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Abstract

Osteoporosis is a progressive systemic skeletal disease associated with decreased bone

mineral density and deterioration of bone quality, and it affects millions of people worldwide.

Currently, it is treated mainly using antiresorptive and osteoanabolic agents. However,

these drugs have severe adverse effects. Cell replacement therapy using mesenchymal

stem cells (MSCs) could serve as a treatment strategy for osteoporosis in the future. LIGHT

(HVEM-L, TNFSF14, or CD258) is a member of the tumor necrosis factor superfamily. How-

ever, the effect of recombinant LIGHT (rhLIGHT) on osteogenesis in human bone marrow-

derived MSCs (hBM-MSCs) is unknown. Therefore, we monitored the effects of LIGHT on

osteogenesis of hBM-MSCs. Lymphotoxin-β receptor (LTβR), which is a LIGHT receptor,

was constitutively expressed on the surface of hBM-MSCs. After rhLIGHT treatment, cal-

cium and phosphate deposition in hBM-MSCs, stained by Alizarin red and von Kossa,

respectively, significantly increased. We performed quantitative real-time polymerase chain

reaction to examine the expressions of osteoprogenitor markers (RUNX2/CBFA1 and colla-

gen I alpha 1) and osteoblast markers (alkaline phosphatase, osterix/Sp7, and osteocalcin)

and immunoblotting to assess the underlying biological mechanisms following rhLIGHT

treatment. We found that rhLIGHT treatment enhanced von Kossa- and Alizarin red-positive

hBM-MSCs and induced the expression of diverse differentiation markers of osteogenesis

in a dose-dependent manner. WNT/β-catenin pathway activation strongly mediated

rhLIGHT-induced osteogenesis of hBM-MSCs, accelerating the differentiation of hBM-

MSCs into osteocytes. In conclusion, the interaction between LIGHT and LTβR enhances

osteogenesis of hBM-MSCs. Therefore, LIGHT might play an important role in stem cell

therapy.

Introduction

Osteoporosis is a progressive systemic skeletal disease characterized by bone mineral density

reduction and bone quality deterioration that affects millions of people worldwide [1].
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Generally, osteoporosis is age-dependent and remains undiagnosed, especially because it

remains asymptomatic for several years until a fracture eventually occurs, which consequently

limits the daily activities of the elderly [2]. In most people with osteoporotic fractures, the

symptoms are non-apparent, yet life-threatening. Osteoporotic fractures can be fatal and are

associated with significant high morbidity and mortality rates. Therefore, osteoporosis is con-

sidered to be a major health concern and research hotspot globally [1, 3].

Currently, treatments for osteoporosis predominantly rely solely on antiresorptive agents

such as bisphosphonates or osteoanabolic agents such as teriparatide [4]. However, these

drugs are associated with serious side effects. Therefore, the development of new drugs or

treatments is necessary.

Stem cells have immense therapeutic potential, especially in regenerative medicine. In par-

ticular, stem cells may be a promising source for cell-based osteoporosis treatments. Therefore,

cell-based replacement therapy with mesenchymal stem cells (MSCs) may be an osteoporosis

treatment strategy in the future [2, 5]. MSCs are multipotent cells with tremendous potential

as a new therapeutic drug [6, 7]. These cells are present in various tissues and organs, including

the bone marrow, umbilical cord, adipose tissues, dental pulp, and placenta [8, 9]. They can

differentiate into multiple cell types, including those of osteogenic, chondrogenic, and adipo-

genic lineages [10, 11]. Moreover, MSCs from adult bone marrow can differentiate into vari-

ous cell types, such as bone, fat, and cartilage tissues, both in vitro and in vivo [12]. MSCs

preferentially move to damaged tissues [7]. Hence, MSCs are primarily used in regenerative

medicine as bioreactors of soluble factors that promote tissue regeneration from the progeni-

tors of cells in damaged tissues and possess the ability to differentiate into specific cell types

[8]. Furthermore, MSCs can be easily grown in vitro and have regenerative properties and

potent immunomodulatory activities [12]. MSCs inhibit the functions of dendritic cells (DCs),

B cells, and T cells by producing immunomodulatory molecules, such as transforming growth

factor beta (TGF-β), liver growth factor, interleukin-10, indolamin 2,3-dioxygenase, and nitric

oxide. These properties have made MSCs a promising therapeutic candidate for treating vari-

ous diseases, including autoimmune diseases [6]. However, there are concerns about the thera-

peutic approach using MSCs. Because cancer cells and stem cells share several biological

properties, transcription factors that monitor the fate of stem cells may play an important role

in the regeneration of modified cells in the microenvironment of cancer [13, 14].

LIGHT [tumor necrosis factor (TNF) superfamily protein 14 (TNFSF14), CD258, and lym-

photoxin-like inducible protein that competes with glycoprotein D for herpesvirus entry in T-

cells] is a cytokine that is primarily expressed in immature DCs, activated T-cells, monocytes,

granulocytes, and spleen cells [15]. It has three receptors: herpesvirus entry mediator (HVEM;

TNFRSF14, CD270), lymphotoxin β receptor (LTβR; TNFRSF3), and decoy receptor-3 [16].

HVEM is expressed in endothelial cells, DCs, natural killer (NK) cells, T-cells, and B-cells, and

LTβR is expressed in fibroblasts and endothelial, epithelial, and stromal cells [17, 18]. Gener-

ally, the interaction between LIGHT and HVEM has numerous immunological roles. Their

interaction increases cell activation and proliferation as well as cytokine production in T-cells,

B-cells, and NK cells [15]. Furthermore, LTβR, which is a membrane-bound receptor of

LIGHT, plays an important role in immune system development and immune responses [19].

It also regulates the development and function of the intestinal immune system during embry-

onic development. In particular, the interaction between LTβR and LTα1β2 initiates the devel-

opment of lymph nodes and Peyer’s patches [20], which is critical for the formation of gut-

associated lymphoid tissues.

In our previous study, we showed that LIGHT increases the survival and proliferation of

human bone marrow-derived MSCs (hBM-MSCs) via LTβR [10]. However, the role of the

interaction between LIGHT and LTβR on osteogenic differentiation in hBM-MSCs is poorly
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understood. Therefore, in this study, we investigated the role of LIGHT/LTβR interaction on

osteogenesis of hBM-MSCs.

Materials and methods

Reagents

Recombinant human LIGHT (rhLIGHT), which was purchased from R&D Systems (Minne-

apolis, MN, USA), was dissolved in 0.1% bovine serum albumin (BSA)-phosphate buffered

saline (PBS) and stored at −20˚C until use. Anti-human CD90-FITC (cat no 555595, 5E10),

anti-human CD44-FITC (cat no. 555478, C26), anti-human CD34-FITC (cat no. 348053,

8G12), anti-human CD45-FITC (cat no. 347463, 2D1), anti-LTβR-PE (cat no. 551503,

hTNFR-RP-M12), and FITC mouse lgG-isotype control (cat no. 556649, MOPC-21) antibod-

ies were purchased from BD Bioscience (San Diego, CA, USA). Mesenchymal Stem Cell

Growth Medium BulletKit™ (MSCGM™, cat no. PT-3001) was obtained from Lonza (Basel,

Switzerland). StemPro1Osteogenesis Differentiation Kit and Alizarin red reagent (for stain-

ing of osteocytes) were purchased from Invitrogen (Carlsbad, CA, USA). Antibodies such as

anti-alkaline phosphatase (ALP, SC-398461), anti-osterix (OSX, SC-393060), and β-actin (SC-

47778) for western blotting were purchased from Santa Cruz Biotechnology (Santa Cruz, Dal-

las, TX, USA). Furthermore, anti-total β-catenin (CST-9562), non-phospho (active) β-Catenin

(CST-8814), p-ERK (CST-9106), ERK (CST-4695), p-p38 (CST-4511), p38 (CST-8690), p-JNK

(CST-4668), and JNK (CST-9252), anti-rabbit IgG-HRP (CST-7074), and anti-mouse

IgG-HRP (CST-7076) antibodies were purchased from Cell Signaling Technology (Danvers,

MA, USA). In addition, anti-LTβR antibody (TA332629) was purchased from Origene (Rock-

ville, MD, USA). All reagents were obtained from Sigma-Aldrich (St. Louis, MO, USA).

BM-derived MSC isolation and culture

Mononuclear cells (MNCs) were isolated from the BM suspension by gradient centrifugation

with Lymphoprep (Axis-Shield, Oslo, Norway; density, 1.077 g/mL) and loaded into 100-mm

culture dishes containing DMEM (low glucose) with 10% FBS and 1% penicillin and strepto-

mycin. The most common method is based on the capacity of MSCs to adhere to plastic sur-

faces [21, 22]. After 3-day culture in a humidified incubator at 37˚C and 5% CO2, the non-

adhering cells were washed from the flask using PBS. Adherent cells were grown to reach con-

fluence and passaged. After two passages, the cells were cryopreserved in FBS with 10%

DMSO. The MSCs used throughout this study were between passage 3 and 8. They were main-

tained in the MSC basal medium, MSCGM™ in a humidified environment with 5% CO2 at

37˚C.

Ethics approval

All human-related methods were conducted in accordance with the relevant guidelines and

regulations. All patients were provided with written informed consent prior to the commence-

ment of the study, and written informed consent was obtained from all patients. The study

protocol and patient consent form and information were approved by the Ulsan University

Hospital Ethics Committee and Institutional Review Board (UUH-IRB-2016-07-026).

Phenotypic analysis using flow cytometry

The cells were harvested and washed twice with fluorescence-activated cell sorting (FACS)

buffer (PBS containing 0.3% BSA and 0.1% NaN3) and incubated with various antibodies

against each cell surface antigen, such as CD19, CD34, CD45, CD44, CD90, CD105, and
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LTβR, on ice for 30 min. Cells were then washed twice with FACS buffer and analyzed using

the FACSCalibur flow cytometer and CellQuest Pro software (BD Bioscience).

Alizarin red and von Kossa staining

On day 18 after osteogenic induction, the deposition of the minerals calcium and phosphate

was assessed using Alizarin red and von Kossa staining, respectively. For Alizarin red staining,

cells were fixed with 4% paraformaldehyde for 10 min at room temperature and washed three

times with distilled water. Then, 2% Alizarin red was added, and the cells were incubated for

15–30 min at room temperature and then rinsed with distilled water. For von Kossa staining,

cells were fixed with 4% paraformaldehyde for 10 min at room temperature and washed three

times with distilled water. Next, 5% silver nitrate was added, and the cells were exposed to

ultraviolet radiation in the dark for 30 min. To eliminate nonspecific staining, 5% sodium thio-

sulfate was added for 5 min. The samples were then analyzed using a microscope (Olympus,

NY, USA).

Quantitative real-time reverse transcription-polymerase chain reaction

(RT-qPCR)

Using TRIzol reagent, we isolated total RNA from cells. Then, cDNA was synthesized using

Superscript III reverse transcriptase according to the manufacturer’s instructions and analyzed

with the CFX96 real-time PCR system using iQ SYBR Green Supermix (Bio-Rad, Hercules,

CA, USA). All primers were synthesized by Bioneer Corporation (Daejeon, Korea). The

primer sequences are shown in Table 1. The PCR conditions were as follows: an initial dena-

turation step at 95˚C for 3 min and 40 cycles at 95˚C for 10 s, 63˚C for 10 s, and 72˚C for 30 s.

During the 72˚C extension step, optical detection was performed to determine SYBR green

fluorescence. The expression of the target gene relative to that of the endogenous control gene

glyceraldehyde-3-phosphate dehydrogenase was calculated using the difference in the thresh-

old cycle method (ΔCt = Ct’ target − Ct’ control), as described in our previous report [23], in

Table 1. Sequences of primers used for quantitative RT-PCR.

Target gene Primer sequences (50!30)

RUNX2 Forward CAGATGGGACTGTGGTTACTG

Reverse AGATCGTTGAACCTTGCTACTT

COL1A1 Forward CTAAAGGCGAACCTGGTGAT

Reverse TCCAGGAGCACCAACATTAC

ALP Forward GGAGTATGAGAGTGACGAGAAAG

Reverse GAAGTGGGAGTGCTTGTATCT

OSX Forward GCAAAGCAGGCACAAAGAAG

Reverse CAGGTGAAAGGAGCCCATTAG

OCN Forward TCACACTCCTCGCCCTATT

Reverse CCTCCTGCTTGGACACAAA

LTβR Forward GGCACCTATGTCTCAGCTAAAT

Reverse GTAGTTCCAGTGCTCGTTGTAG

GAPDH Forward GATCATCAGCAATGCCTCCT

Reverse GTCATGAGTCCTTCCACGATAC

RUNX2, Runt-related transcription factor 2; COL1A1, Collagen, type I, alpha 1; ALP, Alkaline phosphatase; OSX, Osterix; OCN, Osteocalcin; LTβR, Lymphotoxin beta

receptor; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase.

https://doi.org/10.1371/journal.pone.0247368.t001
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which the relative expression equaled 2−ΔΔCt (ΔΔCt = ΔCt’ target − ΔCt’ untreated). All assays

were performed in triplicate.

Analysis of ALP activity

To measure ALP activity, cells were lysed in RIPA buffer, and 10 μl of lysate was incubated

with 90 μl of fresh solution containing the substrate p-nitrophenyl phosphate at 37˚C for 20–

30 min. To stop the reaction, we added 100 μl of 0.5 N NaOH. Then, we measured the absor-

bance at 405 nm on a SpectraMax iD3 Microplate Reader (Molecular Devices, San Jose, CA,

USA). We determined the total protein concentration using a BCA protein assay kit (Thermo

Fisher Scientific, Waltham, MA, USA). The results are expressed as fold changes from the base

conditions (undifferentiated control cells) using four–five culture wells for each experimental

condition.

Western blotting analysis

The samples were washed three times with ice-cold PBS and harvested. Western blotting was

performed as previously described [24, 25]. The blots were developed using the ChemiDocTM

Touch Imaging System and analyzed using Image LabTM software (Bio-Rad).

Immunofluorescence

Cells were cultured in an induction medium placed in a 60-mm dish. We detected ALP and

total β-catenin using a fluorescence microscope (Olympus, NY, USA). Briefly, cells were fixed

with 4% paraformaldehyde for 10 min at room temperature, permeabilized, and then blocked

for 30 min in 0.1% Triton X-100 and 5% BSA. Subsequently, fixed cells were washed and incu-

bated for 120 min at room temperature with anti-ALP (1:100; Santa Cruz Biotechnology) and

total β-catenin (1:400; Cell Signaling Technology). We incubated the cells with a fluorescence-

conjugated secondary antibody (Thermo Fisher Scientific, Waltham, MA, USA) for 60 min at

room temperature and stained the nuclei with DAPI (Sigma) for 10 min.

Statistical analysis

Data are expressed as means ± the standard error of the mean (SEM) based on at least three

independent experiments. All values were evaluated using one-way analysis of variance, fol-

lowed by Tukey’s range test using GraphPad Prism version 7.0 (GraphPad Software, Inc., La

Jolla, CA, USA). Differences were considered significant when p< 0.05. Each assay was con-

ducted in triplicate.

Results

LIGHT promotes bone formation in hBM-MSCs

In our previous study, we stained cells undergoing adipogenesis (Oil Red O staining), chondro-

genesis (Alcian blue staining), and osteogenesis (Alizarin red staining) to confirm the quality of

MSCs [10]. As shown in S1A and S1B Fig, we identified negative and positive differentiation

markers of hBM-MSCs using flow cytometry analysis. The MSCs used in our experiments were

consistently negative for CD34, CD45, and CD19 and positive for CD90, CD44, and CD105. In

addition, LTβR was constitutively expressed on the surface of hBM-MSCs (S1C Fig).

Bones are calcified tissues containing calcium and phosphorus, and they play important

roles in supporting and protecting the body. Bone calcification is the process of depositing

mineral salts on the collagen fiber matrix, which crystallizes and hardens the tissue. Deposition

of calcium was assessed using Alizarin red staining from 7 days up to 21 days after osteogenic
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induction by rhLIGHT, as shown in as shown in Fig 1. In the samples on day 14 and day 18,

calcium deposition was observed only in the rhLIGHT treatment group. Moreover, in the sam-

ple on day 21, calcium deposition began to be observed in the control group, and the degree of

calcium deposition was accelerated in the rhLIGHT treatment group. Relative intensity of

Fig 1. RhLIGHT increases calcium deposition in hBM-MSCs. (A) Cells were incubated with 0, 25, and 50 ng/ml

concentrations of rhLIGHT for 7, 14, 18 and 21 days and then stained with 2% Alizarin red to confirm calcium

deposits, as described in the Materials and Methods. Microscope magnification: ×100, Scale bar = 100 μm. (B) The

number of calcium deposition spots in Fig 1A is summarized by Fig 1B. Data are expressed as mean ± SEM.

Significantly different from the control cells (�); ���, P< 0.001.

https://doi.org/10.1371/journal.pone.0247368.g001
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phosphate deposition by Alizarin red staining in Fig 1A is summarized by Fig 1B. According

to Fig 1, rhLIGHT effect was better on day 18 than day 21. Accordingly, we used these condi-

tions for the remainder of the experiments. Furthermore, deposition of phosphate was assessed

using von Kossa staining, on day 18 after osteogenic induction by rhLIGHT. As a result,

rhLIGHT increased phosphate deposition in hBM-MSCs (Fig 2). These results indicate that

LIGHT promotes bone formation in hBM-MSCs via its receptor protein, LTβR (S1 Fig, Figs 1

and 2).

Fig 2. RhLIGHT increases phosphate deposition in hBM-MSCs. Cells were incubated with 0, 25, and 50 ng/ml concentrations of rhLIGHT for 18 days and stained by

von Kossa to confirm phosphate deposition, as described in the Materials and Methods. Microscope magnification: ×100, Scale bar = 100 μm. (B) Relative intensity of

phosphate deposition by von Kossa staining in Fig 2A is summarized by Fig 2B. Data are expressed as mean ± SEM. Significantly different from the control cells (�);
��P< 0.01; ���P< 0.001.

https://doi.org/10.1371/journal.pone.0247368.g002
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LIGHT enhances the expression of osteoblast differentiation markers and

ALP as well as ALP activity in hBM-MSCs

To examine the role of rhLIGHT in osteogenic differentiation, we examined the levels of osteos-

pecific genes and proteins, including RUNX2, collagen I alpha 1 (COL1A1), ALP, OSX/Sp7,

and osteocalcin, using RT-qPCR and western blotting analysis. RT-qPCR analysis revealed that

the mRNA levels of ALP, RUNX2, COL1A1, OSX, and OCN on day 18 were significantly high

following treatment with 50 ng/ml rhLIGHT treatment (Fig 3A). Western blotting analysis

revealed that the levels of ALP, COL1A1 and OSX proteins were higher on day 18 than on day 0

following treatment with 50 ng/ml rhLIGHT (Fig 3B, left panel). On day 18, the expression of

ALP and OSX proteins was considerably induced in the 50 ng/ml rhLIGHT treatment group

compared with that in the 0 ng/ml rhLIGHT control group (Fig 3B, right panel). We also per-

formed immunofluorescence to confirm the expression of ALP; its expression increased in the

50 ng/ml rhLIGHT treatment group compared with that in the 0 ng/ml rhLIGHT control

group on day 18 (Fig 3C, Scale bar = 100 μm). Additionally, we evaluated ALP activity, which is

a marker of bone formation, on days 0 and 18 following treatment with 50 ng/ml rhLIGHT,

which induced osteogenic differentiation. On day 18, ALP activity was evaluated for each

rhLIGHT concentration (0 and 50 ng/ml). In the 50 ng/ml rhLIGHT group, the ALP activity on

day 18 was 7.8-fold higher than that on day 0. On day 18, ALP activity in the 0 ng/ml rhLIGHT

group was 3.4-fold higher than that in the 50 ng/ml rhLIGHT group (Fig 4D).

LIGHT activates the WNT/β-catenin and p38 MAPK signaling pathways in

hBM-MSCs

It is well-known that Wnt/β-catenin signaling is critical in promoting osteoblastic differentia-

tion and maintaining bone mass [26, 27]. In addition, increased Wnt/β-catenin signaling gen-

erally exhibits proosteoblastic and antiadipocytic differentiation effects. To examine the

signaling pathways involved in the osteogenic differentiation of hBM-MSCs following treat-

ment with rhLIGHT, we assessed the common signaling pathways involved in osteogenesis

using western blotting analysis. These pathways included the MAPK signaling pathway, PI3K/

AKT signaling pathway, and Wnt/β-catenin pathway. On day 18 of osteogenic differentiation,

total β-catenin and activated β-catenin expression levels were high in the rhLIGHT group (Fig

4A, Left panel). Specifically, compared with those in the 0 ng/mL rhLIGHT group, the expres-

sion levels of total β-catenin and activated β-catenin were significantly induced in the 50 ng/ml

rhLIGHT group (Fig 4A, left panel). In addition, the expression level of p-p38 MAPK was

slightly increased following rhLIGHT treatment in a dose-dependent manner (Fig 4A, right

panel). No significant differences were found in the other MAPK signaling pathways (Fig 4A)

or the PI3K/AKT signaling pathway between these groups (data not shown). We also per-

formed immunofluorescence to confirm the expression of total β-catenin, which was found to

be increased in the 50 ng/ml rhLIGHT treatment group compared with that in the 0 ng/ml

rhLIGHT control group on day 18 (Fig 4B, Scale bar = 100 μm). Therefore, rhLIGHT-induced

osteogenesis of hBM-MSCs was strongly mediated by WNT/β-catenin pathway activation,

which accelerated the hBM-MSCs to differentiate into osteocytes. Thus, LIGHT/LTβR interac-

tion increases osteogenesis of hBM-MSCs (Fig 4).

LIGHT enhances the expression of its receptor LTβR in hBM-MSCs

We examined the effects of rhLIGHT on the expression of its receptor, LTβR, in hBM-MSCs.

We confirmed that membrane LTβR was constitutively expressed on hBM-MSCs (S1C Fig). In

addition, the LTβR expression level changed depending on the concentration of rhLIGHT in
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hBM-MSCs. Therefore, the expression level of LTβR increased depending on the concentra-

tion of rhLIGHT, as determined using RT-qPCR and western blotting analyses (Fig 5A and

5B, respectively).

Discussion

Osteoporosis is a bone disease that increases the risk of fracture owing to decreased bone mass

and density. In general, the goals of osteoporosis treatment are to reduce bone loss and

Fig 3. RhLIGHT enhances the expression of osteoblast differentiation markers and alkaline phosphatase (ALP), and ALP activity in hBM-MSCs. (A) Cells were

stimulated with 0 and 50 ng/ml concentration of rhLIGHT for 18 days. The mRNA expressions of ALP, RUNX2, COL1A1, OSX, OCN by RT-qPCR increased in a dose-

dependent manner. (B) Cells were stimulated with 0 and 50 ng/ml rhLIGHT for 18 days. The protein expression of ALP, COL1A1, and OSX by immunoblotting was

increased time- and dose-dependently. (C) Cells were stimulated with 0 and 50 ng/ml concentrations of rhLIGHT for 18 days. The expression of ALP-positive cells (red)

and nucleus (blue) was detected by fluorescence microscopy. Scale bar = 100 μm. (D) RhLIGHT enhances the ALP activity of hBM-MSCs time- and dose-dependently.

Data represent the mean ± SEM. Significantly different from the control cells (�); �, P< 0.05; ���, P< 0.001. ALP, Alkaline phosphatase; RUNX2, Runt-related

transcription factor 2; COL1A1, Collagen, type I, alpha 1; OSX, Osterix; OCN, Osteocalcin.

https://doi.org/10.1371/journal.pone.0247368.g003
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maintain bone density, particularly in patients who have fractures or are at a high risk of frac-

tures [1, 2]. The current treatment approach for osteoporosis typically consists of antiresorp-

tive and osteoanabolic agents [4]. However, these drugs are associated with severe adverse

effects. In particular, patients receiving long-term bisphosphonate treatment may exhibit

osteonecrosis of the jaw and atypical femoral fractures. Thus, new drugs and treatments must

be developed. Recent clinical studies have reported the development of various treatments for

osteoporosis [28]. However, osteoporosis treatment remains poorly researched. In particular,

cell replacement therapy via the use of MSCs may serve as a treatment strategy for osteoporosis

in the future.

Stem cells have immense therapeutic potential, especially in the field of regenerative medi-

cine. In particular, stem cells may be a promising source for cell-based treatments for osteopo-

rosis. Therefore, cell replacement therapy using MSCs may be an option for osteoporosis

treatment strategies in the future [2, 5]. Research on new treatments using stem cells derived

from bone marrow from experimental animals or humans and various studies on regenerative

or alternative cell-based treatments for osteoporosis are currently in progress. For example, in

a rabbit model of osteoporosis, autologous BM-MSC transplantation was shown to improve

bone formation [29], and in goats with long-term estrogen deficiency, which mimics postmen-

opausal osteoporosis in humans, such a treatment method improved bone formation and

strengthened osteoporotic bones [30]. Similar results were obtained in a rat model of osteopo-

rosis that was induced by ovariectomy after receiving allogeneic BM-MSCs isolated from

healthy rats [31]. More recently, clinical trials have been using autologous BM-MSCs for osteo-

porosis treatment. In these studies, cells undergo fucosylation before intravenous infusion in

patients with osteoporosis. However, the study is currently recruiting participants and is not

yet complete (NCT ID: NCT02566655).

LTβR has various functions in regulating immune responses against pathogens, in organ

development, and in maintaining structural integrity of secondary lymphoid tissues via its

receptor LTα1β2 [32]. However, the use of LTβR for stem cell or bone formation and bone

regeneration has been seldom reported. The interaction of LIGHT (other ligand of LTβR) and

LTβR in hBM-MSCs is also poorly known.

Bone marrow is the most commonly used tissue source for adult MSCs [33]. BM-MSCs

have been extensively studied for bone regeneration and repair because they are highly effi-

cient in osteogenic differentiation [34]. In addition, cartilage regeneration based on BM-MSCs

by chondrogenic preconditioning and mechanical stimulation has synergistic effects [35].

Thus, we selected BM-MSCs and conducted experiments related to bone formation. In a previ-

ous research, LTβR was constitutively expressed on the surface of hBM-MSCs (S1C Fig).

LIGHT/LTβR interaction increased the number, viability, and proliferation of BM-MSCs, and

it also promoted cell division by increasing the expression of CDK1 and CDK2 as well as vari-

ous cyclins. In particular, it increased S/G2/M phase in the cells. Moreover, LIGHT-induced

PDGF and TGFβ production mediated by STAT3 and Smad3 activation accelerated BM-MSC

proliferation. Therefore, LIGHT/LTβR interaction increased the survival and proliferation of

hBM-MSCs [10].

The present study revealed that the LIGHT/LTβR interaction is crucial in the osteogenic

differentiation of hBM-MSCs. To the best of our knowledge, this study is the first to investigate

Fig 4. RhLIGHT activates β-catenin in hBM-MSCs. (A) Cells incubated with 0, 25, and 50 ng/ml concentrations of

rhLIGHT for 18 days. The expression of total β-catenin, non-phospho (active) β-Catenin (Ser33/37/Thr41), p-ERK,

ERK, p-p38, p38, p-JNK, and JNK was examined by immunoblotting. The membrane was stripped and reprobed with

anti-β-actin mAb to confirm equal loading. (B) The expression of total β-catenin-positive cells (green) and nucleus

(blue) by fluorescence microscopy. Scale bar: 100 μm.

https://doi.org/10.1371/journal.pone.0247368.g004
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the effect of the LIGHT/LTβR interaction on the osteogenic differentiation of hBM-MSCs. In

addition, their interaction increased calcium and phosphate deposition in hBM-MSCs (Figs 1

and 2). LIGHT/LTβR interaction also increased the expression of bone formation-related

genes and proteins, such as ALP, RUNX2, COL1A1, OSX, and OCN, and strongly promoted

the osteogenic differentiation of hBM-MSCs through the Wnt/β-catenin signaling pathway

(Figs 3 and 4). The expression level of LTβR was increased by rhLIGHT treatment dose-depen-

dently (Fig 5). In this study, we made great efforts to show that LIGHT (TNFSF14) enhances

osteogenesis of hBM-MSCs through various experiments. In particular, in Fig 3, experiments

were mainly conducted with only two concentrations. For western blotting analysis using

hBM-MSCs, a very large amount of cells were required, and the incubation time after LIGHT

treatment is too long. It was more than 18~21 days. The experiments were very difficult by all

of these conditions. While conducting these studies more efficiently, the experiment was con-

ducted by selecting two concentrations including the highest concentration to show dramatic

changes in the results.

Our findings show that the LIGHT/LTβR interaction is critical for hBM-MSC osteogenesis.

Therefore, LIGHT might play an important role in stem cell therapy for osteoporosis. In par-

ticular, LIGHT protein might be a good option to improve the quality of cell therapy that is

limited by time. It usually takes at least 24–28 days for bone formation in hBM-MSCs, even

with a medium for bone formation. However, shortening the time by approximately 7–10 days

using rhLIGHT protein is an extremely important outcome that can take one step closer to the

success of cell therapy application.

Transplantation therapy using MSCs may represent a clinically relevant solution for the

treatment of osteoporosis, given their interesting properties and the promising results of pre-

clinical and clinical studies. However, over the past few years, concerns have been raised about

the long-term effectiveness of MSC-based therapy and the potential tumorigenic risk, there is

a lack of standardized protocols for MSC transplantation. For all these reasons, we believe that

further studies, especially randomized controlled trials, are needed to evaluate the long-term

safety and efficacy of MSC-based treatments.

In conclusion, rhLIGHT-induced osteogenesis of hBM-MSCs was strongly mediated by

WNT/β-catenin pathway activation, and it accelerated the differentiation of hBM-MSCs into

osteocytes. In addition, LIGHT/LTβR interaction increases osteogenesis of hBM-MSCs.

Therefore, LIGHT might play an important role in stem cell therapy.

Supporting information

S1 Fig. Quality test on hBM-MSCs. (A) Negative marker (CD34, CD45, and CD19) staining

in BM-MSCs. (B) Positive marker (CD90, CD44, and CD105) staining in BM-MSCs. (C)

LTβR expression on the hBM-MSC surface. Each marker’s expression level was determined

using FACS analysis. Filled histogram represents the isotype control (mouse IgG); open histo-

gram represents each antigen.

(DOCX)

Fig 5. RhLIGHT enhances the expression of the LIGHT receptor LTβR in hBM-MSCs. (A) Cells were stimulated

with 0 and 50 ng/ml concentration of rhLIGHT for 18 days. The mRNA expression of LTβR by RT-qPCR was

increased dose-dependently. (B) Cells were stimulated with 0, 25, and 50 ng/ml concentration of rhLIGHT for 18 days.

The protein expression of LTβR by immunoblotting was increased on day 18 dose-dependently. The membrane was

stripped and reprobed with anti-β-actin mAb to confirm equal loading. Data represent the mean ± SEM. Significantly

different from the control cells (�); ��, P< 0.01; ���, P<0.001. LTβR, Lymphotoxin beta receptor.

https://doi.org/10.1371/journal.pone.0247368.g005
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