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Abstract

Our preliminary findings have lead us to propose bone marrow adipocyte secretions as new

contributors to bone loss. Indeed, using a coculture model based on human bone marrow

stromal cells, we previously showed that soluble factors secreted by adipocytes induced the

conversion of osteoblasts towards an adipocyte-like phenotype. In this study, microarray

gene expression profiling showed profound transcriptomic changes in osteoblasts following

coculture and confirmed the enrichment of the adipocyte gene signature. Double immunoflu-

orescence microscopic analyses demonstrated the coexpression of adipogenic and osteo-

blastic specific markers in individual cells, providing evidence for a transdifferentiation

event. At the molecular level, this conversion was associated with upregulated expression

levels of reprogramming genes and a decrease in the DNA methylation level. In line with

these in vitro results, preliminary immunohistochemical analysis of bone sections revealed

adipogenic marker expression in osteoblasts from elderly subjects. Altogether, these data

suggest that osteoblast transdifferentiation could contribute to decreased bone mass upon

ageing.

Introduction

Bone marrow stromal cells (BMSCs) are progenitor cells that can self-renew and have multipo-

tent differentiation potential and the ability to home into tissues, thus possessing great potential

for the repair and regeneration of damaged tissues, such as cartilage and bone [1–4]. BMSCs

can differentiate into various cell types, including adipocytes, osteoblasts and chondrocytes,
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which are all present in bone marrow and play crucial roles in bone metabolism [5, 6]. Mainte-

nance of bone mass requires a continuous process of bone renewal, known as bone remodelling,

which is regulated by the balance between bone resorption by osteoclasts and bone formation

by osteoblasts. The decrease in bone mass that occurs in osteoporosis results from the

impairment of this balance, leading to increased fracture risk. The strong relationship between

this bone loss and the increase in bone marrow adipose tissue suggests a potential role for med-

ullary adipocytes in the deficiency of osteoblasts to replace resorbed bone [7–9].

It has been suggested that the excessive accumulation of marrow adipocytes could be due to

the preferential differentiation of BMSCs into adipocytes at the expense of osteoblasts or to the

transdifferentiation of osteoblasts into adipocytes [10]. Transdifferentiation, also known as

lineage reprogramming, is the conversion of one mature somatic cell into another mature

somatic cell without going through a pluripotent state [11]. Several in vitro studies using

human BMSCs or mature osteoblasts derived from trabecular bone have demonstrated the

occurrence of transdifferentiation between osteoblastic and adipocytic phenotypes in response

to extrinsic factors [11–14].

It is also conceivable that the osteoporosis-associated increase in marrow adipogenesis may

contribute to limiting osteoblast commitment by acting on BMSCs or even directly on osteo-

blasts [15]. This hypothesis is supported by the proximity of adipocytes to osteoblasts in the

bone marrow and the knowledge that adipocytes exert paracrine effects on neighbouring cells.

Indeed, several in vitro studies have shown that adipocyte-secreted factors, such as adipokines

or fatty acids, may modify the proliferation and function of osteoblasts [16–19].

In this context, determining the exact contribution of bone marrow adipocytes could be

useful in the therapeutic control of bone loss. In an attempt to reproduce cellular interactions

within the bone marrow, we previously developed a coculture system using human BMSC-

derived osteoblasts and adipocytes. In this model, we demonstrated that soluble factors

secreted by adipocytes induced the conversion of osteoblasts towards an adipocyte-like pheno-

type, as evidenced by the expression of adipogenic mRNA markers and the decrease in the lev-

els of osteogenic mRNA markers [20].

In the present study, our aim was to analyse this conversion in more detail. Using temporal

gene expression analysis, we showed that transcriptomic changes and adipogenic gene induction

in osteoblasts were apparent as early as 9 hours of coculture. Using immunofluorescence micro-

scopic analysis, we further demonstrated the coexpression of adipogenic and osteogenic proteins

in cocultured osteoblasts, providing evidence for a transdifferentiation process. Interestingly, we

found that this osteoblast transdifferentiation was accompanied by an increased expression level

of reprogramming genes and a decrease in the global DNA methylation level, which suggest

global epigenetic remodelling. Finally, to evaluate the role of this transdifferentiation event in age-

related bone loss, we performed immunohistochemistry on human bone biopsy specimens,

which revealed adipogenic marker expression in mature osteoblasts from elderly patients.

Experimental procedures

Cell culture experiments

Cell culture and induction of osteogenic and adipogenic differentiation. Purified com-

mercial hBMSCs (Lonza) from 7 donors (4 females, A: 33 years, B: 22 years, C: 24 years, G: 23

years and 3 males, D: 19 years, E: 22 years, F: 25 years) were cultured as described previously

[20]. Briefly, differentiation experiments were started when hBMSCs at passage 4 or 6 had

reached confluence (D0). To induce osteogenesis, hBMSCs were cultured in DMEM with 10%

FCS supplemented with osteogenic inductors (50 μM ascorbic acid, 10 mM β-glyceropho-

sphate and 10−8 M vitamin D3 (Sigma-Aldrich)) for 14 days. For adipogenic differentiation,
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hBMSCs were cultured in DMEM with 10% FCS supplemented with adipogenic inductors

(0.5 μM dexamethasone, 0.5 mM isobutyl-1-methylxanthine and 50 μM indomethacin

(Sigma-Aldrich)) for 14 days.

Adipocyte and osteoblast coculture. hBMSCs from the same donor were either seeded

on cell culture inserts (pore size of 0.4 μm, Millicell) at a density of 9 × 103 cells per cm2 and

cultured after confluence in adipogenic medium or plated in the basal compartment of 6-well

plates at a density of 9 × 103 cells per cm2 and cultured after confluence in osteogenic medium.

After 14 days of induction, inserts were then transferred to 6-well plates, and cocultures

(OB-CC) were maintained in serum-free DMEM for 9 h, 48 h or 72 h. Control osteoblasts

(OB) were cultured with serum-free DMEM for the same time.

Conditioned medium experiments. On day 12 of differentiation, hBMSC-derived adipo-

cytes (AD) were placed in serum-free DMEM for 48 h. The supernatants were then collected

and applied immediately to hBMSC-derived osteoblasts at day 14 of differentiation. Osteo-

blasts were incubated in conditioned medium for 48 h (OB-CM). As controls, osteoblasts were

incubated with serum-free DMEM for the same time (OB).

Oil Red O staining. Cells were fixed in 2% paraformaldehyde for 15 min, washed in

water, incubated with 60% isopropanol for 5 min and stained with newly filtered Oil Red O

solution for 10 min at room temperature. After staining, the cells were rinsed with water before

counterstaining with Mayers-Haematoxylin for 5 min at room temperature.

RNA expression measurement

RNA isolation. Total RNA was extracted using the RNeasy1Micro Kit, including the

DNase I digestion step (Qiagen), according to the manufacturer’s instructions and quantified

by a Nanodrop at the wavelength of 260 nm.

mRNA expression analysis. Total RNA was reverse transcribed using the Maxima First-

Strand cDNA Synthesis kit (Thermo Scientific) and subjected to quantitative real-time PCR

on the StepOnePlus1 system (Applied Biosystem) using POWER SYBR1 Green PCR Master

Mix (Thermo Fisher) and specific primers designed using Oligo 6 software (MedProbe)

(Table 1). Relative gene expression levels were normalized to YWHAZ (tyrosine 3-monooxy-

genase/tryptophan 5-monooxygenase activation protein), PPIA (peptidylprolyl isomerase A)

and RP2 (RNA polymerase II) transcripts and determined using the 2 –ΔΔCt method. For the

statistical analysis, differences between the control and OB-CC groups were compared using

the Mann-Whitney test. A p-value of<0.05 was set as statistically significant.

Microarray assays

Gene expression profiling. Total RNA from cocultured osteoblasts and control samples

(9 h and 48 h, each n = 7 donors, A-G) was used for whole genome array analysis. RNA quality

was confirmed using an Agilent 2100 Bioanalyser (Agilent Technologies). Gene expression

data were produced using the Agilent Human SurePrint G3 Microarray, 8×60K microarray

chip (Agilent Technologies). Microarray data preprocessing and statistical analysis were per-

formed using the Limma R/Bioconductor package in R software and were filtered based on the

FDR method of Benjamini – Hochberg and the fold-change. Only genes that were significantly

(adjusted p-value of<0.05 and fold-change of>1.3) modulated were considered for further

analysis. Microarray data have been deposited in the ArrayExpress database at EMBL-EBI

(https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-8849/).

Differentially expressed genes were analysed for gene set enrichment using the online ver-

sion of GeneCodis3 (http://genecodis.cnb.csic.es) [21–23] and DAVID Bioinformatics

Resources 6.8 (http://david.abcc.ncifcrf.gov) [24, 25].
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Quantitative RT-PCR validation. Transcriptomic results were further validated using

RNA from two donors (C and F). cDNA was synthetized as described above. Quantitative

RT-PCRs were performed in duplicate on a StepOnePlus1 system using TaqMan Univer-

sal Master Mix and selected TaqMan probes (Life Technologies) and using POWER

SYBR1 Green PCR Master Mix (Thermo Fisher) and specific primers designed using

Oligo 6 software (MedProbe) (Table 2). The relative gene expression levels were normal-

ized to YWHAZ (tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation

protein) and PPIA (peptidylprolyl isomerase A) transcripts and determined by the 2 –

ΔΔCt method.

Double immunofluorescence microscopy analyses

hBMSCs from the same donor were separately cultured in adipocyte and osteoblast medium

on Lab-Tek II CC2 glass chamber slides (Thermo Fisher). At day 14 of differentiation, oste-

oblasts were incubated in conditioned medium for 48 h (OB-CM) as previously described.

As controls, osteoblasts were incubated with serum-free DMEM for the same time (OB).

Cells were then fixed with 4% paraformaldehyde for 20 min, and after one wash with Dul-

becco’s PBS (DPBS), cells were incubated in immunofluorescence blocking buffer with

NH4Cl 50 mM for 5 min. After 3 washes with DPBS, the cells were permeabilized using a

0.2% solution of Triton X-100 in DPBS for 20 min. Primary antibodies against PPARy2

ab45036 (rabbit, 1:100; Abcam) or osteocalcin ab13420 (mouse, 1:100; Abcam) were added

to blocking buffer and submitted to overnight incubation at 4˚C followed by a 1-hour incu-

bation at room temperature with Alexa 488- or Alexa 568-conjugated goat secondary anti-

bodies (Life Technologies). Fixed and stained cells were mounted for confocal microscopy

in SlowFade Gold Antifade reagent with DAPI (Life Technologies). Confocal images were

acquired using a Zeiss LSM 780 confocal microscope fitted with an 63X/1.2NA oil immer-

sion objective. The 2012 software package (Carl Zeiss) was used for image capture. The

analysis was performed three times (donors D and F). For each experiment, 40 pictures

were taken at different areas in the well to form a mosaic (1200 μm x 1000 μm). ImageJ soft-

ware was used for quantification.

Table 1. Primers used for RT-PCR analysis.

Gene Primer Sequence (5’ to 3’) Annealing temperature

PPIA Forward; ACCGTGTTCTTCGACATTGC 55˚C

Reverse; CAGGACCCGTATGCTTTAGGA

YWHAZ Forward; GGT CAT CTT GGA GGG TCG TC 55˚C

Reverse; GTC ATC ACC AGC GGC AAC

Tet1 Forward; CCCTTACCGGAGTCA 49,1˚C

Reverse; AAAGAAGTTCATGGCATAAT

Oct-4 Forward; ATTCAGCCAAACGACCATC 60˚C

Reverse; GTTGCCTCTCACTCGGTTCT

c-Myc Forward; GCT GCC AAG AGG GTC A 55˚C

Reverse; CGC ACA AGA GTT CCG TAG

PPARG Forward; GCTTCTGGATTTCACTATGG 52˚C

Reverse; AAACCTGATGGCATTATGAG

HSD11B1 Forward; CAGCAAAGGGATCGGAAGA 56,1˚C

Reverse; AAATTGCTCTGCGAAGGTCA

RP2 Forward; CCAAGCAGGACGTAATAGAGG 55˚C

Reverse; CCGGACACGACCATAGACT

https://doi.org/10.1371/journal.pone.0245014.t001
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Methylated DNA quantification assay

The global DNA methylation status was studied by using the Methylflash Methylated DNA

Quantification Kit (Epigentek), as previously described [26]. In our experiment, 100 ng of

DNA isolated from OB and OB-CC was used for each assay. The absorbance was read using a

microplate at 405 nm.

Immunohistochemical analyses of human bone sections

The immunohistochemical analysis of CD36 was performed on decalcified paraffin-embedded

biopsy specimens from elderly women (n = 3, age 50–59 years) and one young woman (n = 1,

age 18 years). Iliac crest biopsy specimens from the young women were collected at the anat-

omy and cytology department (ICO) at Saint-Herblain, France, while iliac crest bone biopsy

specimens from elderly women were collected at the endocrinology departments at Odense

University Hospital and Aarhus University, Denmark, in accordance with approval by the

Danish National Committee on Biomedical Research Ethics, journal nos. S-20070121 and S-

20110112. The collecting institutions obtained written, informed consent from all participants.

Adjacent 3.5-μm-thick sections were included in the immunostaining. Deparaffinized and

rehydrated sections were first antigen retrieved for 20 min at 80˚C in citrate buffer (pH 6) and

endogenous peroxidase quenched with hydrogen peroxide for 15 min at room temperature.

Table 2. Probes used for RT-PCR analysis.

Gene ID Taqman probes

ADM Hs00969450_g1

ARID5B Hs0138278_m1

CD36 Hs00354519_m1

CEBPA Hs00269972 s1

DLK2 Hs01106587_m1

EDN1 Hs01115919_m1

FOXO1 Hs01054576_m1

FRZB Hs00173503_m1

HSD11B1 Hs01547870_m1

IRS2 Hs00275843_s1

KLF5 Hs00156145_m1

LEP Hs00174877_m1

MRAP Hs01588793_m1

PIK3R1 Hs00933163_m1

PPARG Hs01115513_m1

PPIA Hs99999904_m1

PTPRQ Hs01386285_m1

RGS2 Hs01009070_g1

RORA Hs00536545_m1

SFRP1 Hs00610060_m1

SH3PXD2B Hs01083721_m1

SOCS1 Hs00705164_s1

SORT1 Hs00361760_m1

TBX15 Hs01070089_m1

VGLL3 Hs01013372_m1

YWHAZ Hs03044281_g1

ZBTB16 Hs00957433_m1

https://doi.org/10.1371/journal.pone.0245014.t002
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Non-specific antibody binding was blocked using 3% BSA (bovine serum albumin) and 10%

normal goat serum in PBS for one hour at room temperature. The sections were incubated

with rat anti-human CD36 (1:50, R&D Systems) for one hour at room temperature, incubated

with a polymer conjugated with anti-rat antibodies and horseradish peroxidases (Polink-1

HRP, GBI Labs) for 30 min at room temperature, and visualized (brown) using DAB (3,30-dia-

minobenzidine, Sigma-Aldrich). Finally, the sections were counterstained with Mayer’s hae-

matoxylin. For the negative controls, the primary CD36 antibody was omitted.

Results

Nine hours of coculture is sufficient for the conversion of osteoblasts into

preadipocytes

Gene expression kinetics analyses were performed on cells from six different donors (A-F) to

determine the temporal changes in the osteoblast phenotype. The results revealed a time-

dependent phenomenon with the first significant increase in mRNA expression levels of adi-

pocyte markers PPARG (Peroxisome Proliferator Activated Receptor Gamma) and HSD11B1

(Hydroxysteroid 11-Beta Dehydrogenase 1) in the osteoblastic population from 9 h of cocul-

ture (Fig 1A). In parallel, PPARG and HSD11B1 mRNA levels were determined at various

early time points during adipogenic differentiation (donors C-F). This enabled us to show that

adipocyte-specific gene expression levels in cocultured osteoblasts (OB-CC) were comparable

to those found in adipocytes precociously differentiated (Fig 1B). Consistent with these find-

ings, the expressions of markers representative of mature adipocytes, such as GLUT4 or

FABP4, were not detected in OB-CC (data not shown). Taken together, these results indicate

Fig 1. Coculture induced the conversion of osteoblasts into preadipocytes. (A) PPARG (Peroxisome Proliferator

Activated Receptor Gamma) and HSD11B1 (Hydroxysteroid 11-Beta Dehydrogenase 1) mRNA expression levels in

OB and OB-CC after 9 h and 48 h of coculture. mRNA expression levels were normalized against the signal from two

housekeeping genes, PPIA (peptidylprolyl isomerase A) and YWHAZ (tyrosine 3-monooxygenase/tryptophan

5-monooxygenase activation protein). Graphs are representative of 6 independent experiments (donors A-F)

performed in duplicate. Error bars are the standard deviation. � P�0.05, �� P (0.01, cocultured osteoblasts (OB-CC)

compared to osteoblasts grown alone (OB). (B) PPARG and HSD11B1 mRNA expression levels in BMSC-derived

adipocytes at 0, 3, 6, 24, 48, and 72 h of differentiation. mRNA expression levels were normalized against the signal

from two housekeeping genes, PPIA and RP2 (RNA polymerase II). Graphs are representative of 4 independent

experiments (donors C-F) that were performed in duplicate. Error bars represent the standard deviation. � P�0.05.

https://doi.org/10.1371/journal.pone.0245014.g001
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that the conversion of osteoblasts is quickly initiated but still incomplete when compared to

adipocytes.

Transcriptomic analysis confirmed the differential gene expression profiles

and adipogenic gene induction

To further decipher the molecular changes triggered by the coculture, we performed transcrip-

tional analyses using an Agilent 60-mer Sure Print G3 Human Gene Expression Microarray

Kit containing 50,599 probes. Transcriptional changes were monitored in 7 biological repli-

cates, each consisting of osteoblasts grown alone (OB) and cocultured osteoblasts (OB-CC)

after 9 h or 48 h and adipocytes (AD) at day 14 of differentiation placed in serum-free medium

for 9 h or 48 h. Principal component analysis (PCA) was used to delineate variations in the

transcriptional data. PCA plots showed 2 large independent clusters along the principal com-

ponent 1 axis (PCA1) consisting of AD and OB cells (OB and OB-CC). In PC3, we observed

that OB and OB-CC samples differed from each other transcriptionally, even if the variations

were less prominent (Fig 2A).

To identify significantly differentially expressed transcripts, a general linear model using

the LIMMA method and Benjamini-Hochberg false discovery rate multiple testing correc-

tion were applied. Comparative analysis of probes with a fold-change cut-off of � 1.3 and a

p-value cut-off of � 0.05 revealed that more than 1/3 of the probes were strongly differen-

tially expressed between the 3 kinds of samples. Among them, 2281 and 2391 genes were

Fig 2. Dynamic transcriptional changes upon coculture. (A) Principle component analyses of AD (blue) and OB cells (OB-CC and OB) (1) and OB-CC (pink) and OB

(green) (2) using the 30,413 probes that were detected as expressed upon 9 h of coculture (squares) or 48 h (circles). (B) Hierarchical clustering of genes that were

differentially expressed in AD and OB cells and OB-CC after 9 h and 48 h of coculture. Each row represents an individual gene, and each column represents an

individual sample. Relative expression levels are represented as a colour scale from red for lower expressions to green for higher expressions. (C) Venn diagram showing

the number of genes downregulated and upregulated according to the microarray analyses in OB and OB-CC after 9 and 48 h of culture. Boxes indicate the number of

upregulated genes related to adipogenesis. (D) Gene ontology (GO) analysis of upregulated genes showed an enrichment of GO terms for biological processes in

adipogenesis. The y-axis shows significantly enriched upregulated GO terms in OB-CC versus OB after 9 h and/or 48 h of coculture. The number of upregulated genes

for each category is indicated by the ordinate axis. (E) Upregulated expression of genes associated with adipocyte differentiation. The y-axis shows the fold change values

for differential expression in OB-CC versus OB after 9 and 48 h of coculture.

https://doi.org/10.1371/journal.pone.0245014.g002
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significantly modified in OB-CC compared with the monoculture controls at 9 h and 48 h,

respectively. Hierarchical clustering of differentially expressed genes showed the clear dis-

tinction between AD, OB and OB-CC cells (Fig 2B). To gain insight into the robustness of

gene expression changes, we selected the genes with a >2-fold increase or decrease in

OB-CC versus OB. We identified 172 transcripts that were specifically upregulated and 204

that were specifically downregulated in OB-CC after 9 h of coculture and 218 and 187 tran-

scripts that were specifically upregulated and downregulated after 48 h of coculture, respec-

tively. A total of 158 genes were upregulated, and 82 were downregulated, regardless of the

duration of coculture (Fig 2C). Classification of differentially expressed transcripts by Gene

Ontology (GO) enrichment revealed that significantly upregulated genes in OB-CC versus

OB were particularly enriched for biological processes related to adipogenesis (Fig 2D). In

particular, we identified 24 genes that were associated with the differentiation of adipocytes

with a fold change (FC) ranging from 2.01 to 16.82. Among them, five genes were only upre-

gulated in OB-CC after 9 h of coculture (2.01 <FC>4.09), and ten genes were upregulated

after 48 h of coculture (2.03 <FC>13.02) (Fig 2E). For the genes upregulated in the two

conditions, the level of FC gradually increased between the two time points. To assess the

transcriptomic data for differential gene expression, quantitative RT-PCR profiles were

determined for all the genes associated with the differentiation of adipocytes (Table 3). The

results displayed similar levels of variation in expression and confirmed the microarray data

analysis.

Double immunofluorescence microscopic analyses provide evidence for a

transdifferentiation event

Given that BMSCs constitute a heterogeneous cell population, it could be argued that the

observed effects of coculture were due to contaminating progenitor cells or undifferentiated

cells present in the starting population. Thus, to validate the phenotypic conversion of osteo-

blasts, we performed double immunofluorescence microscopic analyses with adipogenic and

osteoblastic specific markers, peroxisome proliferator activated receptor gamma 2 (PPARG2)

and osteocalcin, respectively. Individual cells coexpressing both markers were observed in

osteoblasts incubated with media conditioned by adipocytes (OB-CM), providing direct evi-

dence for a transdifferentiation phenomenon (Fig 3). The experiment was performed three

times (donors D and F). Image analysis revealed that double-positive cells represented 12.1,

12.1 and 12.8% of the total OB-CM cells, respectively, while no cells showing protein coexpres-

sion were observed in the control OB.

Osteoblast transdifferentiation is associated with increased expression

levels of reprogramming genes and with changes in cellular epigenetic

status

We investigated whether the transdifferentiation event was accompanied by changes in tran-

scripts for genes required for the cell reprogramming process. Quantitative RT-PCR results

showed that the mRNA levels of OCT4 (octamer-binding transcription factor 4) and c-MYC

(oncogene myc) were significantly upregulated in OB-CC compared to OB (Fig 4A). These

data indicate that cell transdifferentiation is associated with a gene reprogramming event,

which suggests global epigenetic remodelling. To confirm this hypothesis, the global DNA

methylation status was analysed using DNA samples isolated from OB and OB-CC. The results

showed that there was a slight decrease in the global DNA methylation level after 48 h of cocul-

ture but that this difference between OB and OB-CC cells became statistically significant after

72 h of coculture (Fig 4B). Interestingly, we observed a previous increase in the mRNA
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expression level of ten-eleven translocation methylcytosine deoxygenase 1 (TET1), the gene

encoding an enzyme implicated in DNA demethylation, in cocultured osteoblastic cells versus

control cells, consistent with the results at the 5mC level (Fig 4C).

Functional analysis by gene ontology classification revealed different

changes according to coculture duration

To understand the mechanisms behind the transdifferentiation event generated by the

coculture, differentially expressed probes were subjected to GO analysis. The top 20 GO

terms of biological processes revealed that the genes that were significantly up- and down-

regulated in OB-CC versus OB upon 9 h of coculture were highly different from those dif-

ferentially expressed upon 48 h of coculture. Indeed, enriched genes in OB-CC versus OB

were first related to regulation of cell communication and cell signalling and then to extra-

cellular matrix organization and cell adhesion (Fig 5). Taken together, these data show that

phenotype conversion is initiated rapidly upon coculture and then progresses in a multistep

process.

Table 3. Validation of differential expression of genes associated with differentiation of adipocytes using quantitative RT-PCR analysis.

Transcriptomic analysis results

Fold change- OB-CC vs OB

RT-PCR analysis results mRNA

levels—OB-CC vs OB

Gene Name 9h 48h 9h 48h

PPARG peroxisome proliferator-activated receptor gamma 2,41 4,20 2,39 3,87

RORA RAR-related orphan receptor A 2,76 2,00 4,46 1,64

DLK2 delta-like 2 homolog (Drosophila) 2,95 2,67 7,62 4,44

HSD11B1 hydroxysteroid (11-beta) dehydrogenase 1 3,03 6,19 4,86 12,82

SOCS1 suppressor of cytokine signaling 1 3,29 3,64 6,22 3,93

PIK3R1 phosphoinositide-3-kinase, regulatory subunit 1 (alpha) 4,84 2,22 5,05 1,85

FOXO1 forkhead box O1 6,01 2,66 6,18 2,58

ZBTB16 zinc finger and BTB domain containing 16 7,93 16,82 ND ND

IRS2 insulin receptor substrate 2 8,55 4,13 10,29 1,71

TBX15 T-box 15 2,01 0,00 2,81 1,27

ARID5B AT rich interactive domain 5B (MRF1-like) 2,15 0,00 1,82 1,39

SH3PXD2B SH3 and PX domains 2B 2,59 0,00 3,89 1,22

KLF5 Kruppel-like factor 5 (intestinal) 2,68 0,00 1,79 1,19

RGS2 regulator of G-protein signaling 2, 24kDa 4,69 0,00 5,18 1,15

SORT1 sortilin 1 FC<2 2,48 1,85 3,47

EDN1 endothelin 1 FC<2 2,03 2,93 1,75

VGLL3 vestigial like 3 (Drosophila) FC<2 2,46 1,30 1,19

MRAP melanocortin 2 receptor accessory protein FC<2 2,51 1,70 2,36

CEBPA CCAAT/enhancer binding protein (C/EBP), alpha FC<2 2,58 0,44 3,60

PTPRQ protein tyrosine phosphatase, receptor type, Q FC<2 2,97 0,96 1,70

FRZB frizzled-related protein FC<2 3,55 1,20 4,20

SFRP1 secreted frizzled-related protein 1 FC<2 3,67 1,67 4,86

ADM adrenomedullin FC<2 4,06 1,92 2,51

LEP leptin FC<2 13,02 ND ND

Fold change (FC) and mRNA expression levels of genes associated with “Differentiation of adipocytes” in OB-CC versus OB after 9 and 48 h of coculture. mRNA

expression levels represent the average of 2 independent experiments (donors C and F), which were performed in duplicate and normalized against the signal from the

two housekeeping genes PPIA (peptidylprolyl isomerase A) and YWHAZ (tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein). ND: Not

determined due to the lack of expression in OB.

https://doi.org/10.1371/journal.pone.0245014.t003
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CD36 immunostaining of human bone

To further confirm the presence of osteoblasts that were positive for adipogenic markers, we

performed immunohistochemical analysis on human iliac crest bone biopsy specimens from

healthy elderly subjects (n = 3) and healthy young subjects (n = 1). CD36 marker, which

showed mRNA expression levels that were significantly upregulated in OB-CC compared to

OB, was used for immunostaining (Fig 6A).

CD36 was observed in bone marrow adipocytes and vascular structures from all biopsies, as

expected. In contrast, CD36 staining was detected in mature bone-forming osteoblasts from

both the osteoid surfaces of trabecular bone and in intracortical pores in elderly patients but

not in the bone cells of the young patient (Fig 6B). These data constitute a first result that will

need to be confirmed with a larger number of subjects.

Discussion

In humans, progressive infiltration of bone marrow by fat is well established to occur with age-

ing and supports a causative role for bone marrow adipogenesis in age-related bone loss [7–9].

Osteoblasts and adipocytes are derived from the same multipotent precursor, BMSCs [6, 27],

and it has been suggested that the excessive accumulation of marrow adipocytes is caused by

preferential differentiation of BMSCs into adipocytes at the expense of osteoblasts [28, 29]. It

is also conceivable that the increased adipose tissue may have a negative impact on neighbour-

ing osteoblasts due to its secreted factors, accelerating bone loss and fat accumulation [30].

Supporting this assumption, we previously showed that in the presence of adipocyte-secreted

factors, osteoblasts expressed lower amounts of osteogenic markers but exhibited the expres-

sion of typical adipogenic genes [20]. In the present study, we more deeply investigated the

transcriptional shift of osteoblastic cells upon coculture with adipocytes. Gene expression

kinetic and microarray assay data confirmed the quickly initiated adipogenic gene induction

Fig 3. Immunofluorescence microscopic analysis showed the coexpression of adipogenic and osteogenic proteins

in OB-CM. (A) Simple immunofluorescence confocal analysis showed that osteocalcin is a specific marker for

osteoblasts and PPARG2 is a specific marker for adipocytes. (B) Double immunofluorescence labelling of PPARG2

and osteocalcin in control osteoblasts showed the specificity of osteocalcin staining in OB but not PPARG2. (C)

Confocal microscopy analysis of double immunofluorescence labelling of PPARG2 (green) and osteocalcin (red) in

osteoblasts incubated with media conditioned by adipocytes at 14 days of differentiation (OB-CM). Blue staining

represents DNA (DAPI). The coexpression of the two proteins is clearly visible in the right enlargement. The data

shown are representative images of three independent experiments.

https://doi.org/10.1371/journal.pone.0245014.g003
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and revealed other profound functional changes shortly after the onset of coculture, suggesting

cellular conversion. This change in fate is further supported by the panel of experiments

described in the paper. Double immunofluorescence staining proved the coexpression of adi-

pogenic and osteoblastic specific markers, excluding the involvement of uncommitted cells in

the observed phenomenon. The hybrid phenotype observed in the cocultured osteoblasts, with

the expression of both lineage markers, together with the lack of detection of markers repre-

sentative of mature adipocytes, is indicative of a partial transdifferentiation event [31, 32]. This

cellular conversion was preceded by dynamic changes at the transcriptional level, as revealed

by the functional annotation of differentially expressed genes (DEGs). With regard to the ‘Bio-

logical Process’ group, DEGs were primarily involved in the regulation of cell communication

and signalling activity, which is in accordance with the osteoblastic response to an extracellular

signal. Then, the enriched DEGs were associated with extracellular matrix (ECM) organization

and cell adhesion. As a network of extracellular macromolecules, the ECM interacts with the

surrounding cells and modulates functions including cell differentiation, cell adhesion and

cell-to-cell communication. Adipocyte lineage commitment is coupled with changes in cell

Fig 4. Cell transdifferentiation is associated with a gene-reprogramming event and global epigenetic remodelling.

(A) OCT4 (octamer-binding transcription factor 4) and c-MYC (oncogene myc) mRNA expression levels in OB and

OB-CC after 48 h of coculture. mRNA expression levels were normalized to OB expression against the signal from two

housekeeping genes, peptidylprolyl isomerase A (PPIA) and tyrosine 3-monooxygenase/tryptophan 5-monooxygenase

activation protein (YWHAZ). Graphs are representative of 4 independent experiments (donors A, C, D, G) performed

in duplicate. Error bars show the standard deviation. � P�0.05, cocultured osteoblasts (OB-CC) compared to

osteoblasts grown alone (OB). (B) Percentage of 5-methylcytosine in DNA from OB and OB-CC after 48 and 72 h of

coculture. Graphs are representative of 5 independent experiments. Error bars show the standard deviation. No

significant changes were observed after 48 hours of coculture, but 72 hours of coculture induced significant

hypomethylation. �� P�0.01. (C) TET1 (ten-eleven translocation methylcytosine deoxygenase 1) mRNA expression

levels in OB and OB-CC cells after 9 and 48 h of coculture. mRNA expression levels were normalized to OB expression

against the signal from two housekeeping genes for peptidylprolyl isomerase A (PPIA) and tyrosine 3-monooxygenase/

tryptophan 5-monooxygenase activation protein (YWHAZ). Graphs are representative of 4 independent experiments

performed in duplicate. Error bars show the standard deviation. � P�0.05, cocultured osteoblasts (OB-CC) compared

to osteoblasts grown alone (OB).

https://doi.org/10.1371/journal.pone.0245014.g004
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morphology and cytoskeletal components [33]. The modification of ECM components could

influence differentiation by permitting cellular rearrangement and changes in cell adhesion

properties that are essential for this process [34].

Recent studies have highlighted the importance of epigenetic changes in the lineage deter-

mination of adipogenesis and osteogenesis [35, 36]. BMSC differentiation towards a lineage

fate is associated with activation of lineage-specific gene expression and repression of other

cell type-specific genes [37]. This on-off regulation is partly ensured by promoter DNA

Fig 5. Osteoblasts present different phenotypic changes according to coculture duration. Top 20 GO terms of biological processes (ranked by p-value) for

differentially expressed genes found between (A) OB-CC 9 h vs. OB and (B) OB-CC 48 h vs. OB. Bars represent the minus log10 of the p-values.

https://doi.org/10.1371/journal.pone.0245014.g005

Fig 6. Immunohistochemical analysis confirmed the presence of an adipogenic marker (CD36) in mature

osteoblasts in elderly subjects but not in the young subject. (A) CD36 mRNA expression levels in OB and OB-CC

cells after 48 h of coculture. mRNA expression levels were normalized to OB expression against the signal from two

housekeeping genes, peptidylprolyl isomerase A (PPIA) and tyrosine 3-monooxygenase/tryptophan 5-monooxygenase

activation protein (YWHAZ). Graphs are representative of 4 independent experiments performed in duplicate. Error

bars show the standard deviation. � P�0.05, cocultured osteoblasts (OB-CC) compared to osteoblasts grown alone

(OB). (B) CD36 immunoreactivity (brown) in human iliac bone biopsy specimens from young and elderly women.

Illustrations show the CD36-positive osteoblasts (OBs) on osteoid surfaces (OS) of trabecular bone from an elderly

woman and comparable CD36-negative osteoblasts from a young woman. In both the young and elderly women,

CD36-positive vascular structures are present, while adipocytes in the marrow cavity appear more CD36-positive in

the elderly woman than in the young woman. In the elderly woman, weak staining was also observed in osteoclasts

(OC) on eroded surfaces (ES).

https://doi.org/10.1371/journal.pone.0245014.g006
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methylation. DNA methylation consists of a methyl group covalently bound to the 5 0position

of cytosine in palindromic cytosine-phosphate-guanine (CpG) dinucleotides, which is abbrevi-

ated as 5mC. CpG-enriched regions, known as CpG islands, are found in many gene promot-

ers, and their DNA methylation leads to transcriptional repression, while DNA demethylation

is linked to transcriptional activation and gene expression. In our model, we found a statisti-

cally significant decrease in the global methylation level in osteoblasts upon coculture that is

preceded by upregulated expression of TET1, which is one of the three enzymes required for

active demethylation. The global demethylation of DNA has been described as a key element

in numerous reprogramming events [38]. One of the questions raised by our experiments is

why the level of methylation was significantly reduced only after 72 h of coculture, whereas

transcriptional changes were detected as early as 9 h. Studies referring to transdifferentiation

processes suggest that a triggering effector, such as a transcription factor, microRNA or signal-

ling pathway modulator, could be sufficient to induce lineage conversion upstream of the sub-

sequent chromatin remodelling [31, 32]. One of these effectors could be the OCT4

transcription factor, whose mRNA level was increased upon coculture and which has been

described as a potential regulator of TET1 [39], but this remains to be determined.

Unlike cellular reprogramming toward pluripotency, transdifferentiation between closely

related cell types can be direct without the involvement of dedifferentiation events but involve

a transition through a hybrid intermediate phenotype before acquisition of the phenotypic and

functional properties of a mature cell [31, 32]. In our model, we observed a hybrid phenotype

in cocultured osteoblasts but without the subsequent conversion into mature adipocytes. This

could be explained by the time-limited coculture due to the vulnerability of osteoblasts in a

serum-free environment or by the inherent limitations of in vitro experiments. Overall, despite

these limitations, we are confident in the consistency of our results, which are supported by

the panel of experiments conducted on at least 4 donors.

Osteo-adipocyte transdifferentiation related to human bone metabolism has been the focus

of several studies [40–42]. The first evidence of in vitro transdifferentiation of osteogenic cells

was obtained in response to adipogenic agonists [12]. Subsequently, Song and Tuan confirmed

the mechanism at the single-cell level by changing the inducing components of the culture

medium [11]. In addition to chemical molecules, it has also been shown that physical factors,

such as space microgravity, can induce osteo-adipocyte transdifferentiation, even under osteo-

genic induction conditions [43]. Compared to these studies, the transdifferentiation event

observed in our model is not due to an external factor but to the paracrine effect of adipocyte

secretions, supporting the hypothesis of the causative role for bone marrow adipogenesis in

osteoporotic bone loss.

Of note, although the transdifferentiation concept is still controversial, especially for in
vitro studies, recent studies have demonstrated that adult cell transition can occur spontane-

ously in vivo under physiological or pathological conditions [44–46]. However, evidence of

this mechanism in the physiology of age-related bone loss has not yet been proven in vivo. In a

preliminary attempt to obtain such clues, we assessed the presence of osteoblasts that are posi-

tive for adipogenic markers in human bone biopsies from elderly subjects. We chose to com-

pare them to biopsies of young subjects because communication between osteoblasts and

adipocytes is assumed to be controlled by environmental and intrinsic factors, such as cell

number, metabolism and secretory profile, which are altered with age [47]. Since the first

attempts to label PPARG2 or LPL failed for technical reasons, we used CD36, a cell surface

molecule involved in lipid uptake and lipoprotein recruitment for immunostaining [48, 49].

CD36 is expressed mainly in adipocytes, and interestingly, its mRNA expression levels were

found to be significantly upregulated in the bone tissue of osteoporotic women compared to

controls [50]. In our experiments, we detected the presence of this marker in mature
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osteoblasts of elderly subjects but not in those of the young subject. Although very promising,

these results remain preliminary and will need to be confirmed on a larger number of samples.

In summary, our findings confirm that adipocyte-secreted factors are able to convert osteo-

blasts into preadipocytes. Further studies are required to elucidate the extracellular signals and

the molecular mechanisms and chronological sequence of the conversion. Future work will

also focus on consolidating the proof of concept for the role of this transdifferentiation in the

pathogenesis of age-related bone loss.
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13. Schilling T, Nöth U, Klein-Hitpass L, Jakob F, Schütze N. Plasticity in adipogenesis and osteogenesis of

human mesenchymal stem cells. Mol Cell Endocrinol. 2007; 271(1–2): 1–17. https://doi.org/10.1016/j.

mce.2007.03.004 PMID: 17475397

14. Lin DPL, Dass CR. Transdifferentiation of adipocytes to osteoblasts: potential for orthopaedic treat-

ment. J Pharm Pharmacol. 2018; 70(3): 307–319. https://doi.org/10.1111/jphp.12862 PMID: 29365349

15. Muruganandan S, Roman AA, Sinal CJ. Adipocyte differentiation of bone marrow-derived mesenchy-

mal stem cells: cross talk with the osteoblastogenic program. Cell Mol Life Sci. 2009; 66(2): 236–253.

https://doi.org/10.1007/s00018-008-8429-z PMID: 18854943

16. Maurin AC, Chavassieux PM, Frappart L, Delmas PD, Serre CM, Meunier PJ. Influence of mature adi-

pocytes on osteoblast proliferation in human Primary cocultures. Bone. 2000; 26: 485–489. https://doi.

org/10.1016/S8756-3282(00)00252-0 PMID: 10773588

17. Maurin AC, Chavassieux PM, Vericel E, Meunier PJ. Role of polyunsaturated fatty acids in the inhibitory

effect of human adipocytes on osteoblastic proliferation. Bone. 2002; 31: 260–266. https://doi.org/10.

1016/s8756-3282(02)00805-0 PMID: 12110443

18. Elbaz A, Wu X, Rivas D, Gimble JM, Duque G. Inhibition of fatty acid biosynthesis prevents adipocyte

lipotoxicity on human osteoblasts in vitro. J Cell Mol. 2010; 14(4): 982–991. https://doi.org/10.1111/j.

1582-4934.2009.00751.x PMID: 19382912

19. Wang D, Haile A, Jones LC. Dexamethasone-induced lipolysis increases the adverse effect of adipo-

cytes on osteoblasts using cells derived from human mesenchymal stem cells. Bone. 2013; 53(2): 520–

530. https://doi.org/10.1016/j.bone.2013.01.009 PMID: 23328495

20. Clabaut A, Delplace S, Chauveau C, Hardouin P, and Broux O. Human osteoblasts derived from mes-

enchymal stem cells express adipogenic markers upon coculture with bone marrow adipocytes. Differ-

entiation. 2010; 80: 40–45. https://doi.org/10.1016/j.diff.2010.04.004 PMID: 20466479

21. Carmona-Saez P, Chagoyen M, Tirado F, Carazo JM, Pascual-Montano A. GENECODIS: A web-

based tool for finding significant concurrent annotations in gene lists. Genome Biology. 2007; 8 (1): R3.

https://doi.org/10.1186/gb-2007-8-1-r3 PMID: 17204154

22. Nogales-Cadenas R, Carmona-Saez P, Vazquez M, Vicente C, Yang X, Tirado F, et al. GeneCodis:

interpreting gene lists through enrichment analysis and integration of diverse biological information.

Nucleic Acids Research. 2009; 37: 317–322. https://doi.org/10.1093/nar/gkp416 PMID: 19465387

23. Tabas-Madrid D, Nogales-Cadenas R, Pascual-Montano A. GeneCodis3: a non-redundant and modu-

lar enrichment analysis tool for functional genomics. Nucleic Acids Research. 2012; 40: 478–483.

https://doi.org/10.1093/nar/gks402 PMID: 22573175

24. Huang DW, Sherman BT, and Lempicki RA. Systematic and integrative analysis of large gene lists

using DAVID Bioinformatics Resources. Nature Protoc. 2009; 4(1): 44–57. https://doi.org/10.1038/

nprot.2008.211 PMID: 19131956

25. Huang DW, Sherman BT, and Lempicki RA. Bioinformatics enrichment tools: paths toward the compre-

hensive functional analysis of large gene lists. Nucleic Acids Res. 2009; 37(1): 1–13. https://doi.org/10.

1093/nar/gkn923 PMID: 19033363

PLOS ONE Human study of osteoblast transdifferentiation

PLOS ONE | https://doi.org/10.1371/journal.pone.0245014 January 26, 2021 15 / 17

https://doi.org/10.1126/science.284.5411.143
https://doi.org/10.1126/science.284.5411.143
http://www.ncbi.nlm.nih.gov/pubmed/10102814
https://doi.org/10.1016/j.jbspin.2014.02.013
https://doi.org/10.1016/j.jbspin.2014.02.013
http://www.ncbi.nlm.nih.gov/pubmed/24703396
https://doi.org/10.1023/a%3A1011513223894
http://www.ncbi.nlm.nih.gov/pubmed/11708718
https://doi.org/10.1097/00003086-197110000-00021
http://www.ncbi.nlm.nih.gov/pubmed/5133320
https://doi.org/10.1038/cdd.2015.168
https://doi.org/10.1038/cdd.2015.168
http://www.ncbi.nlm.nih.gov/pubmed/26868907
https://doi.org/10.1096/fj.03-1100fje
http://www.ncbi.nlm.nih.gov/pubmed/15084518
https://doi.org/10.1359/jbmr.1998.13.3.371
http://www.ncbi.nlm.nih.gov/pubmed/9525337
https://doi.org/10.1016/j.mce.2007.03.004
https://doi.org/10.1016/j.mce.2007.03.004
http://www.ncbi.nlm.nih.gov/pubmed/17475397
https://doi.org/10.1111/jphp.12862
http://www.ncbi.nlm.nih.gov/pubmed/29365349
https://doi.org/10.1007/s00018-008-8429-z
http://www.ncbi.nlm.nih.gov/pubmed/18854943
https://doi.org/10.1016/S8756-3282%2800%2900252-0
https://doi.org/10.1016/S8756-3282%2800%2900252-0
http://www.ncbi.nlm.nih.gov/pubmed/10773588
https://doi.org/10.1016/s8756-3282%2802%2900805-0
https://doi.org/10.1016/s8756-3282%2802%2900805-0
http://www.ncbi.nlm.nih.gov/pubmed/12110443
https://doi.org/10.1111/j.1582-4934.2009.00751.x
https://doi.org/10.1111/j.1582-4934.2009.00751.x
http://www.ncbi.nlm.nih.gov/pubmed/19382912
https://doi.org/10.1016/j.bone.2013.01.009
http://www.ncbi.nlm.nih.gov/pubmed/23328495
https://doi.org/10.1016/j.diff.2010.04.004
http://www.ncbi.nlm.nih.gov/pubmed/20466479
https://doi.org/10.1186/gb-2007-8-1-r3
http://www.ncbi.nlm.nih.gov/pubmed/17204154
https://doi.org/10.1093/nar/gkp416
http://www.ncbi.nlm.nih.gov/pubmed/19465387
https://doi.org/10.1093/nar/gks402
http://www.ncbi.nlm.nih.gov/pubmed/22573175
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1038/nprot.2008.211
http://www.ncbi.nlm.nih.gov/pubmed/19131956
https://doi.org/10.1093/nar/gkn923
https://doi.org/10.1093/nar/gkn923
http://www.ncbi.nlm.nih.gov/pubmed/19033363
https://doi.org/10.1371/journal.pone.0245014


26. Poloni A, Maurizi G, Leoni P, Serrani F, Mancini S, Frontini A, et al. Human dedifferentiated adipocytes

show similar properties to bone marrow-derived mesenchymal stem cells. Stem Cells. 2012; 5: 965–

974. https://doi.org/10.1002/stem.1067 PMID: 22367678

27. Owen M. Marrow stromal stem cells. J Cell Sci. Suppl. 1998; 10: 63–76.

28. Duque G. Bone and fat connection in aging bone. Curr Opin Rheumatol. 2008; 20: 429–434. https://doi.

org/10.1097/BOR.0b013e3283025e9c PMID: 18525356

29. Gimble JM, Zvonic S, Floyd ZE, Kassem M, and Nuttall ME. Playing with bone and fat. J Cell Biochem.

2006; 98: 251–266. https://doi.org/10.1002/jcb.20777 PMID: 16479589

30. Muruganandan S, Govindarajan R, and Sinal CJ. Bone Marrow Adipose Tissue and Skeletal Health.

Curr Osteoporos. Rep. 2018; 16(4): 434–442. https://doi.org/10.1007/s11914-018-0451-y PMID:

29855795

31. Sancho-Martinez I, Baek SH, and Izpisua Belmonte JC. Lineage conversion methodologies meet the

reprogramming toolbox. Nat Cell Biol. 2012; 14(9): 892–899. https://doi.org/10.1038/ncb2567 PMID:

22945254

32. Vierbuchen T, and Wernig M. Direct lineage conversions: Unnatural but useful? Nat Biotechnol. 2011;

29(10): 892–907. https://doi.org/10.1038/nbt.1946 PMID: 21997635

33. Gregoire FM, Smas CM, and Sul HS. Understanding adipocyte differentiation. Physiol Rev. 1998; 78

(3): 783–809. https://doi.org/10.1152/physrev.1998.78.3.783 PMID: 9674695

34. Mariman EC, and Wang P. Adipocyte extracellular matrix composition, dynamics and role in obesity.

Cell Mol Life Sci. 2010; 67: 1277–1292. https://doi.org/10.1007/s00018-010-0263-4 PMID: 20107860

35. Letarouilly JG, Broux O, and Clabaut A. New insights into the epigenetics of osteoporosis. Genomics.

2019; 111(4): 793–798. https://doi.org/10.1016/j.ygeno.2018.05.001 PMID: 29730394

36. Li J, Zuo B, Zhang L, Dai L, and Zhang X. Osteoblast versus Adipocyte: Bone Marrow Microenviron-

ment-Guided Epigenetic Control. Case Reports in Orthopedic Research. 2018; 1: 2–18. https://doi.org/

10.1159/000489053

37. Moerman EJ, Teng K, Lipschitz DA, Lecka-Czernik B. Aging activates adipogenic and suppresses oste-

ogenic programs in mesenchymal marrow stroma/stem cells: the role of PPAR-g2 transcription factor

and TGF-b/BMP signaling pathways. Aging Cell. 2004; 3(6): 379–389. https://doi.org/10.1111/j.1474-

9728.2004.00127.x PMID: 15569355

38. Hill PW, Amouroux R, and Hajkova P. DNA demethylation, Tet proteins and 5-hydroxymethylcytosine in

epigenetic reprogramming: an emerging complex story. Genomics. 2014; 104(5): 324–333. https://doi.

org/10.1016/j.ygeno.2014.08.012 PMID: 25173569

39. Gao Y, Chen J, Li K, Wu T, Huang B, Liu W, et al. Replacement of Oct4 by Tet1 during iPSC Induction

Reveals an Important Role of DNA Methylation and Hydroxymethylation in Reprogramming. Cell Stem

Cell. 2013; 12: 453–469. https://doi.org/10.1016/j.stem.2013.02.005 PMID: 23499384

40. Berendsen AD, and Bjorn RO. Osteoblast – adipocyte lineage plasticity in tissue development, mainte-

nance and pathology. Cell Mol Life Sci. 2014; 71(3): 493–497. https://doi.org/10.1007/s00018-013-

1440-z PMID: 23934155

41. Gao B, Yang L, and Luo ZJ. Transdifferentiation between bone and fat on bone metabolism. Int. J Clin

Exp Pathol. 2014; 7(5): 1834–1841. PMID: 24966894

42. Petecchia L, Viti F, Sbrana F, Vassalli M, and Gavazzo P. A biophysical approach to quantify skeletal

stem cells trans-differentiation as a model for the study of osteoporosis. Biophys Chem. 2017; 229: 84–

92. https://doi.org/10.1016/j.bpc.2017.05.011 PMID: 28578832

43. Zhang C, Li L, Jiang Y, Wang C, Geng B, Wang Y, et al. Space microgravity drives transdifferentiation

of human bone marrow – derived mesenchymal stem cells from osteogenesis to adipogenesis. FASEB

J. 2018; 32: 4444–4458. https://doi.org/10.1096/fj.201700208RR PMID: 29533735

44. Deng X, Zhang X, Li W, Feng RX, Li L, Yi GR, et al. Chronic Liver Injury Induces Conversion of Biliary

Epithelial Cells into Hepatocytes. Cell Stem Cell. 2018; 23(1): 114–122. https://doi.org/10.1016/j.stem.

2018.05.022 PMID: 29937200

45. Liu T, Chen L, Zhao Z, and Zhang S. Toward a reconceptualization of stem cells from cellular plasticity.

International Journal of Stem Cells. 2019; 12 (1): 1–7. https://doi.org/10.15283/ijsc18096 PMID:

30836732

46. Merrell AJ, and Stanger BZ. Adult cell plasticity in vivo: de differentiation and transdifferentiation are

back in style. Nat Rev Mol Cell Biol. 2016; 17(7): 413–425. https://doi.org/10.1038/nrm.2016.24 PMID:

26979497

47. Marie PJ. Bone cell senescence: Mechanisms and perspectives. J Bone Miner Res. 2014; 29(6):

1311–1321. https://doi.org/10.1002/jbmr.2190 PMID: 24496911

PLOS ONE Human study of osteoblast transdifferentiation

PLOS ONE | https://doi.org/10.1371/journal.pone.0245014 January 26, 2021 16 / 17

https://doi.org/10.1002/stem.1067
http://www.ncbi.nlm.nih.gov/pubmed/22367678
https://doi.org/10.1097/BOR.0b013e3283025e9c
https://doi.org/10.1097/BOR.0b013e3283025e9c
http://www.ncbi.nlm.nih.gov/pubmed/18525356
https://doi.org/10.1002/jcb.20777
http://www.ncbi.nlm.nih.gov/pubmed/16479589
https://doi.org/10.1007/s11914-018-0451-y
http://www.ncbi.nlm.nih.gov/pubmed/29855795
https://doi.org/10.1038/ncb2567
http://www.ncbi.nlm.nih.gov/pubmed/22945254
https://doi.org/10.1038/nbt.1946
http://www.ncbi.nlm.nih.gov/pubmed/21997635
https://doi.org/10.1152/physrev.1998.78.3.783
http://www.ncbi.nlm.nih.gov/pubmed/9674695
https://doi.org/10.1007/s00018-010-0263-4
http://www.ncbi.nlm.nih.gov/pubmed/20107860
https://doi.org/10.1016/j.ygeno.2018.05.001
http://www.ncbi.nlm.nih.gov/pubmed/29730394
https://doi.org/10.1159/000489053
https://doi.org/10.1159/000489053
https://doi.org/10.1111/j.1474-9728.2004.00127.x
https://doi.org/10.1111/j.1474-9728.2004.00127.x
http://www.ncbi.nlm.nih.gov/pubmed/15569355
https://doi.org/10.1016/j.ygeno.2014.08.012
https://doi.org/10.1016/j.ygeno.2014.08.012
http://www.ncbi.nlm.nih.gov/pubmed/25173569
https://doi.org/10.1016/j.stem.2013.02.005
http://www.ncbi.nlm.nih.gov/pubmed/23499384
https://doi.org/10.1007/s00018-013-1440-z
https://doi.org/10.1007/s00018-013-1440-z
http://www.ncbi.nlm.nih.gov/pubmed/23934155
http://www.ncbi.nlm.nih.gov/pubmed/24966894
https://doi.org/10.1016/j.bpc.2017.05.011
http://www.ncbi.nlm.nih.gov/pubmed/28578832
https://doi.org/10.1096/fj.201700208RR
http://www.ncbi.nlm.nih.gov/pubmed/29533735
https://doi.org/10.1016/j.stem.2018.05.022
https://doi.org/10.1016/j.stem.2018.05.022
http://www.ncbi.nlm.nih.gov/pubmed/29937200
https://doi.org/10.15283/ijsc18096
http://www.ncbi.nlm.nih.gov/pubmed/30836732
https://doi.org/10.1038/nrm.2016.24
http://www.ncbi.nlm.nih.gov/pubmed/26979497
https://doi.org/10.1002/jbmr.2190
http://www.ncbi.nlm.nih.gov/pubmed/24496911
https://doi.org/10.1371/journal.pone.0245014
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