

understand how lncRNA HHIP-AS1 enhances HHIP 

mRNA stability, we searched the RBP (RNA-binding 

protein) in lncRNA HHIP-AS1 through the web 

(http://rbpdb.ccbr.utoronto.ca//index.php). The web 

showed a few of RBPs binding to lncRNA HHIP-AS1 

(shown in Supplementary File 1). Among the RBPs, we 

focused on ELAVL1 (also termed as HuR), because it 

has been confirmed to enhance mRNA stability. The 

interaction between lncRNA HHIP-AS1 and 

Supplementary File 1 ELAVL1 was further identified by 

using the web (http://pridb.gdcb.iastate.edu/RPISeq/#) 

(shown in Supplementary File 1). Using the web 

(http://service.tartaglialab.com/page/catrapid_group), we 

found that ELAVL1 has high affinity to the lncRNA 

HHIP-AS1, especially within the region that is 

complementary with HHIP mRNA (Figure 4D, 4E and 

the Supplementary File 1). Through RIP assay, we 

found that HHIP-AS1 overexpression increased the 

abundance of HHIP mRNA in ELAVL1 protein, while 

silencing lncRNA HHIP-AS1 decreased the abundance 

of HHIP mRNA in ELAVL1 protein (P < 0.01) 

(Figure 4F). Overexpression lncRNA HHIP-AS1 

enhanced the HHIP mRNA stability, however 

silencing ELAVL1 abolished the effect of lncRNA 

HHIP-AS1 (Figure 4G).  

 

Western blot results showed that lncRNA HHIP-AS1 

OL increased HHIP protein (P < 0.001), but decreased 

http://rbpdb.ccbr.utoronto.ca/index.php
http://pridb.gdcb.iastate.edu/RPISeq/
http://service.tartaglialab.com/page/catrapid_group
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RUNX2, OCN, ALP and OPN proteins (P < 0.001) 

(Figure 5A). Immunofluorescence results showed that 

lncRNA HHIP-AS1 OL instead of HHIP-AS1 non-OL 

decreased the accumulation of RUNX and osteocalcin 

in both nucleus and cytoplasm (Figure 5B). ALP and 

alizarin red staining results indicated that the 

osteoblastic differentiation of BMSCs was suppressed 

after overexpression of lncRNA HHIP-AS1 OL, but 

was not lncRNA HHIP-AS1 non-OL (Figure 5C, 5D). 

These results indicated that lncRNA HHIP-AS1 inhibits 

osteogenic differentiation of BM-MSCs by increasing 

HHIP RNA stability through recruiting ELAVL1. 

lncRNA HHIP-AS1 inhibits osteogenic differentiation 

of BM-MSCs by inhibiting Hedgehog signaling path-

way 

 

To further explore the signaling pathway downstream of 

lncRNA HHIP-AS1/HHIP, we analyzed the microarray 

results in depth. GO enrichment results showed that as 

osteogenic differentiation progressed, the smoothened 

signaling pathway (hedgehog signaling pathway) 

became more active (Figure 6A). Volcanic map showed 

that HHIP was down-regulated during osteogenic 

differentiation of BM-MSCs (Figure 6B, 6C). 

 

 
 

Figure 3. HHIP protein inhibits osteogenic differentiation of BM-MSCs. (A) We constructed HHIP-silenced (si-HHIP) and HHIP-
overexpressed (HHIP) BM-MSCs. RUNX2, OCN, ALP and OPN protein levels were detected after 14 days of osteogenic induction of the BM-
MSCs. (B) ALP and (C) alizarin red staining after 14 days of osteogenic induction of BM-MSCs. *P < 0.05, **P < 0.01, ***P < 0.001.  



www.aging-us.com 8847 AGING 

Meanwhile, the key molecules of hedgehog signaling 

pathways SMO, Gli1 and Gli2 were continuously up-

regulated (Figure 6B, 6C). The above analysis implied 

that HHIP might inhibit osteogenic differentiation by 

regulating the hedgehog signaling pathway. The results 

of western blot showed that the expression of HHIP was 

increased after overexpression of lncRNA HHIP-AS1, 

and Gli1, Gli2, RUNX2 and osteocalcin were 

 

 
 

Figure 4. lncRNA HHIP-AS1 increases HHIP mRNA stability by ELAVL1. (A) BM-MSCs transfected with overlapping sequence or non-

overlapping sequence of lncRNA HHIP-AS1 and HHIP mRNA were analyzed by PCR. (B) qPCR validation of HHIP enrichment versus input after 
RNA pull down by two different specific probes (Bio-HHIP-AS1 OL and Bio-HHIP-AS1 non-OL) as compared to a non-specific one (Bio-NC) in 
BM-MSCs. (C) Measurement of the stability of HHIP mRNA by RT-qPCR in the presence of transcriptional inhibitor (actinomycin D) at the 
indicated time as compared to an internal control 18S rRNA. (D, E) Using the web (http://service.tartaglialab.com/page/catrapid_group), we 
found that ELAVL1 has high affinity to the lncRNA HHIP-AS1, especially with the region that is complementary with HHIP mRNA. (F) RIP assay 
was performed in lncRNA HHIP-AS1-overexpressed and silenced BM-MSCs and the control cells. The qPCR assay was further performed to 
determine the enrichments of HHIP-AS1 and HHIP mRNA in ELAVL1 protein. IgG is as a negative control. (G) BM-MSCs were transfected with 
lncRNA HHIP-AS1 overexpression vector alone or in combination with ELAVL1 siRNA. Measurement of the stability of HHIP mRNA by RT-qPCR 
in the presence of transcriptional inhibitor (actinomycin D) at the indicated time as compared to an internal control 18S rRNA. The histogram 
data for each group are the average of three independent replicates; bars represent standard deviation; *P < 0.05, **P < 0.01 and ***P < 
0.001 vs. NC or BM-MSCs without transfection; #P < 0.01 vs. BM-MSCs transfected with lncRNA HHIP-AS1 overexpression vector. 

http://service.tartaglialab.com/page/catrapid_group
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significantly decreased, while these effects caused by 

lncRNA HHIP-AS1 overexpression was reversed after 

knockdown of HHIP. PF-5274857 (a potent and 

selective antagonist that can inhibit the Hedgehog 

signaling pathway) [26] further abolished the effects 

conferred by HHIP knockdown (Figure 6D). ALP and 

alizarin red staining results showed the osteoblastic 

differentiation of BM-MSCs was suppressed with 

lncRNA HHIP-AS1 overexpression, but the effect by 

lncRNA HHIP-AS1 was reversed by HHIP knockdown 

 

 
 

Figure 5. HHIP-AS1 OL inhibits osteogenic differentiation of BM-MSCs by HHIP. (A) HHIP, RUNX2, OCN, ALP and OPN protein 

expression level after overexpression lncRNA HHIP-AS1 OL or non OL by western blot. (B) Immunofluorescence images of RUNX2 (red), 
osteocalcin (Green), and DAPI (Blue) in BM-MSCs transfected with NC, HHIP-AS1 OL, or HHIP-AS1 non-OL. (C) ALP and (D) alizarin red staining 
after 14 days of osteogenic induction of BM-MSCs. The histogram data for each group are the average of three independent replicates; bars 
represent standard deviation; *P < 0.05, ***P < 0.001; Scale bar = 10 µm. 
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(Figure 6E, 6F). PF-5274857 conversely abolished the 

effect caused by HHIP knockdown. These results 

indicated that lncRNA HHIP-AS1/HHIP may inhibit 

osteogenic differentiation of BM-MSCs by regulating 

Hedgehog signaling pathway. 

DISCUSSION 
 

Some studies have reported the functions of lncRNA in 

osteogenic differentiation of mesenchymal stem cells 

[27, 28]. It is found that lncRNA HOTAIRM1

 

 
 

Figure 6. lncRNA HHIP-AS1 inhibits osteogenic differentiation of BM-MSCs by inhibiting Hedgehog signaling pathway. (A) 
Functional annotation of BM-MSCs lncRNAs at days 0, 7, and 14 of osteogenic differentiation by GO enrichment analysis based on the data 
obtained from Microarray analysis. (B, C) Volcano plot of the up-regulated lncRNAs (Red) and down-regulated lncRNAs (Green). (D) Protein 
expression of HHIP, Gli1, Gli2, RUNX2, and osteocalcin in BM-MSCs transfected with HHIP-AS1 or si-HHIP and treated with PF-5274857. (E) 
ALP and (F) alizarin red staining after 14 days of osteogenic induction of BM-MSCs. The histogram data for each group are the average of 
three independent replicates; bars represent standard deviation; ***P < 0.001. 
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functions as a critical regulator to promote osteogenesis 

of MSCs. The loss of HOTAIRM1 significantly inhibits 

the calcium deposition and ALP activity of MSCs [14]. 

Additionally, lncRNA SNHG1 regulates the p38 MAPK 

pathway through Nedd4, and inhibits the osteogenic 

differentiation of BM-MSCs [13]. However, the role of 

lncRNA HHIP-AS1 in osteogenic differentiation of 

BM-MSCs has not been fully studied. Our study found 

that lncRNA HHIP-AS1/HHIP inhibits osteogenic 

differentiation of BM-MSCs by inhibiting the 

Hedgehog signaling pathway for the first time. 

 

BM-MCSs are progenitor cells of osteoblasts in bone 

marrow. We performed high-throughput microarray on 

day 0, 7 and 14 after induction of osteogenic 

differentiation. The results showed that the expression 

pattern of lncRNAs and mRNAs were extensively 

altered during osteogenic differentiation. Whole 

genome expression analysis has revealed that the 

differentially expressed genes in MSCs involve in 

skeletal development and bone formation [29]. Among 

the differentially expressed lncRNAs, lncRNA HHIP- 

AS1 had the most significant down-regulation during 

osteogenic differentiation. A previous study also 

reported the down-regulation of lncRNA HHIP-AS1 

during osteogenic differentiation, but they did not 

further explore the role of HHIP-AS1 in osteogenic 

differentiation of BM-MSCs [2]. Apart from lncRNA 

HHIP-AS1, HHIP also showed dramatic reduction 

during osteogenic differentiation in our study. 

Furthermore, we confirmed that the reduction of HHIP 

was associated with lncRNA HHIP-AS1.  

 

This study revealed an important molecular mechanism 

by which lncRNA HHIP-AS1 positively regulated the 

HHIP expression. We found that lncRNA HHIP-AS1 

bound to HHIP mRNA through complementary base 

pairing. This interaction enhanced the stability of HHIP 

mRNA, whereby increasing the HHIP expression. It is 

known that some mRNAs are degraded before 

translation, resulting in the reduced protein levels. It is 

reported in more studies that the interaction between 

lncRNA and mRNA enhances the stability mRNA, 

resulting in higher protein levels. Zhang et al., found 

that lncRNA DSCAM-AS1 binding to dCTP 

pyrophosphatase 1 (DCTPP1) mRNA increased the 

stability and the DCTPP1 protein level. By increasing 

DCTPP1, lncRNA DSCAM-AS1 plays an important 

role in the development of breast cancer [30]. Similar 

molecular mechanism was also reported in the 

interaction between lncRNA PXN-AS1-L and SAPCD2 

[31]. In this study, the overexpression of lncRNA 

HHIP-AS1 indeed increased the HHIP expression. 
However, lncRNA HHIP-AS1 knockdown only 

decreased HHIP protein level in cell membrane, but not 

in the whole cells. We propose other mechanisms that 

lncRNA HHIP-AS1 also affects the distribution of 

HHIP protein in cell fraction.  

 

This study further revealed that lncRNA HHIP-AS1 

enhances HHIP mRNA stability by recruiting ELAVL1. 

ELAVL1, also known as HuR, plays a role in 

stabilizing mRNA, thus it has been implicated in a 

variety of biological processes as well as diseases. For 

example, HuR is increased in human or mouse fibrotic 

livers. HuR promotes the migration of BMSCs by 

increasing S1PR3 mRNA stability and expression, 

which may affect liver fibrosis [32]. With the help of 

HuR, lncRNA EGFR-AS1 enhances the mRNA 

stability of epidermal growth factor receptor. As the 

result, lncRNA EGFR-AS1 promotes cell growth and 

metastasis in renal cancer [33]. Our study found that 

knockdown ELAVL1 abolished the effect of lncRNA 

HHIP-AS1 on enhancing HHIP mRNA stability, 

suggesting that ELAVL1 is implicated in the regulatory 

effect of lncRNA HHIP-AS1 on HHIP mRNA stability. 
 

The critical function of Hedgehog signaling in bone 

formation has been identified in many studies in the 

past two decades [34–36]. The most important 

upstream proteins in the Hedgehog signaling pathway 

include SHH, IHH and DHH. In the early stage of 

development, SHH regulates the patterning and growth 

[18, 19]. IHH functions later during endochondral bone 

formation in limb development. The expression of 

HHIP is induced by the Hedgehog signaling pathway. 

When the HH signaling pathway is over-activated, the 

up-regulation of HHIP inhibits the activity of 

Hedgehog signaling pathway and results in a negative 

feedback regulation. HHIP binds with SHH in cell 

membrane and blocks the activation of the Hedgehog 

signaling pathway [37]. In the present study, we found 

that the downstream molecules of Hedgehog signaling 

pathway, Gli1 and Gli2, were down-regulated after the 

overexpression of lncRNA HHIP-AS1, which 

suppressed the osteogenic differentiation of BM-MSCs. 

However, silencing HHIP blocked the effects of 

lncRNA HHIP-AS1. Blockage of Hedgehog signaling 

pathway by PF-5274857 further abolished the effect of 

HHIP knockdown on lncRNA HHIP-AS1 function in 

osteogenic differentiation. All these results suggested 

that lncRNA HHIP-AS1 suppressed osteogenic 

differentiation of BM-MSCs by up-regulating HHIP to 

suppress Hedgehog signal. 
 

It is reported that activation of Hedgehog signal 

suppressed osteogenic differentiation of human 

multipotent adipose-derived stem cells (hMADS) [38]. 

It is possible that Hedgehog signal plays different roles 

in osteogenic differentiation between BM-MSCs and 

hMADS. Previous study shows that the osteogenic 

differentiation of hMADS is primarily dependent on 
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the method of PCR [38], but mRNA levels do not 

always reflect the protein levels. Therefore, the role of 

Hedgehog signal in osteogenic differentiation of 

hMADS requires further verification.  

 

The shortcoming of this study is that there is no animal 

experiment to verify the results from the cell study. In 

the cell study, we revealed that the reduced lncRNA 

HHIP-AS1 during osteogenic differentiation process 

plays an important role in osteogenic differentiation of 

stem cell, because lncRNA HHIP-AS1 stabilized HHIP 

RNA by ELAVL1 and thus promoted HHIP protein 

levels, which suppressed osteogenic differentiation of 

BM-MSCs by inhibiting Hedgehog signal. The 

schematic diagram is shown in Figure 7. Aging related 

diseases include osteoporosis, diabetes and degenerative 

arthritis. Osteoporosis can lead to brittle bones and 

increase the risk of fracture. Among various treatment 

methods, stem cell transplantation has attracted much 

attention. Mesenchymal stem cells have become 

promising candidates for regenerative medicine to 

repair non-healing bone defects due to their availability. 

However, the limited osteogenic differentiation 

potential has greatly hindered the clinical application of 

mesenchymal stem cells in bone repair. Our study 

indicates that intervening the expression of lncRNA 

HHIP-AS1 and HHIP in mesenchymal stem cells can 

promote osteogenic differentiation, and provides a 

possible target and theoretical basis for stem cells to 

treat the above diseases. 

 

In summary, we investigated the role of lncRNA HHIP-

AS1 in osteogenic differentiation. Our findings showed 

that overexpression of lncRNA HHIP-AS1 increased 

 

 
 

Figure 7. The schematic diagram of lncRNA HHIP-AS1/HHIP modulating osteogenic differentiation of BM-MSCs. lncRNA HHIP-

AS1 bound to HHIP mRNA through complementary base pairing. This interaction increased ELAVL1 binding to HHIP mRNA and thus improved 
the mRNA stability and expression. HHIP protein can binds to SHH, which suppresses the activation of SMO by SHH. As the result, osteogenic 
differentiation of BM-MSCs induced by Hedgehog signal is suppressed. 
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HHIP protein level by ELAVL1 and then suppressed 

Hedgehog signal, resulting the inhibition of osteogenic 

differentiation of BM-MSCs.  

 

Abbreviations 
 

MSCs: mesenchymal stem cells; BM-MSCs: bone 

marrow-derived mesenchymal stem cells; HHIP: 

Hedgehog interacting protein; lncRNAs: long non-coding 

RNAs; SHH: Sonic hedgehog; IHH: Indian hedgehog; 

DHH: Desert hedgehog; PBS: phosphate-buffered saline; 

α-MEM: α-minimal essential medium; FBS: fetal bovine 

serum; DCTPP1: dCTP pyrophosphatase 1. 

 

AUTHOR CONTRIBUTIONS 
 

Xin-Hua Yin, Xiao-Yuan Wang, Shi-Chang Liu, and 

Liang Yan conceived and designed the study. Bao-

Rong He, Xin-Hua Yin, Shi-Chang Liu, and Liang 

Yan performed experiments. Ding-Jun Hao and Ming 

Yang interpreted the data. Zhong-Kai Liu analyzed the 

data and wrote the manuscript. All authors reviewed the 

results and approved the final version of the manuscript. 

 

ACKNOWLEDGMENTS 
 

We would like to acknowledge the helpful comments on 

this article received from our reviewers. 

 

CONFLICTS OF INTEREST 
 

The authors declare that they have no conflicts of interest. 

 

ETHICAL STATEMENT AND CONSENT 
 

Human BM-MSCs were isolated from three 

premenopausal female patients receiving fracture 

surgeries at Hong Hui Hospital, Xi’an Jiaotong University 

College of Medicine (Xi’an, China). The procedure was 

approved by the Ethics committee (No.202005004) and 

the informed consent was obtained from all subjects. 

 

FUNDING 
 

This publication was funded by Natural Science 

Foundation of the Department of Science and 

Technology of Shan Xi province (2019JM-200); Social 

Development Science Foundation of the Department of 

Science and Technology of ShanXi province (2021SF-

248). 

 

Editorial note 

&This corresponding author has a verified history of 

publications using a personal email address for 

correspondence. 

REFERENCES 
 

1. Yousefi AM, James PF, Akbarzadeh R, Subramanian A, 
Flavin C, Oudadesse H. Prospect of Stem Cells in Bone 
Tissue Engineering: A Review. Stem Cells Int. 2016; 
2016:6180487. 

 https://doi.org/10.1155/2016/6180487 
PMID:26880976 

2. Zhang W, Dong R, Diao S, Du J, Fan Z, Wang F. 
Differential long noncoding RNA/mRNA expression 
profiling and functional network analysis during 
osteogenic differentiation of human bone marrow 
mesenchymal stem cells. Stem Cell Res Ther. 2017; 
8:30. 

 https://doi.org/10.1186/s13287-017-0485-6 
PMID:28173844 

3. Freitas GP, Souza ATP, Lopes HB, Trevisan RLB, Oliveira 
FS, Fernandes RR, Ferreira FU, Ros FA, Beloti MM, Rosa 
AL. Mesenchymal Stromal Cells Derived from Bone 
Marrow and Adipose Tissue: Isolation, Culture, 
Characterization and Differentiation. Bio Protoc. 2020; 
10:e3534. 

 https://doi.org/10.21769/BioProtoc.3534 
PMID:33654758 

4. Cong Q, Jia H, Biswas S, Li P, Qiu S, Deng Q, Guo X, Ma 
G, Ling Chau JF, Wang Y, Zhang ZL, Jiang X, Liu H, Li B. 
p38α MAPK Regulates Lineage Commitment and OPG 
Synthesis of Bone Marrow Stromal Cells to Prevent 
Bone Loss under Physiological and Pathological 
Conditions. Stem Cell Reports. 2016; 6:566–78. 

 https://doi.org/10.1016/j.stemcr.2016.02.001 
PMID:26947973 

5. Liu C, Liu AS, Zhong D, Wang CG, Yu M, Zhang HW, Xiao 
H, Liu JH, Zhang J, Yin K. Circular RNA AFF4 modulates 
osteogenic differentiation in BM-MSCs by activating 
SMAD1/5 pathway through miR-135a-5p/FNDC5/Irisin 
axis. Cell Death Dis. 2021; 12:631. 

 https://doi.org/10.1038/s41419-021-03877-4 
PMID:34145212 

6. Papadogiannis F, Batsali A, Klontzas ME, Karabela M, 
Georgopoulou A, Mantalaris A, Zafeiropoulos NE, 
Chatzinikolaidou M, Pontikoglou C. Osteogenic 
differentiation of bone marrow mesenchymal stem 
cells on chitosan/gelatin scaffolds: gene expression 
profile and mechanical analysis. Biomed Mater. 2020; 
15:064101. 

 https://doi.org/10.1088/1748-605X/aba325 
PMID:32629436 

7. Iyer MK, Niknafs YS, Malik R, Singhal U, Sahu A, Hosono 
Y, Barrette TR, Prensner JR, Evans JR, Zhao S, Poliakov 
A, Cao X, Dhanasekaran SM, et al. The landscape of 
long noncoding RNAs in the human transcriptome. Nat 
Genet. 2015; 47:199–208. 

https://doi.org/10.1155/2016/6180487
https://pubmed.ncbi.nlm.nih.gov/26880976
https://doi.org/10.1186/s13287-017-0485-6
https://pubmed.ncbi.nlm.nih.gov/28173844
https://doi.org/10.21769/BioProtoc.3534
https://pubmed.ncbi.nlm.nih.gov/33654758
https://doi.org/10.1016/j.stemcr.2016.02.001
https://pubmed.ncbi.nlm.nih.gov/26947973
https://doi.org/10.1038/s41419-021-03877-4
https://pubmed.ncbi.nlm.nih.gov/34145212
https://doi.org/10.1088/1748-605X/aba325
https://pubmed.ncbi.nlm.nih.gov/32629436


www.aging-us.com 8853 AGING 

 https://doi.org/10.1038/ng.3192  
PMID:25599403 

8. Necsulea A, Soumillon M, Warnefors M, Liechti A, 
Daish T, Zeller U, Baker JC, Grützner F, Kaessmann H. 
The evolution of lncRNA repertoires and expression 
patterns in tetrapods. Nature. 2014; 505:635–40. 

 https://doi.org/10.1038/nature12943 PMID:24463510 

9. Guttman M, Amit I, Garber M, French C, Lin MF, 
Feldser D, Huarte M, Zuk O, Carey BW, Cassady JP, 
Cabili MN, Jaenisch R, Mikkelsen TS, et al. Chromatin 
signature reveals over a thousand highly conserved 
large non-coding RNAs in mammals. Nature. 2009; 
458:223–7. 

 https://doi.org/10.1038/nature07672 PMID:19182780 

10. Yan X, Hu Z, Feng Y, Hu X, Yuan J, Zhao SD, Zhang Y, 
Yang L, Shan W, He Q, Fan L, Kandalaft LE, Tanyi JL, et 
al. Comprehensive Genomic Characterization of Long 
Non-coding RNAs across Human Cancers. Cancer Cell. 
2015; 28:529–40. 

 https://doi.org/10.1016/j.ccell.2015.09.006 
PMID:26461095 

11. Quinn JJ, Chang HY. Unique features of long non-
coding RNA biogenesis and function. Nat Rev Genet. 
2016; 17:47–62. 

 https://doi.org/10.1038/nrg.2015.10 PMID:26666209 

12. Xing C, Sun SG, Yue ZQ, Bai F. Role of lncRNA LUCAT1 in 
cancer. Biomed Pharmacother. 2021; 134:111158. 

 https://doi.org/10.1016/j.biopha.2020.111158 
PMID:33360049 

13. Jiang Y, Wu W, Jiao G, Chen Y, Liu H. LncRNA SNHG1 
modulates p38 MAPK pathway through Nedd4 and 
thus inhibits osteogenic differentiation of bone 
marrow mesenchymal stem cells. Life Sci. 2019; 
228:208–14. 

 https://doi.org/10.1016/j.lfs.2019.05.002 
PMID:31055087 

14. Fu L, Peng S, Wu W, Ouyang Y, Tan D, Fu X. LncRNA 
HOTAIRM1 promotes osteogenesis by controlling 
JNK/AP-1 signalling-mediated RUNX2 expression. J Cell 
Mol Med. 2019; 23:7517–24. 

 https://doi.org/10.1111/jcmm.14620 PMID:31512358 

15. Hao K, Lei W, Wu H, Wu J, Yang Z, Yan S, Lu XA, Li J, Xia 
X, Han X, Deng W, Zhong G, Zhao ZA, Hu S. LncRNA-
Safe contributes to cardiac fibrosis through Safe-Sfrp2-
HuR complex in mouse myocardial infarction. 
Theranostics. 2019; 9:7282–97.  

 https://doi.org/10.7150/thno.33920 PMID:31695768 

16. Shahi MH, Afzal M, Sinha S, Eberhart CG, Rey JA, Fan X, 
Castresana JS. Human hedgehog interacting protein 
expression and promoter methylation in 
medulloblastoma cell lines and primary tumor 
samples. J Neurooncol. 2011; 103:287–96. 

 https://doi.org/10.1007/s11060-010-0401-8 
PMID:20853133 

17. Gu Y, Liu X, Liao L, Gao Y, Shi Y, Ni J, He G. Relationship 
between lipid metabolism and Hedgehog signaling 
pathway. J Steroid Biochem Mol Biol. 2021; 
209:105825. 

 https://doi.org/10.1016/j.jsbmb.2021.105825 
PMID:33529733 

18. Kong JH, Siebold C, Rohatgi R. Biochemical mechanisms 
of vertebrate hedgehog signaling. Development. 2019; 
146:dev166892. 

 https://doi.org/10.1242/dev.166892 
 PMID:31092502 

19. Effendi WI, Nagano T. The Hedgehog Signaling 
Pathway in Idiopathic Pulmonary Fibrosis: Resurrection 
Time. Int J Mol Sci. 2021; 23:171. 

 https://doi.org/10.3390/ijms23010171 
PMID:35008597 

20. Sun S, Xiao J, Huo J, Geng Z, Ma K, Sun X, Fu X. 
Targeting ectodysplasin promotor by CRISPR/dCas9-
effector effectively induces the reprogramming of 
human bone marrow-derived mesenchymal stem cells 
into sweat gland-like cells. Stem Cell Res Ther.  
2018; 9:8. 

 https://doi.org/10.1186/s13287-017-0758-0 
PMID:29329593 

21. Zhou CC, Xiong QC, Zhu XX, Du W, Deng P, Li XB, Jiang 
YZ, Zou SJ, Wang CY, Yuan Q. AFF1 and AFF4 
differentially regulate the osteogenic differentiation of 
human MSCs. Bone Res. 2017; 5:17044. 

 https://doi.org/10.1038/boneres.2017.44 
PMID:28955517 

22. Guo YC, Wang MY, Zhang SW, Wu YS, Zhou CC, Zheng 
RX, Shao B, Wang Y, Xie L, Liu WQ, Sun NY, Jing JJ, Ye L, 
et al. Ubiquitin-specific protease USP34 controls 
osteogenic differentiation and bone formation by 
regulating BMP2 signaling. EMBO J. 2018; 37:e99398. 

 https://doi.org/10.15252/embj.201899398 
PMID:30181118 

23. Mann M, Wright PR, Backofen R. IntaRNA 2.0: 
enhanced and customizable prediction of RNA-RNA 
interactions. Nucleic Acids Res. 2017; 45:W435–9. 

 https://doi.org/10.1093/nar/gkx279 PMID:28472523 

24. Conesa A, Götz S, García-Gómez JM, Terol J, Talón M, 
Robles M. Blast2GO: a universal tool for annotation, 
visualization and analysis in functional genomics 
research. Bioinformatics. 2005; 21:3674–6. 

 https://doi.org/10.1093/bioinformatics/bti610 
PMID:16081474 

25. Huang H, Weng H, Sun W, Qin X, Shi H, Wu H, Zhao BS, 
Mesquita A, Liu C, Yuan CL, Hu YC, Hüttelmaier S, 

https://doi.org/10.1038/ng.3192
https://pubmed.ncbi.nlm.nih.gov/25599403
https://doi.org/10.1038/nature12943
https://pubmed.ncbi.nlm.nih.gov/24463510
https://doi.org/10.1038/nature07672
https://pubmed.ncbi.nlm.nih.gov/19182780
https://doi.org/10.1016/j.ccell.2015.09.006
https://pubmed.ncbi.nlm.nih.gov/26461095
https://doi.org/10.1038/nrg.2015.10
https://pubmed.ncbi.nlm.nih.gov/26666209
https://doi.org/10.1016/j.biopha.2020.111158
https://pubmed.ncbi.nlm.nih.gov/33360049
https://doi.org/10.1016/j.lfs.2019.05.002
https://pubmed.ncbi.nlm.nih.gov/31055087
https://doi.org/10.1111/jcmm.14620
https://pubmed.ncbi.nlm.nih.gov/31512358
https://doi.org/10.7150/thno.33920
https://pubmed.ncbi.nlm.nih.gov/31695768/
https://doi.org/10.1007/s11060-010-0401-8
https://pubmed.ncbi.nlm.nih.gov/20853133
https://doi.org/10.1016/j.jsbmb.2021.105825
https://pubmed.ncbi.nlm.nih.gov/33529733
https://doi.org/10.1242/dev.166892
https://pubmed.ncbi.nlm.nih.gov/31092502
https://doi.org/10.3390/ijms23010171
https://pubmed.ncbi.nlm.nih.gov/35008597
https://doi.org/10.1186/s13287-017-0758-0
https://pubmed.ncbi.nlm.nih.gov/29329593
https://doi.org/10.1038/boneres.2017.44
https://pubmed.ncbi.nlm.nih.gov/28955517
https://doi.org/10.15252/embj.201899398
https://pubmed.ncbi.nlm.nih.gov/30181118
https://doi.org/10.1093/nar/gkx279
https://pubmed.ncbi.nlm.nih.gov/28472523
https://doi.org/10.1093/bioinformatics/bti610
https://pubmed.ncbi.nlm.nih.gov/16081474


www.aging-us.com 8854 AGING 

Skibbe JR, et al. Recognition of RNA N6-
methyladenosine by IGF2BP proteins enhances mRNA 
stability and translation. Nat Cell Biol. 2018; 20:285–95. 

 https://doi.org/10.1038/s41556-018-0045-z 
PMID:29476152 

 Erratum in: Nat Cell Biol. 2018; 20:1098. 
https://doi.org/10.1038/s41556-018-0102-7 
PMID:29880862  

 Erratum in: Nat Cell Biol. 2020; 22:1288. 
https://doi.org/10.1038/s41556-020-00580-y 
PMID:32855523 

26. Rohner A, Spilker ME, Lam JL, Pascual B, Bartkowski D, 
Li QJ, Yang AH, Stevens G, Xu M, Wells PA, Planken S, 
Nair S, Sun S. Effective targeting of Hedgehog signaling 
in a medulloblastoma model with PF-5274857, a 
potent and selective Smoothened antagonist that 
penetrates the blood-brain barrier. Mol Cancer Ther. 
2012; 11:57–65. 

 https://doi.org/10.1158/1535-7163.MCT-11-0691 
PMID:22084163 

27. Shen JJ, Zhang CH, Chen ZW, Wang ZX, Yang DC, Zhang 
FL, Feng KH. LncRNA HOTAIR inhibited osteogenic 
differentiation of BMSCs by regulating Wnt/β-catenin 
pathway. Eur Rev Med Pharmacol Sci. 2019;  
23:7232–46. 

 https://doi.org/10.26355/eurrev_201909_18826 
PMID:31539110 

28. Zhang W, Chen L, Wu J, Li J, Zhang X, Xiang Y, Li F, Wu 
C, Xiang L, Ran Q, Li Z. Long noncoding RNA TUG1 
inhibits osteogenesis of bone marrow mesenchymal 
stem cells via Smad5 after irradiation. Theranostics. 
2019; 9:2198–208. 

 https://doi.org/10.7150/thno.30798  
PMID:31149038 

29. Neuss S, Denecke B, Gan L, Lin Q, Bovi M, Apel C, 
Wöltje M, Dhanasingh A, Salber J, Knüchel R, Zenke M. 
Transcriptome analysis of MSC and MSC-derived 
osteoblasts on Resomer® LT706 and PCL: impact of 
biomaterial substrate on osteogenic differentiation. 
PLoS One. 2011; 6:e23195. 

 https://doi.org/10.1371/journal.pone.0023195 
PMID:21935359 

30. Yue Z, Shusheng J, Hongtao S, Shu Z, Lan H, Qingyuan 
Z, Shaoqiang C, Yuanxi H. Silencing DSCAM-AS1 
suppresses the growth and invasion of ER-positive 
breast cancer cells by downregulating both DCTPP1 
and QPRT. Aging (Albany NY). 2020; 12:14754–74. 

 https://doi.org/10.18632/aging.103538 
PMID:32716908 

31. Jia X, Niu P, Xie C, Liu H. Long noncoding RNA PXN-AS1-
L promotes the malignancy of nasopharyngeal 
carcinoma cells via upregulation of SAPCD2. Cancer 
Med. 2019; 8:4278–91. 

 https://doi.org/10.1002/cam4.2227  
PMID:31173488 

32. Chang N, Ge J, Xiu L, Zhao Z, Duan X, Tian L, Xie J, Yang 
L, Li L. HuR mediates motility of human bone marrow-
derived mesenchymal stem cells triggered by 
sphingosine 1-phosphate in liver fibrosis. J Mol Med 
(Berl). 2017; 95:69–82. 

 https://doi.org/10.1007/s00109-016-1460-x 
PMID:27543493 

33. Wang A, Bao Y, Wu Z, Zhao T, Wang D, Shi J, Liu B, Sun 
S, Yang F, Wang L, Qu L. Long noncoding RNA EGFR-
AS1 promotes cell growth and metastasis via affecting 
HuR mediated mRNA stability of EGFR in renal cancer. 
Cell Death Dis. 2019; 10:154. 

 https://doi.org/10.1038/s41419-019-1331-9 
PMID:30770799 

34. Ohba S. Hedgehog Signaling in Endochondral 
Ossification. J Dev Biol. 2016; 4:20. 

 https://doi.org/10.3390/jdb4020020  
PMID:29615586 

35. Deng Q, Li P, Che M, Liu J, Biswas S, Ma G, He L, Wei Z, 
Zhang Z, Yang Y, Liu H, Li B. Activation of hedgehog 
signaling in mesenchymal stem cells induces cartilage 
and bone tumor formation via Wnt/β-Catenin. Elife. 
2019; 8:e50208. 

 https://doi.org/10.7554/eLife.50208  
PMID:31482846 

36. Li L, Dong Q, Wang Y, Feng Q, Zhou P, Ou X, Meng Q, 
He T, Luo J. Hedgehog signaling is involved in the 
BMP9-induced osteogenic differentiation of 
mesenchymal stem cells. Int J Mol Med. 2015; 
35:1641–50. 

 https://doi.org/10.3892/ijmm.2015.2172 
PMID:25872645 

37. Griffiths SC, Schwab RA, El Omari K, Bishop B, Iverson 
EJ, Malinauskas T, Dubey R, Qian M, Covey DF, Gilbert 
RJC, Rohatgi R, Siebold C. Hedgehog-Interacting 
Protein is a multimodal antagonist of Hedgehog 
signalling. Nat Commun. 2021; 12:7171. 

 https://doi.org/10.1038/s41467-021-27475-2 
PMID:34887403 

38. Plaisant M, Fontaine C, Cousin W, Rochet N, Dani C, 
Peraldi P. Activation of hedgehog signaling inhibits 
osteoblast differentiation of human mesenchymal 
stem cells. Stem Cells. 2009; 27:703–13. 

 https://doi.org/10.1634/stemcells.2008-0888 
PMID:19096040 

  

https://doi.org/10.1038/s41556-018-0045-z
https://pubmed.ncbi.nlm.nih.gov/29476152
https://doi.org/10.1038/s41556-018-0102-7
https://pubmed.ncbi.nlm.nih.gov/29880862
https://doi.org/10.1038/s41556-020-00580-y
https://pubmed.ncbi.nlm.nih.gov/32855523
https://doi.org/10.1158/1535-7163.MCT-11-0691
https://pubmed.ncbi.nlm.nih.gov/22084163
https://doi.org/10.26355/eurrev_201909_18826
https://pubmed.ncbi.nlm.nih.gov/31539110
https://doi.org/10.7150/thno.30798
https://pubmed.ncbi.nlm.nih.gov/31149038
https://doi.org/10.1371/journal.pone.0023195
https://pubmed.ncbi.nlm.nih.gov/21935359
https://doi.org/10.18632/aging.103538
https://pubmed.ncbi.nlm.nih.gov/32716908
https://doi.org/10.1002/cam4.2227
https://pubmed.ncbi.nlm.nih.gov/31173488
https://doi.org/10.1007/s00109-016-1460-x
https://pubmed.ncbi.nlm.nih.gov/27543493
https://doi.org/10.1038/s41419-019-1331-9
https://pubmed.ncbi.nlm.nih.gov/30770799
https://doi.org/10.3390/jdb4020020
https://pubmed.ncbi.nlm.nih.gov/29615586
https://doi.org/10.7554/eLife.50208
https://pubmed.ncbi.nlm.nih.gov/31482846
https://doi.org/10.3892/ijmm.2015.2172
https://pubmed.ncbi.nlm.nih.gov/25872645
https://doi.org/10.1038/s41467-021-27475-2
https://pubmed.ncbi.nlm.nih.gov/34887403
https://doi.org/10.1634/stemcells.2008-0888
https://pubmed.ncbi.nlm.nih.gov/19096040


www.aging-us.com 8855 AGING 

SUPPLEMENTARY MATERIALS 

 

Supplementary File 

 

 

 

Please browse Full Text version to see the data of Supplementary File 1. 

 


