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Microarray analysis reveals that lncRNA PWRN1-209
promotes human bone marrow mesenchymal stem cell
osteogenic differentiation on microtopography titanium
surface in vitro
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Abstract

Sandblasted, large-grit, and acid-etched (SLA) titanium (Ti) with microtopography is

currently one of the most widely used implant materials to accelerate

osseointegration. Numerous long noncoding RNAs (lncRNAs) have been involved in

bone remodeling, with their role in osseointegration, and the underlying mechanisms

remain largely unclear. Here, microarrays of human bone marrow mesenchymal stem

cells (hBMSCs) were used to identify differentially expressed lncRNAs during early

cell differentiation stages (0–7 days) on SLA Ti and polished Ti surfaces. The function

of lncRNAs in the osteogenic differentiation of hBMSCs was identified by RNA

silencing and overexpression assays. RT-PCR and Western blot were used to detect

RNA and protein expression. Alkaline phosphatase (ALP) protein activity was tested

by ALP staining. Altogether, 4112 differentially expressed lncRNAs were identified

from day 0 to day 7 on SLA Ti with a novel lncRNA, Prader-willi region non-coding

RNA 1-209 (PWRN1-209) upregulated. We then proved that PWRN1-209 promoted

osteogenic differentiation in hBMSCs by genetic tools. The upregulation of

PWRN1-209 was further confirmed to be related to the surface topography of Ti by

comparing SLA Ti and polished Ti. Interestingly, this trend seems to have a certain

correlation with the mRNA expression level of integrins (α2, αV, β1, β2) and the phos-

phorylation of focal adhesion kinase (FAK). Taken together, the lncRNA PWRN1-209

was upregulated by the SLA microtopography Ti surface, which may regulate osteo-

genic differentiation of hBMSCs through integrin-FAK-ALP signaling. Our results pro-

vide new insights into the relationship between surface topography and

osseointergration.
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1 | INTRODUCTION

Rapid and effective osseointegration is critical for the healing of bone

with implants. Surface tomography of the implant is one of the six ele-

ments of osseointegration (Albrektsson, Brånemark, Hansson, &

Lindström, 1981; Branemark, 1983). This characteristic also plays an

important role in regulating protein adsorption and cell adhesion by

altering intracellular signaling pathways and thus affecting cell pheno-

type and the overall response to the implant (Cai, Bossert, &

Jandt, 2006; Martin et al., 1995; Yang, Wang, Gu, & Leong, 2017).

Increasing studies have found that osseointegration is promoted by

changing the surface topography and increasing the surface rough-

ness of implants (Boyan et al., 2003; Gittens et al., 2011; Shin

et al., 2019). Surface modification by sandblasting with large grit and

acid etching (SLA) is the most widely used rough titanium (Ti) implant

type clinically. Existing studies have shown that SLA Ti exhibits

enhanced osteogenic differentiation with increased levels of specific

osteogenic markers and alkaline phosphatase (ALP) and a decreased

healing time due to its microscale topography compared to those of a

smooth Ti surface (Barbara, 2001; Bornstein et al., 2008; Szmukler-

Moncler, Perrin, Ahossi, Magnin, & Bernard, 2004; Wall, Donos,

Carlqvist, Jones, & Brett, 2009). However, the molecular mechanisms

that enhance osteogenic differentiation and osseointegration after

exposure to SLA Ti have not been completely elucidated.

The activation of key regulatory factors is important for the oste-

ogenic process on Ti surfaces. Previous research has elucidated that

the gene and protein expression levels varied significantly between

SLA Ti surfaces and smooth Ti surfaces, which is due to the interac-

tion within cells and different topography (Barbara, 2001; Wall

et al., 2009). Most recent studies have focused on the role of coding

genes. Cellular attachment and response to biomaterials are mediated

by integrin-extracellular matrix (ECM) proteins (Raines, Berger,

Schwartz, & Boyan, 2019). Integrins are transmembrane glycoprotein

receptor complexes composed of non-cocalently associated α and β

subunits that cluster into focal adhesion kinase (FAK), where they ini-

tiate intracellular signaling cascades to regulate the fate of cells

(Garcia, 2005; Takeuchi et al., 1997). The expression of α and β sub-

units is regulated by surface chemistry, topography and hydrophilicity

on implant materials. Compared with tissue culture polystyrene

(TCPS), the expression of integrin α2 and β1 is increased, suggesting

that the surface topography-dependent differentiation of osteoblasts

is likely to be mediated through α2β1 signaling (Olivares-Navarrete

et al., 2008). Cell division cycle 42 (Cdc42) regulates osteogenic differ-

entiation of mesenchymal stem cells (MSCs) on the micro/nano

implant surface by GSK3β and Wnt/β-catenin signaling

(Li et al., 2017). Studies have shown that rough surface tomography

promotes osteogenic differentiation and Wnt/β-catenin signaling

pathways (Galli et al., 2010; Wall et al., 2009; Wang et al., 2012). Both

the integrin-linked kinase/extracellular signal-related kinase (ILK/ERK)

1/2 and ILK/p38 pathways are involved in promoting osteogenic dif-

ferentiation by surface tomography of biomaterials (Wang, Liu,

Zhang, & Zhao, 2014). Several studies on miRNAs have also been per-

formed. MiR-135b-5p, miR-122-5p, miR-196a-5p, miR-26b-5p, and

miR-148b-3p are differentially regulated by surface tomography, and

these miRNAs may be involved in differentiation reactions and help

regulate the osseointegration process (Sartori et al., 2018). In addition,

miR-23a plays a crucial role in the osteogenic differentiation of bone

marrow MSCs (BMSCs) cultured on nanostructured Ti by targeting

CXCL12 (Zhuang, Zhou, & Yuan, 2019).

LncRNAs are RNA molecules of more than 200 nucleotides in

length, accounting for more than 80% of noncoding RNAs, which are

widely involved in physiological and pathological processes, including

proliferation and migration of tumor cells, tissue and organ develop-

ment, immune response, and pluripotent stem cell proliferation and

differentiation (Batista & Chang, 2013; Fatica & Bozzoni, 2014;

Huarte, 2015; J-h et al., 2014). As reported in previous studies,

lncRNAs regulate the expression of related target genes at the

pretranscriptional, transcriptional, posttranscriptional and epigenetic

levels (Li, Wu, Fu, & Han, 2014; Wu et al., 2014). All these characteris-

tics make lncRNA a promising solution for complex physiological

processing. However, research on the role of lncRNAs involved in

bone regeneration is currently limited. A few lncRNAs, such as H19

(Huang, Zheng, Jia, & Li, 2015; Wu et al., 2018), MEG3(Wang

et al., 2017; Zhuang et al., 2015), and DANCR(Tang, Gong, &

Sun, 2018; Zhang, Tao, & Wang, 2018), have been reported to partici-

pate in the regulation of osteogenic differentiation of MSCs. Never-

theless, the role of lncRNAs in mediating the osteogenic

differentiation of human BMSCs (hBMSCs), especially on different

topographies (SLA Ti), remains largely unknown.

Here, we identified differentially expressed lncRNAs in hBMSCs

after osteogenic induction for 7 or 21 days on the SLA Ti surface by a

BeadChip microarray. Ten uncharacterized upregulated lncRNAs were

selected in hBMSCs after osteogenic induction at 7 days. After knock-

down and overexpression of the lncRNAs in vitro, we detected

osteogenesis-related genes and ALP protein activity to explore the

effects of the lncRNA on osteogenic differentiation and its possible

mechanisms on enhanced differentiation due to increased roughness.

We aimed to investigate the response of noncoding RNAs of MSCs to

the surface topography of implants, discover novel lncRNAs involved

in the osteogenic differentiation of hBMSCs on the microtopography

SLA Ti surface and explore the new epigenetic mechanism of

enhanced osteogenic differentiation of hBMSCs. This will also help us

to understand the role of the implant topography in regulating the cel-

lular response during the complex osseointegration process.

2 | MATERIALS AND METHODS

2.1 | Ti sample preparation

Pure Ti disks (grade 2, purity >99.6%, 34 × 34 × 1 mm3, Baoji Pengrun

New Metal Materials Co., Ltd., Baoji, China) designed for a 6-well

plate size were used as samples. The Ti samples were divided into two

groups: an SLA Ti disk group (SLA) and a polished Ti disk group

(polished Ti). Ti disks were polished with silicon carbide sandpaper of

240–2000 grits, washed with acetone, absolute ethanol and deionized
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water for 15 minutes in an ultrasonic cleaner, and then dried at room

temperature for 1 hour; these samples comprised the polished Ti

group. For the SLA group, the Ti disks were further processed, blasted

with aluminum oxide (Al2O3) particles, which had a diameter of

approximately 0.25–0.5 mm, and etched with a mixture of hydrogen

chloride (HCl) and sulfuric acid (H2SO4). After etching, Ti samples

were cleaned in deionized water within an ultrasonic cleaner for

15 minutes and dried (Wego Jericom Biomaterials Co., Weihai, China).

All samples were sterilized in an autoclave (120�C, 30 minutes) before

cell plating.

2.2 | Surface characterization

The polished Ti and SLA disks were dried and sprayed with gold, and

the surface topography was observed by scanning electron micros-

copy (SEM; S-4800, Hitachi, Japan) at 15.0 kV. The roughness of the

two types of Ti surfaces was evaluated using a 3D optical microscope

(CountourGT-K; Bruker, Tucson, AZ). Ra and Sa were selected as the

height description parameters. Ra is the arithmetic mean of the abso-

lute deviation from the average line over the length of the samples. Sa

is a parameter that is extended by Ra, indicating the average of the

absolute values of the height differences of the points with respect to

the average surface of the surface.

2.3 | Coding potential analysis

The coding potential of lncRNAs was analyzed by the Coding Poten-

tial Assessment Tool (CPAT). (http://lilab.research.bcm.edu/cpat/).

Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) and Runx-

related transcription factor 2 (Runx2) were used as coding gene con-

trols, and XIST transcripts were used as noncoding gene controls

(Zhuang et al., 2018).

2.4 | Cell culture

hBMSCs obtained from ScienCell Company (San Diego, CA) were cul-

tured in growth medium (GM), which is α-MEM supplemented with

10% (v/v) fetal bovine serum (FBS), 100 U/mL penicillin G and

100 mg/mL streptomycin (Gibco, Grand Island, NY). Then, the cells

were cultured in a 37�C, 5% CO2 and 100% relative humidity cell cul-

ture incubator. The culture medium was replaced every 2 days. The

cells were cultured on TCPS or on Ti disks (SLA, polished Ti disks) at a

density of 1 × 104/cm2. Cells at passages 4–5 were used for the

experiments.

2.5 | Osteogenic differentiation

After hBMSCs were at 70–80% confluence, GM was replaced with

osteogenic induction medium (OM) composed of 100 nM

dexamethasone, 10 mM β-glycerophosphate and 50 μg/mL ascorbate

(Sigma, St. Louis, MO) in addition to GM. OM was replaced every

3 days.

2.6 | ALP staining

After 7 days of osteogenic induction, the medium was aspirated, and

the cells were lightly washed 3 times with PBS. After fixation for

30 minutes with 4% paraformaldehyde, the cells were lightly washed

three times with PBS for 3 minutes each time. The BCIP/NBT Alkaline

Phosphatase Kit (Beyotime, Shanghai, China) was used according to

the instructions, and staining was performed in the dark for

30 minutes. After staining, the staining solution was aspirated and

washed three times with PBS for 3 minutes each time, and the

staining was terminated. The results of the staining were recorded by

scanning under a scanner.

2.7 | Microarray analysis

In the previous experiment, we extracted hBMSCs that underwent

osteogenic induction on SLA Ti disks for 7 days or 21 days and cul-

tured hBMSCs in GM as a control. The lncRNA microarray data were

obtained, and differential expression analysis was performed by R-

SEM software to generate a heat map. (To select differentially

expressed genes, we used the threshold of |fold change| > 2. The log

data were converted and centered using the adjusted data function of

CLUSTER 3.0 software (University of Tokyo; Human Genome Center,

Tokyo, Japan), and then, further analysis and generation of heat maps

were performed using hierarchical clustering with average linkages.)

The gene expression profiles were evaluated for further analyses

using Excel, SPSS or GraphPad Prism 7.0 software. Selection and veri-

fication of the raw data of lncRNAs related to osteogenic differentia-

tion on the SLA Ti surface were performed using Prism7.0 to generate

new heat maps representing differentially expressed genes we

selected (fold change > 8.0).

2.8 | Quantitative real-time polymerase chain
reaction (qRT-PCR): RNA extraction, reverse
transcription and real-time PCR

Total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad,

CA) according to the instructions. Then, RNA was reverse transcribed

with a PrimeScript TM RT Reagent Kit (TaKaRa, Tokyo, Japan) to

obtain cDNA according to the manufacturer's instructions. Quantita-

tive RT-PCR analysis was performed with SYBR Green Master Mix

(Roche Applied Science, Mannheim, Germany) using a real-time PCR

detection system (Applied Biosystems, Foster City, CA). GAPDH

served as an internal reference control. The relative expression levels

of mRNA and lncRNA were calculated using the 2-ΔΔCt method. The

primer sequences are shown in Table 1.
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2.9 | Knockdown assay

Small interfering RNAs (siRNAs) specifically targeting lncRNAs (si-

ENST00000422014.1, si-ENST00000528383.1, si-ENST000005

47563.1, si-ENST00000518926.1, si-PWRN1-209, si-ENST0000056

8730.1, si- ENST00000506795.1), scrambled siRNA (NC) and FAM

siRNA were designed and synthesized by Shanghai GenePharma

(Shanghai, China). The hBMSCs were plated in 6-well plates and

12-well plates before transfection at a density of 2 × 104/cm2. When

the cells were grown to 70–90% confluence, the siRNA was trans-

fected into the cells by Lipo3000 (Invitrogen, CA) within 24 hours

after plating, and total RNA was extracted at 48 hours. The efficiency

of transfection and knockdown was detected by fluorescence micros-

copy and qRT-PCR. On day 7, ALP staining and qRT-PCR were per-

formed to detect the expression of osteogenic genes. Transfection

was performed every 3 days. All siRNA sequences are shown in

Table S1.

2.10 | Overexpression assay

The lncRNA complementary DNA (cDNA) sequences were synthe-

sized and cloned into the pcDNA3.1(+) vector (Invitrogen, Shanghai,

China), and the recombinant vectors were named

oeENST00000528383.1, oePWRN1-209, oeENST00000518926.1,

and oeENST00000568730.1. An empty pcDNA3.1(+) vector was used

as the control, named Vec. The cells were plated in 6-well plates and

12-well plates for 24 hours before transfection at a density of

2 × 104/cm2. The cells were grown to 70%–90% confluence when

the plasmids were transfected into cells using TransIT-2020 Transfec-

tion reagent (Mirus, MA) within 24 hours after plating, and RNA was

isolated to detect the overexpression efficiency at 48 hours by qRT-

PCR. After 7 days, ALP staining and qRT-PCR were performed to

detect the expression of osteogenic genes.

2.11 | Western blot

Western blotting was performed as described previously. Briefly, cells

were lysed in radioimmunoprecipitation assay (RIPA) buffer containing

a protease inhibitor cocktail (Solarbio, China). A BCA protein kit was

used to quantify each group of cell lysates. Equal amounts of protein

mixed with loading buffer (Solarbio, China) were separated on 10%

sodium dodecyl sulfate-polyacrylamide gels for electrophoresis, and

the proteins were transferred onto a polyvinylidene fluoride mem-

brane (Millipore, MA) for immunoblotting. Then, the membrane was

incubated with primary antibodies against ALP, β-actin, p-FAK

(pY397), and FAK (Cell Signaling Technology) overnight at 4�C. After

washing 3 times, the membrane was incubated with secondary anti-

bodies (Cell Signaling Technology) and visualized using an ECL West-

ern Blot Kit (CWBIO, China). ImageJ software was used to measure

the gray value of each target band.

TABLE 1 Primers used in real-time PCR

Genes Forward sequence (50–30) Reverse sequence (50–30)

Alkaline phosphatase (Alp) ACTCTCCGAGATGGTGGTGGTG CGTGGTCAATTCTGCCTCCTTCC

Bone sialoprotein (Bsp) GTCTATAGAACCACTTCCCCAC GCTGTACTCATCTTCATAGGCT

Collagen type I a1 (Col1a1) ATCAACCGGAGGAATTTCCGT CACCAGGACGACCAGGTTTTC

Runx-related transcription factor 2

(Runx2)

CCATAACGGTCTTCACAAATCCT TCTGTCTGTGCCTTCTTGGTTC

Glyceraldehyde-3-phosphate

dehydrogenase (Gapdh)

GGTCACCAGGGCTGCTTTTA GGATCTCGCTCCTGGAAGATG

ENST00000506795.1 GCTAGACCAGCCACAGAACTTCC CTTCCTTCTAGCCACAGAGCCTTG

ENST00000422014.1 ATTATGGATATGTGCCGCCGAAGC GGACTCAACAGAGCCAAGCCTTG

ENST00000609012.1 TCTCTCCTCTGCCTTCTCCTT ATCTCGGGTACCAGCACAGT

ENST00000424126.1 GAGTCAGACGCAGAAGCTCG CCTGACTTGCGCATTGGTCT

ENST00000568730.1 TGTGGGGACACAGAGCCTTA TGTCCAAATTGCCACGATGTCT

ENST00000426661.1 GGATTCCTCTGCCTGCTGATGC GTTGAGCTGAGATCCTGCCACTG

ENST00000528383.1 CTTGGCCAGTCAGCCAAGTT GGCCACATGAGTGGTAGGGA

PWRN1-209 GATGCGATCCAGCCAGTCTGTAC CAGGCTGTGGTGTGGCATGG

ENST00000547563.1 GAGCGCTCAAGGATGTTGGC GCAGTCTTCTCTTGATTAGCCATGT

ENST00000518926.1 GTCCACAGGATACCATCACTGAGC GACTGCTGATTCCTTGGTGTTCC

Integin α2 (Itgα2) GTCCTGTTGACCTATCCACT CCACCAGAAGCTGCTGAATA

Integin αv (Itgαv) TGCAGTGTGAGGCTGTGTACA GTGGCCACCTGACGCTCT

Integin β1 (Itgβ1) GCGAAGGCATCCCTGAAAGT GGACACAGGATCAGGTTGGA

Integin β2 (Itgβ2) GCGTGACATTCCAATCAGGGA AGAGAGGACCCCAGTGGCAA
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2.12 | Statistical analysis

Statistical analysis was performed using SPSS 25.0, and the statistical

significance of the comparison between the two groups was deter-

mined by Student's t test. A two-tailed p value <0.05 was considered

statistically significant (*p < 0.05; **p < 0.01). The results represent

the mean of three independent experiments, and the data are

expressed as the mean ± SD. Figures were generated using GraphPad

Prism 7 software (GraphPad Software, Inc., La Jolla, CA).

3 | RESULTS

3.1 | Characterization of SLA Ti and polished Ti

The topographies of the SLA Ti disks and the polished Ti disks were

characterized by SEM (Figure 1a and Figure S1A). The SLA Ti surface

exhibited a typical surface tomography of an SLA-type implant

obtained by a sandblasting and acid etching process. In addition, SLA

Ti exhibited a layered and complex porous appearance, which was a

crater-like depression with a diameter of several micrometers to sev-

eral tens of micrometers and microscale micropores. The polished Ti

was relatively smooth and had parallel scratches. A 3D optical micro-

scope showed that the average Ra value of the SLA Ti surface was

1.8 μm, and the average Sa was 1.8 μm (Figure 1b,c). The polished Ti

had a Ra value of 0.2 μm and an average Sa value of 0.2 μm

(Figure S1B).

3.2 | Morphology and osteogenic differentiation of
hBMSCs

As shown in Figure S2A, hBMSCs at the fifth passage exhibited a

spindle-like morphology. First, we evaluated the osteogenic differenti-

ation ability of purchased hBMSCs under osteogenic induction condi-

tions by culturing cells in GM or OM for 7 days. After osteogenic

induction, qRT-PCR showed that the expression levels of the osteo-

genic genes Alp, Bone sialoprotein (Bsp), Collagen type I a1 (Col1a1),

and Runx2 in hBMSCs were increased by 10.9-, 20.1-, 1.6-, and

6.4-fold, respectively (Figure S2B). ALP staining revealed a significant

increase in ALP protein activity following osteogenic induction

(Figure S2C). Consequently, our data demonstrated the osteogenic

differentiation ability of our hBMSCs in the osteogenic culture used in

this study.

F IGURE 1 Surface characterization. (a) Characterizing the SLA titanium surface by SEM at different magnifications. (b), (c) 3D optical
microscope characterizing the SLA titanium surface

WANG ET AL. 2893



3.3 | Differentially expressed lncRNA selection by
microarray and verification by qRT-PCR

To identify lncRNAs that were involved in the osteogenic differentia-

tion of hBMSCs on SLA Ti, we performed lncRNA microarrays using

RNA extracted from hBMSCs cultured in OM on SLA for 0, 7, or

21 days. To our surprise, we found that many uncharacterized lncRNAs

correlated with osteogenesis in SLA. The heat map in Figure 2a and

Figure S3A shows the differentially expressed lncRNAs. After osteo-

genic differentiation on SLA Ti, 2858 upregulated lncRNAs and 1254

downregulated lncRNAs were found on day 7, while 1437 differentially

expressed lncRNAs were found at 21 days, indicating that most of the

changes in lncRNA expression were mainly in the stage of early osteo-

genic differentiation (Figure S3C). Therefore, we focused on the top

10 uncharacterized upregulated lncRNAs (fold change > 8.0) selected

from the lncRNA microarray data on day 7, and a heat map was gener-

ated (Figure 2b and Table S2). We also performed a heat map of these

ten lncRNAs of microarray data on day 21 (Figure S3B and Table S2, six

lncRNAs of ten on day 21 were undectected because of low expression

level). We verified by qRT-PCR that seven lncRNAs, including

ENST00000506795.1, ENST00000547563.1, Prader-willi region non-

coding RNA1-209 (PWRN1-209, gene symbol: ENST00000566676.1),

ENST0000051 8926.1, ENST00000422014.1, ENST00000568730.1,

and ENST00 000528383.1, were upregulated after osteogenic induc-

tion on SLA Ti on day 7 (Figure 2c).

3.4 | Knockdown of lncRNAs

To explore the physiological effect of these seven lncRNAs in osteo-

genic differentiation, we silenced the corresponding lncRNAs in

hBMSCs using siRNAs.

3.4.1 | Transfection efficiency

The transfection efficiency of hBMSCs was confirmed to be over 70%

by FAM siRNA transfection (Figure 3).

F IGURE 2 LncRNAs were upregulated in hBMSCs after osteoinduction on SLA at 7 days. (a) Clustering heat map of 4112 differentially
expressed lncRNAs analyzed by microarray analysis of hBMSCs cultured in osteogenic induction medium (OM) versus growth medium (GM) on
SLA Ti at 7 days. (b) Heatmap showing ten upregulated lncRNAs (fold change>8) on SLA Ti after osteogenic induction. Red indicates high
expression, and green indicates low expression. Each column represents one sample, and each row represents one lncRNA. (c) Verification of ten
uncharacterized differentially expressed lncRNAs by qRT-PCR at 7 days. (Error bars are the mean ± SD, *p < 0.05; **p < 0.01, ns means no
significant difference, n = 3)
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3.4.2 | Expression of osteogenic markers

The knockdown efficiency was confirmed by qRT-PCR. Except for the

knockdown efficiency of ENST00000547563.1 and ENST00000

506795.1, which was less than 70%, the knockdown efficiencies of

the other five lncRNAs were over 70% (Figure 4a and Figures S4A,

S5A, S6A, S7A, S8A and S9A).

We evaluated the mRNA expression of several osteogenic markers

by qRT-PCR. We found that PWRN1-209 depletion downregulated Alp,

Bsp and Col1a1 mRNA expression (Figure 4b), while the expression of

Runx2 mRNA showed no significant difference. Knockdown of

ENST00000547563.1 only downregulated Runx2 mRNA expression

and upregulated Alp and Bsp mRNA expression compared to those of

the NC group after 7 days in OM (Figure S4B); knockdown of

F IGURE 3 Fluorescent photomicrographs showing that the efficiency of FAM-siRNA transduction was over 70% in hBMSCs after 24 hours
(scale bar = 200 μm)

F IGURE 4 Knockdown of PWRN1-209 suppresses the osteogenic differentiation of hBMSCs in vitro. (a) SiRNA knockdown efficiency of
PWRN1-209 in hBMSCs. (b) Relative mRNA expression of alkaline phosphatase (Alp), bone sialoprotein (Bsp), collagen type I a1 (Col1a1) and
runt-related transcription factor 2 (Runx2) was measured by qRT-PCR at day 7 of osteogenic induction (error bars are the mean ± SD, *p < 0.05;
**p < 0.01, ns indicates no significant difference, n = 3). (c) ALP staining was used to characterize the expression level of ALP protein after
knockdown of PWRN1-209

WANG ET AL. 2895



ENST00000422014.1 and ENST00000568730.1 suppressed the mRNA

levels of Alp, Bsp and Runx2 (Figure S5B and S6B);

ENST00000528383.1 depletion downregulated Alp, Bsp, Col1a1, and

Runx2 mRNA expression (Figure S7B); and knockdown of

ENST00000518926.1 only downregulated Alp and Col1a1 mRNA

expression compared to that of the NC group (Figure S8B). Knockdown

of ENST00000506795.1 increased the mRNA levels of Alp and Bsp

(Figure S9B).

3.4.3 | ALP activity

Notably, compared with that of the NC group, ALP protein activity

was significantly downregulated by knockdown of PWRN1-209,

ENST00000547563.1, ENST00000422014.1, ENST00000528383.1,

ENST00000518926.1, or ENST00000568730.1, which dramatically

suppressed osteogenic differentiation in OM for 7 days (Figure 4c and

Figures S4C, S5C, S6C, S7C, and S8C). However, silencing

ENST00000506795.1 failed to influence ALP activity (Figure S9C).

Regarding qRT-PCR and ALP staining results, we presumed

PWRN1-209, ENST00000422014.1, ENST00000528383.1,

ENST00000518926.1, and ENST00000568730.1 among the lncRNAs

may promote osteogenic differentiation of hBMSCs in vitro.

3.5 | Overexpression of lncRNAs

To further confirm the role of the above lncRNAs in the osteogenic

differentiation of hBMSCs, we selected four lncRNAs that dramati-

cally suppressed osteogenic differentiation when knocked down. The

corresponding lncRNAs were then overexpressed in hBMSCs by plas-

mid transfection.

3.5.1 | Expression of osteogenic markers

The overexpression efficiency was confirmed by qRT-PCR (Figure 5a

and Figures S10A, S11A, and S12A). We evaluated the expression of

several osteogenic markers as before. Consistently, PWRN1-209

overexpression enhanced the mRNA levels of the osteogenic differen-

tiation genes Alp, Bsp, and Col1a1 compared to those of the empty

vector-transfected hBMSCs (Figure 5b). Overexpression of

F IGURE 5 The effect of PWRN1-209 overexpression in hBMSCs in vitro. (a) Overexpression efficiency of lncRNAs in hBMSCs with plasmid
transfection. (Vec served as an empty vector negative control); (b) Relative mRNA expression of alkaline phosphatase (Alp), bone sialoprotein
(Bsp), collagen type I a1 (Col1a1) and runt-related transcription factor 2 (Runx2) was measured by qRT-PCR at day 7 of osteogenic induction
(error bars are the mean ± SD, *p < 0.05; **p < 0.01, ns means no significant difference, n = 3). (c) ALP staining was used to characterize the
expression level of ALP protein overexpression of PWRN1-209
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ENST00000528383.1 only upregulated Alp and Co1a1 mRNA expres-

sion (Figure S10B), and overexpression of ENST00000518926.1 and

ENST00000568730.1 augmented the mRNA expression of Alp, Bsp,

Col1a1, and Runx2 (Figures S11B and S12B).

3.5.2 | ALP activity

Only PWRN1-209 overexpression enhanced the ALP protein activity

of hBMSCs, as shown by ALP staining, compared with that of vector-

transfected hBMSCs (Figure 5c and Figures S10C, S11C, and S12C).

While ENST00000528383.1, ENST00000518926.1, and

ENST00000568730.1 resulted in slightly lower ALP protein levels

than the vector-transfected group, as measured by ALP staining, there

was a large difference in osteogenic differentiation gene expression.

One might expect differences at the gene and protein levels. This

result motivated our interest in better characterizing and quantifying

the phenotype through multiple measures.

Collectively, through further overexpression experiments, we

concluded that PWRN1-209, which is upregulated by osteoinduction

on microtopography SLA Ti, likely drives the osteogenic differentia-

tion of hBMSCs in vitro.

3.6 | CPAT analysis of PWRN1-209

Then, we performed CPAT coding potential analysis (Figure 6), and

the results showed that PWRN1-209 did not encode proteins.

3.7 | Differential expression of PWRN1-209 and
consistency with the expression trend of integrins and
FAK on different topography surfaces

At day 7, 510 upregulated lncRNAs and 622 downregulated lncRNAs

were found on SLA versus polished ti surface after osteoinduction

(Figure 7a), which showed that topography affected the expression

level of lncRNAs. Since we have already proven the positive effect of

PWRN1 on hBMSC osteogenic differentiation, upregulating the expres-

sion of ALP/Alp, but not Runx2, this effect may be connected with

topography. To further explore the possible mechanisms of

PWRN1-209 on osteogenic differentiation, we analyzed the effect of

surface topography on the expression of integrins. The expression

levels of itgα2, itgαv, itgβ1, and itgβ2 on TCPS, polished Ti and SLA sur-

faces in hBMSCs are shown in Figure 7b-e. Significant increases in the

expression of α2, αv, β1, and β2 were observed on the rough topogra-

phy SLA surface versus polished Ti, which was also higher than TCPS.

Interestingly, we found that PWRN1-209 increased over two-fold on

TCPS after osteoinduction (Figure 7f). Additionally, this lncRNA was

upregulated on the surface of titanium material and was affected by

the roughness of the material, and its expression level was higher on

the enhanced rough SLA Ti surface than on the polished Ti surface

(Figure 7f). This result indicated that PWRN1-209 may be affected by

titanium and the microtopography of SLA, and there is a certain con-

nection between the expression of integrins and lncRNA PWRN1-209,

which may be involved in microtopographically improved osteogenic

differentiation. Western blot results showed the content of FAK phos-

phorylation and ALP protein in hBMSCs on diverse surfaces, which

suggested that SLA with microtopography induced a high level of p-

FAK as well as ALP. The level of p-FAK was higher than that on

polished Ti and 2 times higher than that on TCPS (Figure 7g–j).

The consistency with the expression trend of integrins and FAK

of PWRN1-209 on several topography surfaces suggests that lncRNA

PWRN1-209 was likely to promote BMSC osteogenic differentiation

in FAK-mediated signal transduction via cell surface ECM interaction

of rough topography and trigger ALP gene expression via integrin-

mediated FAK activation which was similar to the effect of

osteopontin (OPN) to promote early-stage osteogenic differentiation

of hBMSCs (Liu et al., 1997).

4 | DISCUSSION

LncRNA is an emerging regulator with a prominent variety of biologi-

cal functions that plays a crucial role in RNA-related regulation within

miRNAs and mRNAs. In recent years, increased attention has been

paid to the mechanism by which lncRNAs regulate stem cell differenti-

ation. Many studies have verified that numerous identified lncRNAs

play important roles in MSC osteogenic differentiation (Tang

et al., 2019; Yang et al., 2018; Zhang et al., 2017). There has been lit-

tle research on the role of lncRNAs in regulating cellular responses

during complex osseointegration on the surface of titanium. Jin et al

found that lncRNA CCL3-AS could enhance the cell viability of MSCs

and inhibit osteogenic differentiation on TiO2 nanotube (TNT) sub-

strates in the early stage (Jin et al., 2019). However, no studies have

been reported on the lncRNA mechanism and the upstream/down-

stream signaling pathways that promote osteogenic differentiation

and osseointegration on the microtopography SLA Ti surface. There-

fore, the mechanism of how BMSCs are affected by lncRNAs on the

microtopography surface is eager to be revealed.F IGURE 6 Coding potential analysis of PWRN1-209

WANG ET AL. 2897



In this study, we analyzed lncRNA expression from the lncRNA

microarray of hBMSCs before and after osteogenic induction on SLA

for 7 and 21 days. We identified 4112 differentially expressed

lncRNAs in hBMSCs on the SLA Ti surface, of which 2858 lncRNAs

were upregulated and 1254 lncRNAs were downregulated at 7 days,

and only 1437 lncRNAs were upregulated or downregulated at

21 days. These results suggest that some lncRNAs may have a con-

nection with hBMSC early-stage osteogenic differentiation. We veri-

fied the top 10 uncharacterized upregulated lncRNAs at 7 days, and

only one novel lncRNA, PWRN1-209, was finally identified. In addi-

tion, from the microarray data at 21 days, the expression level of

PWRN1-209 was not significantly different, so the effect of

PWRN1-209 on MSCs may be in the stage of early osteogenic differ-

entiation. The change tendency was also related to integrins, FAK and

ALP on surfaces with different roughnesses. This lncRNA may play a

role as a positive regulator of osteogenic differentiation in early

osteogenic differentiation and can be upregulated by titanium and

microtopography, suggesting that enhanced osteogenic differentiation

of microtopography SLA titanium is possibly associated with lncRNA

and FAK-ALP signaling.

HBMSCs are derived from mesoderm cell lines that show self-

renewal and multidirectional differentiation potential. They can differ-

entiate into a variety of mesenchymal cell types, including osteoblasts

and chondrocytes (Rastegar et al., 2010). This process is affected by

the interface characteristics in contact with cells. Ti and its alloys have

been widely used in dental implants and orthopedic implants due to

their good mechanical properties, chemical stability and biocompatibil-

ity. Compared with a smooth surface, a moderately rough Ti surface

(Sa of 1–2 μm) promotes osseointegration because of its microscale

surface topography (Andrukhov et al., 2016; Shaoki et al., 2016;

Vlacic-Zischke, Hamlet, Friis, Tonetti, & Ivanovski, 2011;

Wennerberg & Albrektsson, 2009). Common methods for roughening

F IGURE 7 Differential expression of PWRN1-209 and consistency with the expression trend of integrins and FAK on several topography
surfaces after osteoinducion. (a) Clustering heat map of 1132 differentially expressed lncRNAs analyzed by microarray analysis of hBMSCs
cultured on SLA versus polished Ti in osteogenic induction medium (OM) at 7 days. (b–e) The mRNA expression levels of integrins α2, αv, β1, β2
by hBMSCs in the four groups of hBMSCs. (F) The expression level of lncRNA PWRN1-209 in four groups of hBMSCs. (g,h) FAK and p-FAK
protein expression in four groups of hBMSCs at day 3. (i,j) ALP protein expression in four groups of hBMSCs at day 7. Error bars are the mean
± SD, *p < 0.05; **p < 0.01, n = 3
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the surface of Ti include plasma spraying, anodizing, sand blasting,

acid etching or sand blasting and acid etching (Annunziata &

Guida, 2015). SLA implants with microtopography are the most com-

monly used implants in the clinic. Existing studies have shown that

rough surfaces can promote osseointegration, which is related to the

microtopography of the material surface and can promote the adhe-

sion and differentiation of MSCs (Huang et al., 2017; Zou et al., 2019).

Our group first characterized the expression profile of lncRNAs in

hBMSCs on the classical microtopography SLA titanium surface by

microarrays, and a novel lncRNA was screened on the plastic surface,

which promoted early-stage osteogenic differentiation of BMSCs.

Previous studies showed that there were differences in the expression

of numerous proteins on the surface of materials with nano/micro-

topography, smooth and plastic surfaces, indicating that there may be

many reasons for the changing expression of lncRNAs on SLA Ti after

stem cell osteogenesis (Barbara, 2001; Wall et al., 2009). Some were

merely related to the identification of interface materials, which

means topographical surface features are detected by a variety of

mechanosensory mechanisms, including integrin binding and focal

adhesion formation, leading to cascades of biochemical signals (Wang,

Tytell, & Ingber, 2009). A number of lncRNAs may regulate osteogenic

differentiation through bone morphogenetic protein (BMP) and Wnt

signaling pathways. A more stable screening is needed; therefore, we

choose to select the genes related to osteogenic differentiation

closely on TCPS instead of titanium, which also explains that although

thousands of lncRNAs are upregulated during BMSC osteogenic dif-

ferentiation on the SLA Ti surface, numerous lncRNAs failed to affect

the osteogenic differentiation process in the results. Therefore, this

newly discovered lncRNA, PWRN1-209, should have a strong rela-

tionship with hBMSC osteogenic differentiation.

ENST00000566676.1 is also called PWRN1-209 in Gene

Ensembl (http://asia.ensembl.org/). LncRNA PWRN1 is located in the

Prader-Willi syndrome (PWS) region of chromosome 15, which is

known to undergo imprinting. Based on bioinformatics analysis and

experimental verification, we found that the expression level of

PWRN1-209 was upregulated after osteogenic differentiation and

that the expression level on microtopography SLA was increased com-

pared to that on polished Ti. According to the latest research, lncRNA

PWRN1-211 inhibits the development of gastric cancer through the

p53 signaling pathway (Chen et al., 2018). Nevertheless, the exact role

and mechanism of PWRN1 in regulating osteogenic differentiation

has not been explored.

PWRN1-209 was differentially expressed after osteoinduction on

TCPS, further indicating that this lncRNA is involved in the osteogenic

reconstruction process, and the difference in polished titanium and

SLA may be related to SLA-enhanced osteogenic differentiation

(Figure 7f). In this study, we found that PWRN1-209 affected the

expression of many osteogenic differentiation genes, alkaline phos-

phatase is a commonly used marker of early osteogenic differentiation

that is triggered by cell contact with ECM, and it can be observed

repeatedly to increase in cells adhered to rough surface topography

(Martin et al., 1995; Zinger et al., 2005). PWRN1-209 has significant

effects on Col1a1 mRNA expression and other bone matrix

components (e.g., Bsp). While the lncRNA did not affect the osteo-

genic transcription factor Runx2, the mechanism by which

PWRN1-209 regulates osteogenic differentiation did not involve

changes in Runx2 expression. The main studies on the effects of

microtopography SLA promoting osteointegration include hydrophilic

proteolytic properties, cell adhesion, or cell signal transduction due to

mechanical forces (Calciolari, Hamlet, Ivanovski, & Donos, 2018; Klein

et al., 2013). Rene and coworkers suggested a major role of the

integrin β1 subunit in roughness recognition (Olivares-Navarrete

et al., 2015). Additional studies have revealed that particular signals

are mediated from topographically modified titanium substrates to

cells via integrins, including α2β1 integrin (Olivares-Navarrete

et al., 2008). FAK is a key factor involved in the integrin signaling

pathway by activating downstream signaling molecules and regulating

cytoskeletal structure and cell adhesion, migration, proliferation, and

differentiation. Laura and coworkers suggested a mechanism whereby

machanotransduction driven by FAK is essential for stem cell growth

and functioning on metallic substrates (Saldana, Crespo, Bensiamar,

Arruebo, & Vilaboa, 2014). Integrins play an important role in regulat-

ing ECM-related hMSC osteogenic differentiation through FAK-

extracellular signal-related kinase (ERK) signaling, which can regulate

the activity of ALP (Salasznyk, Klees, Williams, Boskey, &

Plopper, 2007; Takeuchi et al., 1997). According to our results, the

changed trend of lncRNA PWRN1-209 was also related to integrins,

FAK, and ALP on surfaces with diverse roughness (Figure 7f–j). The

changes in Runx2 that vanished were considered to be influenced by

FAK-ERK1/2 downregulation or upregulation (Salasznyk et al., 2007).

We speculate that the dramatic alteration in the mRNA expression of

Alp may mainly be related to the regulation of FAK by upregulating

the expression of ERK-dependent Alp activity to promote osteogenic

differentiation of BMSCs (Takeuchi et al., 1997).

Combined with previous studies and the results on the surface of

different topography in our study, lncRNA PWRN1-209 is likely to be

first involved in recognizing rough topography and is affected by

integrin-FAK-ERK to regulate the expression of ALP in cells in

response to topography-related osteogenic differentiation.

Our current research still has certain limitations, as only in vitro

cell experiments were performed, and more research is needed to vali-

date the exact regulatory mechanisms of lncRNA PWRN1-209 in

osteogenic differentiation and topography regulation. Further detailed

research needs to be performed to confirm the molecular signals

involved. Above all, this study demonstrated the crucial role of

PWRN1 in promoting osteogenic differentiation of hBMSCs and the

possibility of participating in the process that enhanced osteogenic

differentiation of microtopography SLA through integrin-FAK signal-

ing. Our research not only provides a broad mechanism for stem cell

osteogenic differentiation but also provides new ideas for surface

modification of implants, as well as many therapeutic applications for

tissue engineering and regenerative nanomedicine. Moreover, in the

process of osteogenesis, many changes in lncRNAs may not have a

clear function in osteogenesis. Our work has a high degree of refine-

ment, which is meanful to screen out a lncRNA that is clearly related

to osteogenic differentiation of stem cells on the microtopography
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SLA surface and then explore its mechanisms of action. Therefore, it

is of certain significance to perform this screening. By deeply digging

at different stages and under different osteoinduction conditions, the

changes in lncRNA may be quite sensitive and may be used to monitor

or predict a particular stage in bone formation or osseointegration

process for the future. Further detailed research on these roles is nec-

essary and is in progress.

5 | CONCLUSIONS

In conclusion, differential lncRNAs on the microtopography SLA sur-

face after osteoinduction were found via lncRNA microarray and bio-

informatics. Functional verification assays demonstrated that lncRNA

PWRN1-209 enhances ALP activity and osteogenesis-related marker

expression in hBMSCs. This lncRNA can be upregulated by titanium

and microtopography and is involved in SLA-enhanced osteogenic dif-

ferentiation. The change trend of integrins and FAK had a certain cor-

relation with PWRN1-209, and the expression of integrins and the

phosphorylation of FAK were increased on SLA with micro-

topography. Our findings preliminarily revealed that lncRNA

PWRN1-209 upregulated by the microtopography surface may facili-

tate osteogenic differentiation of hBMSCs on the SLA Ti surface and

may be related to integrin-FAK-ALP signaling, providing new insights

into the molecular mechanisms behind the influence of surface topog-

raphy on osseointergration or bone formation, which helps us under-

stand the role of the implant surface in regulating cellular responses

during complex osseointegration and the effect of lncRNA in cells on

the surface topography of implants.
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