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A B S T R A C T   

In human, bone loss is associated with increased marrow adipose tissue and recent data suggest that medullary 
adipocytes could play a role in osteoporosis by acting on neighboring bone-forming osteoblasts. Supporting this 
hypothesis, we previously showed, in a coculture model based on human bone marrow stromal cells, that factors 
secreted by adipocytes induced the conversion of osteoblasts towards an adipocyte-like phenotype. In this work, 
we employed an original integrative bioinformatics approach connecting proteomic and transcriptomic data 
from adipocytes and osteoblasts, respectively, to investigate the mechanisms underlying their crosstalk. Our 
analysis identified a total of 271 predicted physical interactions between adipocyte-secreted proteins and oste-
oblast membrane protein coding genes and proposed three pathways for their potential contribution to osteoblast 
transdifferentiation, the PI3K-AKT, the JAK2-STAT3 and the SMAD pathways. Our findings demonstrated the 
effectiveness of our integrative omics strategy to decipher cell-cell communication events.   

1. Introduction 

Maintenance of healthy bone mass requires a continuous process of 
bone remodelling, which consists of a balance of bone resorption by 
osteoclasts and bone formation by osteoblasts. With advancing age, an 
impairment of this balance results in osteoporosis due to a reduction in 
bone mass associated with a high risk of fragility fractures. It is most 
often due to an excess in osteoclastic activity that is not sufficiently 
compensated by bone formation [1]. A strong relationship between this 
bone loss and an increase in bone marrow adipose tissue suggests a 
potential role for medullary adipocytes in the deficiency of osteoblasts to 
replace the resorpted bone [2–4]. This hypothesis is supported by the 
proximity of adipocytes to osteoblasts, their shared mesenchymal origin 
and the fact that adipocytes are secretory cells [5]. In an attempt to 
reproduce cellular interactions within the bone marrow, we previously 
developed a coculture system using human bone marrow stromal cells 
(BMSCs) – derived osteoblasts and adipocytes. In this model, we 
demonstrated that soluble factors secreted by adipocytes induced the 
conversion of osteoblasts towards an adipocyte-like phenotype, as evi-
denced by the expression of adipogenic mRNA markers and a decrease in 
levels of osteogenic mRNA markers [6]. This change in fate was further 
confirmed by microarray gene expression profiling showing profound 

transcriptomic changes in osteoblasts with an enrichment in the 
adipocyte gene signature following coculture. Furthermore, double 
immunofluorescence staining demonstrated the co-expression of adi-
pogenic and osteogenic specific markers at the single cell level providing 
evidence for a transdifferentiation event [7]. To characterize the 
adipocyte-secreted factor(s) implicated in the transdifferentiation of 
osteoblasts, we thus used high-throughput proteomic techniques to 
identify a set of secreted proteins potentially regulators of osteoblast 
differentiation [8]. Subsequently, through transcriptomic analysis of the 
osteoblastic population, gene expression changes induced by adipocyte 
secretion products in the osteoblastic cells were identified at two early 
stages of coculture. The results showed that the phenotype conversion 
was initiated as early as 9 h of coculture and then progressed in a dy-
namic process. Specifically, Gene Ontology analysis of differentially 
expressed genes in osteoblasts upon 9 h of coculture revealed increased 
expression of genes associated with regulation of cellular communica-
tion and cell signaling, while most of the adipogenesis-related tran-
scripts were gradually up-regulated from 9 to 48 h [7]. 

In the present work, we developed an original integrative bioinfor-
matics approach connecting proteomic and transcriptomic data from 
both cell types to decipher the molecular mechanisms underlying the 
crosstalk between adipocytes and osteoblasts. The combined use of 
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protein-protein interaction networks and gene set enrichment analyses 
allowed us to integrate paired ligand-receptor and downstream 
signaling elements to propose significant pathways that may promote 
osteoblast transdifferentiation. 

2. Methods 

2.1. Cell culture experiments 

2.1.1. Cell culture and induction of osteogenic and adipogenic 
differentiation 

Human BMSCs (Lonza, Belgium; Rosterbio, USA) at passage 4 to 6 
were plated in 6-well plates in expansion medium composed of Dul-
becco's Modified Eagle Medium (DMEM) (Pan Biotech, Dutscher, 
France) containing 10% fetal calf serum (FCS, Pan Biotech, Dutscher), 
1% penicillin/streptomycin and 1% glutamine (Dutscher). Cell cultures 
were maintained at 37 ◦C in a humidified atmosphere of 95% air and 5% 
CO2, and the media were changed twice weekly. Differentiation ex-
periments were started when BMSCs had reached confluence (D0). To 
induce osteogenesis, BMSCs were cultured in DMEM with 10% FCS 
supplemented with osteogenic inducers (50 μM ascorbic acid, 10 mM 
β-glycerophosphate and 10–8 M vitamin D3 (Sigma-Aldrich, France)) 
for 14 days. For adipogenic differentiation, BMSCs were cultured in 
DMEM with 10% FCS supplemented with adipogenic inducers (0.5 μM 
dexamethasone, 0.5 mM isobutyl-1-methylxanthine and 50 μM indo-
methacin (Sigma-Aldrich)) for 10 or 14 days. 

2.1.2. Conditioned medium experiments 
Two different methods were used to prepare the adipocyte condi-

tioned media, Serum Free culture in Adipogenic medium (SFA) and PBS 
Washing (W). In the first one, at day 10 of differentiation, BMSC-derived 
adipocytes were incubated in serum-free DMEM supplemented with 
adipogenic inducers. At day 14, the cells were placed in serum-free 
DMEM and supernatants were collected at day 16. In the washing 
strategy, at day 14 of differentiation, BMSC-derived adipocytes were 
washed twice with 4 ml of PBS (Dutscher) before serum-free DMEM was 
added. Supernatants were collected at day 16. For each method, the 
supernatants were then applied to BMSC-derived osteoblasts at day 14 of 
differentiation. Osteoblasts were incubated in conditioned medium for 
48 h (OB-CM). As controls, osteoblasts were incubated with serum-free 
DMEM for the same time (OB). 

2.2. RNA expression measurement 

2.2.1. RNA isolation 
Total RNA was extracted using the RNeasy® Micro Kit, including the 

DNase I digestion step (Qiagen, France), according to the manufacturer's 
instructions and quantified by Nanodrop at the wavelength of 260 nm. 

2.2.2. mRNA expression analysis 
Total RNA was reverse transcribed using Maxima First-Strand cDNA 

Synthesis kit (Fermentas, Thermoscientific, France), and subjected to 
quantitative real-time PCR on the LightCycler® Carousel-Based System 
(Roche Diagnostics, France) using the LightCycler® Fast Start DNA 
Master SYBR® Green I kit and specific primers designed using Oligo 6 
software (MedProbe, Norway). Protocol consisted of a hot start step (8 
min at 95 ◦C) followed by 40 cycles including a 10 s denaturation step at 
95 ◦C, a 10 s annealing step, and an elongation step at 72 ◦C varying 
from 3 s to 11 s. The primer sequences and PCR conditions are given in 
Table 1. Relative gene expression levels were normalized to YWHAZ 
(tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation 
protein), and PPIA (peptidylprolyl isomerase A) transcripts and deter-
mined using the 2–ΔΔCt method. Quantification data represented the 
mean ± standard deviation (SD) of at least four experiments performed 
in duplicate. For the statistical analysis, differences between the OB and 
OB-CM groups were compared using the Mann-Whitney test. A p-value 
of <0.05 was set as statistically significant. 

2.3. Bioinformatic analysis 

2.3.1. Adipocyte secretome data analysis 
Secreted proteins present in the adipocyte culture supernatants 

prepared with SFA or W methods were analyzed in a previous work on 
three biological experiments by LC-MS/MS and label-free quantification 
[8]. Expression levels of secreted proteins from depleted and rinsed 
media were first compared to retain only proteins expressed in depleted 
medium with a fold change >1.3 across at least two samples in LC MS/ 
MS data. In label-free data, the mean expression for depleted and rinsed 
samples were used. Actively secreted proteins were selected based on 
their association with the “extracellular matrix” (GO:0031012) or 
“extracellular space” (GO:0005615) gene ontology (GO) terms from 
NCBI and Ensembl GO annotations. 

2.3.2. Membranome data analysis 
Transcriptional changes were previously monitored in 7 biological 

replicates, each consisting of osteoblasts grown alone and cocultured 
osteoblasts after 9 h or 48 h, using the Agilent Human SurePrint G3 
Microarray, 8 × 60 K microarray chip (Agilent Technologies) [7]. 

Microarray data have been deposited in the Array Express data 
base at EMBL-EBI (https://www.ebi.ac.uk/arrayexpress/experiments/E-M 
TAB-8849/). Probe-level data were preprocessed using LIMMA [9] by 
applying the normexp background correction method followed by within- 
array normalization using the robust spline method, and between-array 
normalization using the Aquantile method. The totality of the genes 
expressed in osteoblasts were selected for membranome identification from 
transcriptomic data using a background expression cutoff corresponding to 
two times the overall median log2-transformed probe intensity. For the 
definition of membrane protein-coding genes, we made use of the in silico 
human surfaceome [10] that consists of a list of cell-surface proteins pre-
dicted using machine learning. The membranome was then defined as the 
intersection of the total genes expressed in osteoblasts and the genes from 
the in silico human surfaceome. 

Table 1 
Primer sequences and conditions of PCR.  

cDNA GenBank Forward and reverse primers Product (bp) Ta (◦C) Elongation (s) 

CEBPA NM_004364 F: 5′ - ACTGGGACCCTCAGCCTTG − 3′ 75 55 3 
R: 5′ - TGGACTGATCGTGCTTCGTG - 3’ 

PPARG NM_015869 F: 5’-GCTTCTGGATTTCACTATGG − 3′ 195 54 8 
R: 5′- AAACCTGATGGCATTATGAG − 3’ 

PPIA NM_021130 F: 5’- ACCGTGTTCTTCGACATTGC -3′ 274 60 11 
R: 5′- CAGGACCCGTATGCTTTAGGA − 3’ 

YWHAZ NM_145690 F: 5’- GGTCATCTTGGAGGGTCGTC -3′ 245 56 10 
R: 5′- GTCATCACCAGCGGCAAC -3’ 

Shown are GenBank accession numbers, primer sequences, lengths of the PCR products in base pairs, annealing temperatures (Ta), and elongation times in seconds. F: 
Forward; R: Reverse. CEBPA, CCAAT/enhancer-binding protein alpha; PPARG: Peroxisome proliferator-activated receptor gamma; PPIA: peptidylpropyl isomerase A; 
YWHAZ: Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein. 
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2.3.3. Protein-protein interactions 
Protein-protein interactions between secreted proteins and cell- 

surface proteins were obtained from StringDB [11]. A minimum inter-
action score of 0.9, corresponding to the probability that a link exists 
between two proteins, was used to select only the highest confidence 
interactions. 

2.3.4. Gene set enrichment analysis 
Downstream effects of the interactions between secreted proteins and 

cell-surface proteins were investigated by looking for relevant pathways. 
Differentially expressed genes in co-cultured osteoblasts at 9 h and 48 h 
were used for gene set enrichment analysis (GSEA). Enrichment scores 
were calculated as follow, based on the GSEA method [12]:  

1. Genes were assigned a rank metric S(Gi) using the following formula, 
then they were sorted in decreasing order 

S(Gi) = − sign(FCi).log2(|FCi|).log10(pvaluei)

2. Pathway genes from WikiPathways were used as gene sets for this 
analysis [13]. Two running statistics corresponding to the fraction of 
genes in the set (hits) and genes that are not in the set (misses) were 
calculated up to a given position i, defined as 

Phit(S, i) =
∑

gi∈S
j≤i

⃒
⃒rj
⃒
⃒p

Nr  

Pmiss(S, i) =
∑

gi∕∈S
j≤i

1
N − NH  

where  Nr =
∑

gi∈S
|si|

p., N is the number of input genes, NH is the 

number of genes in the set, rj is the correlation score, and P is the step 
weight.  

3. Enrichment score for pathways were calculated using a weighted 
Kolmogorov Smirnov (K–S) statistic defined as follow 

ES = sup
x
|Phit(x) − Pmiss(x) |

4. The null distribution was derived by using a resampling method that 
involves randomly permuting the ranked gene list and recalculating 
the corresponding enrichment score SK, πp

GSEAfor Nk = 1000 times, the p- 
value is then defined as the fraction of enrichment scores greater 
than the initially observed enrichment score 

Pval =
1

NK

∑NK

p=1
I
{

SGSEA
K,πp ≥ SGSEA

K

}

5. Finally, a multiple testing correction was applied using the false 
discovery rate (FDR) method and the enrichment scores were 
normalized to account for gene set size using the formula 

SGSEA
K

E
[
SGSEA

K,πp

]

3. Results 

3.1. Experimental study design and workflow 

To identify adipocyte-secreted factor(s) causing a shift of osteoblasts 
towards an adipocyte-like phenotype, we used an integrative Omics 
strategy combining proteomic and transcriptomic data from both cell 
types as shown in Fig. 1. We first identified proteins contained in 
adipocyte culture media using LC MS/MS and Label Free methods and 
selected actively secreted proteins using Gene Ontology terms. In par-
allel, by combining gene expression data experimentally determined in 
osteoblasts and data from the in silico human surfaceome, we identified 
protein coding genes that are part of the osteoblast membranome. 
Physical interactions between adipocyte secreted proteins and osteo-
blast membrane proteins were then investigated using data from 
StringDB. Finally, significant pathways leading to osteoblast transcrip-
tional changes were identified using gene set enrichment analysis 
(GSEA). The bioinformatics method developed in this work is available 
as a stand-alone java application at https://bio.tools/intomics. 

3.2. Generation of stimulatory and non-stimulatory adipocyte 
conditioned media 

One crucial point in analyzing cellular secretome collected as 
conditioned medium is cross contamination by cell culture media 
components, especially bovine serum proteins. In view of serum removal 
in conditioned media, two methods were previously investigated, PBS 
Washing (W) and Serum Free culture in Adipogenic medium (SFA) [8]. 
Cells were either washed twice with PBS (W method) or cultured the last 
four days of differentiation in serum free adipogenic medium (SFA 
method). In both cases, they were subsequently incubated in serum free 
medium during 48 h before collection of the supernatants. The efficiency 
of serum removal in conditioned media was confirmed by acrylamide 
gel electrophoresis, clearly showing the removal of the albumin band for 
both preparation methods. However, real-time PCR experiments 
revealed that PBS washes induced severe modifications of the phenotype 
of rinsed cells, with a loss of specific features of adipocytes compared 
with adipocyte control or cells cultured in SFA medium [8]. Although 
these changes in cellular phenotype can be expected to cause modifi-
cations in the secretome as well, we were very surprised to observe that 
the conditioned medium of the rinsed adipocytes had no more effect on 
the osteoblasts. As shown in Fig. 2, the consistent increase in the mRNA 
levels of adipogenic markers, such as PPARG (Peroxisome Proliferator 
Activated Receptor Gamma) and CEBPA (CCAAT Enhancer Binding 
Protein Alpha) previously reported in osteoblasts following incubation 
with adipocyte conditioned medium, was observed for osteoblasts 
incubated with adipocyte supernatant obtained with the SFA method 
but not with the W method. We thus decided to compare the non 
stimulatory medium obtained with the W method versus medium ob-
tained using SFA method to find adipocyte-secreted factors implicated in 
the conversion of osteoblasts. 

3.3. Differential adipocyte secretome analysis 

One dimensional LC-MS/MS and label-free quantification were used 
to compare secreted proteins present in the culture supernatants pre-
pared by SFA and W methods. If many of the proteins were identified in 
conditioned media prepared with the two methods, quite a few proteins 
were however selectively identified in W and SFA preparations, 
respectively [8]. Among the 2037 identified proteins using LC MS/MS, 
477 were identified as actively secreted by adipocytes based on GO in-
formation, while 81 proteins displayed a significantly higher expression 
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level in SFA samples. As for label free data, 88 proteins out of 1691 were 
identified as actively secreted, of which 22 showed a significantly higher 
expression level in depleted samples (Fig. 3). The list of proteins over-
expressed in SFA samples are shown in Supplementary Table S1. 

3.4. Osteoblast membranome identification 

Gene expression analyses of the osteoblastic population were previ-
ously performed by microarray in 7 biological replicates [7]. Using those 
available data, we applied a cutoff corresponding to two times the 
overall median log2-transformed probe intensity (i.e. 8.72) and thus 
selected 2885 genes expressed in osteoblasts. Gene-encoding membrane 
proteins were then selected based on their association with the in silico 
human surfaceome database. We found that 454 protein coding genes 
expressed in osteoblasts were associated with gene products located on 
the surface membrane (Supplementary Table S2). 

3.5. Prediction of interaction networks 

In order to examine the effects of adipocyte secreted proteins on 
osteoblast surface membrane proteins, we combined osteoblast mem-
branome data and adipocyte secretome data with protein-protein 

interaction information. The network of interactions consisted of 22 
adipocyte-secreted proteins interacting with 55 osteoblast membranome 
protein coding genes, for a total of 62 predicted physical interactions 
using label free data, and 81 adipocyte-secreted proteins interacting 
with 71 osteoblast membranome protein coding genes, for a total of 223 
predicted physical interactions using LC MS/MS data (Fig. 4). A 
graphical representation edited for clarity, showing this complex 
network of interactions between secreted proteins and membrane pro-
teins, revealed some well-known connections such as the association of 
LEP (leptin), one of the major proteins secreted by adipocytes, with 
LEPR (leptin receptor), and ANGPT4 (Angiopoietin4) with TEK (TEK 
Receptor Tyrosine Kinase) (Fig. 5). 

3.6. Candidate pathways leading to transdifferentiation 

Data for differentially expressed genes in cocultured osteoblasts at 9 
and 48 h compared to osteoblasts grown alone were used for gene set 
enrichment analysis to further determine the process behind the trans-
differentiation of osteoblasts towards an adipocyte-like phenotype 
(Table S3). It allowed us to find pathways significantly affected by the 
coculture (Table 2). Among them, we focused particularly on three 
pathways known for their involvement in the regulation of osteogenesis 

Fig. 1. Schematic overview of experimental workflow for the determination of pathways involved in osteoblast transdifferentiation, using data from the adipocyte 
secretome and the osteoblast transcriptome. GO: Gene Ontology; GSEA: Gene set enrichment analysis. 

Fig. 2. Quantitative RT-PCR analysis of adipocyte-specific genes, PPARG (Peroxisome Proliferator Activated Receptor Gamma) and CEBPA (CCAAT Enhancer 
Binding Protein Alpha). O: Osteoblast in serum free medium for 48 h. O/ASFA: Osteoblasts incubated for 48 h with adipocyte supernatant obtained with the SFA 
(Serum Free Adipogenic medium) method. O/AW: Osteoblasts incubated for 48 h with adipocyte supernatant obtained with the W (PBS washing) method. mRNA 
expression levels were normalized against the signal from two housekeeping genes for peptidylprolyl isomerase A (PPIA) and tyrosine 3-monooxygenase/tryptophan 
5-monooxygenase activation protein (YWHAZ). 
Bars represent the mean ± standard error of at least four independent experiments. * p < 0.05, ** p < 0.005. 
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and adipogenesis (Fig. 6). Two of these pathways could be activated, the 
PI3K-AKT (phosphatidylinositol 3-kinase- protein kinase B) pathway 
and the JAK2-STAT3 (Janus kinase 2/signal transducers and activators 
of transcription 3) pathway, following the binding of IGF2 (Insulin-like 
Growth Factor 2), ANGPT4 or LEP to their respective receptor. Sup-
porting this assumption, we observed an increase in the expression of 
related effectors, such as IRS2 (Insulin Receptor Substrate 2) and PI3K 
along with downstream key adipogenic markers, KLF5 (Kruppel Like 
Factor 5), CEBPA and PPARG (Fig. 5). On the other side, our analyses 
indicated that signaling by TGF-beta (transforming growth factor-beta) 
superfamily members seemed to be down-regulated. This inhibition 
could be mediated by competitive binding of INHBB (Inhibin Subunit 
Beta B) to ACVR2A (Activin A Receptor Type 2A), with additional help 
of soluble TGFBR3 (Transforming Growth Factor-Beta Receptor Type III) 
which acts as a co-receptor to strengthen its inhibition. Another negative 
regulator, Noggin, present in adipocyte secretome, could participate to 
this downregulation by antagonizing BMP (Bone Morphogenic Protein) 
signaling. In our hypothesis, the intracellular signals transduced mainly 

through SMAD would further repress the transcription of specific target 
genes involved in osteoblastic differentiation, such as RUNX2 (RUNX 
Family Transcription Factor 2). 

4. Discussion 

Bone marrow stromal cells are able to differentiate into the cell 
lineages responsible for bone and fat formation, osteoblasts and adipo-
cytes [14–17]. In humans, it has been demonstrated that osteoporosis 
bone loss is accompanied by an increase in the number of medullary 
adipocytes [3,4,18,and]. It has been suggested that this extension of 
marrow adipose tissue is mainly due to a preferential differentiation of 
the bone marrow stromal precursors towards the adipogenic lineage 
[19,20]. It is also conceivable that the increased adipose tissue may have 
a negative impact on neighboring osteoblast by a paracrine effect [21]. 
Supporting this hypothesis, we previously showed in a coculture model 
that soluble factors secreted by adipocytes induced the conversion of 
osteoblasts towards an adipocyte-like phenotype [6]. This finding was 
further supported by double immunofluorescence staining that provided 
evidence for a hybrid phenotype in cocultured osteoblasts indicative of a 
partial transdifferentiation event [7]. Our aim was to decipher the 
paracrine factors and the downstream signaling within the osteoblasts 
that promoted this change in fate. For this, on one side, we analyzed and 
compared stimulatory and non-stimulatory adipocyte culture superna-
tants to select a pool of candidate secreted factors. On the other side, we 
determined transcriptional changes induced by a 9 or 48 h coculture in 
osteoblasts. To connect these omics data, computational approaches are 
critical. In the past several years, there were great advances in infor-
matics tools for processing large molecular data sets [22]. Algorithms 
have been developed for integrating transcriptomic and proteomic di-
mensions from the same cell but to our knowledge they are not suited for 
deciphering intercellular crosstalk, due to the fact that they rely on data 
from either the same or overlapping set of samples. To solve this issue, 
our strategy was (1) to couple a ligand to its receptor and to examine the 
genes and signaling pathways potentially regulated by the activation of 
this receptor and (2) to use computational methods to confront the 
components of these signaling pathways with the observed tran-
scriptomic changes. For the first step, we took our cue from an approach 
described in other models [23,24] to investigate protein-protein in-
teractions between members of the adipocyte secretome and members of 
the osteoblast membranome. Then data from differentially expressed 
genes in cocultured osteoblasts were used for GSEA with a method 
slightly different than the ones proposed by Subramanian et al. [12]. The 
combined use of protein-protein interaction and gene set analyses to 
integrate our experimental biological data allowed us to take full 
advantage of both pathway structure and activity. In addition, the 

Fig. 3. Schematic representation of the method used to determine the differ-
ential adipocyte secretome by LC/MS-MS and Label Free. GO: Gene Ontology; 
SFA: Serum Free culture in Adipogenic medium. 

Fig. 4. Prediction of interaction networks. Diagram showing the number of protein-protein interactions between actively adipocyte-secreted proteins identified using 
LC MS/MS and label free, respectively and osteoblast gene-encoding membrane proteins. 
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availability of temporal gene expression data at two time points, 9 and 
48 h, provided a more accurate understanding of the dynamic progres-
sion of the signal transduction process and led us to identify significant 
pathways that may promote osteoblast transdifferentiation. 

PI3K is an important lipid kinase that controls a number of cellular 
functions in response to ligand activation and downstream activation of 
AKT. The upstream stimulators of the pathway include various biolog-
ical molecules such as Epidermal Growth Factor (EGF), Insulin-Like 
Growth Factor (IGF), Insulin, and Platelet-Derived Growth Factor 
(PDGF). Among its well-known roles in regulating cellular proliferation, 
survival and migration, the PI3K-AKT pathway has also been shown to 
be important in the lineage commitment of BMSCs in spite of contra-
dictory data regarding its role in adipogenesis and osteogenesis [25,26]. 
Indeed, it has been demonstrated that AKT promotes adipogenesis by 
increasing the expression of PPARG and CEBPA via the activation of 
Mammalian Target of Rapamycin (mTOR) [27]. On the other hand, in 
osteoblasts, AKT can also inactivate Forkhead transcription factors 1 and 
3 (FOXO1,3) which leads to regulation of osteogenic genes such as 
RUNX2 and Osteocalcin [25]. Moreover, the abundant growth factors in 
bone matrix IGF-1 and IGF-2, signaling via the PI3K-AKT pathway, have 
both pro-osteogenic and pro-adipogenic properties [28]. The overlap of 
the PI3K-AKT pathway with other signaling networks lead to a great 
level of complexity that can explain its pleiotropic effect. In our hy-
pothesis, this pathway could be activated and promote adipogenesis 
following the binding of IGF2 to IGF1R (Insulin-Like Growth Factor 1 
Receptor) or/and INSR (Insulin Receptor) or ANGPT4 to the TEK re-
ceptor tyrosine kinase. The binding of leptin to its receptor LEPR acti-
vates various pathways including IRS/PI3K and JAK2/STAT3 with a 
subsequent role in the regulation of differentiation of BMSCs. Leptin has 
mainly been observed to promote osteogenesis and to inhibit adipo-
genesis by cultured stromal cells [29,30]. Conversely, other findings 
reported that LepR signaling in BMSCs promotes adipogenesis, reduces 

osteogenesis and impairs fracture healing [31,32]. These findings sup-
port the complexity of leptin signaling and it has been suggested that the 
differentiation stages of BMSCs as well as variables such as leptin con-
centration or serum condition can play a role in the effects of leptin in 
vitro [33]. 

According to our analysis, the transdifferentiation of osteoblasts 
could also be due to a down-regulation of the SMAD pathway leading to 
an inhibition of the expression of osteoblast genes such as RUNX2. 
SMAD mediates the signal from a great variety of different TGF-beta/ 
BMP superfamily ligands such as TGFB, Activin or BMP [34,35]. The 
presence in the adipocyte secretome of INHBB and the proteoglycan 
TGFBR3, also known as Betaglycan, could antagonize Activin signaling 
by forming a stable complex and sequestering type II Activin Receptor 
and blocking downstream SMAD signaling. The adipocyte-secreted 
Noggin could also participate to this down-regulation by binding 
members of the BMP family in the extracellular space, preventing their 
interaction with both Type I and type II BMP receptors and inactivating 
downstream SMAD signaling. In our model, this anti-osteogenic effect 
was plausible in view of the decrease in expression level of a specific 
osteogenic marker, Osteocalcin, previously observed following cocul-
ture [6]. In consistence with our finding, an inhibitory effect of marrow 
adipocytes on osteogenesis mediated by BMP2 inactivation has previ-
ously been reported in mouse BMSCs [36]. 

Overall, the transcriptional changes observed in cocultured osteo-
blasts support the possible involvement of each of these pathways with 
both up-regulation of adipogenesis and down-regulation of osteo-
genesis, leading to the transdifferentiation process. However, in the 
course of our experimental efforts to decipher the mechanisms of this 
phenomenon, it has becoming increasingly clear that a single pathway 
cannot explain this change in fate and that multiple pathways, mediated 
by several secreted factors, act in concert. The nature of these major 
pathways involved in many cellular processes and their overlap lead to a 

Fig. 5. Graphical representation showing examples of interactions between adipocyte secreted proteins (in yellow) and osteoblast proteins from cell membranome 
(in green). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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significant level of complexity that will require further studies to be 
elucidated. 

In conclusion, our original multi-omics approach, by integrating the 
adipocyte secretome and the osteoblast transcriptome, provided a 
number of interactions and signaling pathways paving the way for the 
understanding of the adipocyte-induced transdifferentiation of osteo-
blasts. Further biological and functional studies are needed to evaluate 
the degree to which individual or combined signaling pathways 
contribute to this phenomenon. Finally, the effectiveness of this inte-
grative strategy for biological data mining could be applied more widely 
to analyze and decipher the crosstalk between other cell types or tissues. 

CRediT authorship contribution statement 
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Table 2 
Significant pathways identified by gene set enrichment analysis.  

Pathway p- 
value 

Genes 

Apoptosis 0.018 CDKN1A, HSPB1, IER3, F2R, NRG1, 
TNFRSF21, PTK2B, NET1, GCLC, BCL3 

Binding and Uptake of Ligands 
by Scavenger Receptors 

0.011 APOL1, SAA1 

Cell surface interactions at the 
vascular wall 

0.001 PIK3R1, SLC7A8, PF4, CAV1, 
TNFRSF10A, ITGAM, ITGA5, ANGPT2, 
ANGPT1, TEK 

Cells and Molecules involved in 
local acute inflammatory 
response 

0.008 VCAM1, C5, IL6 

Class A/1 (Rhodopsin-like 
receptors) 

0.001 AGTR1, FPR1, LPAR1, GNRH1, EDN1, 
PTGER1, PTGER2, XK, SAA1, PF4, 
GPR68, NPY2R, CCRL1, ADORA1, 
F2R, HRH1, DRD5, OPN3, HTR1F, 
CXCL12, GPER, CXCL1, ADRA1B, 
CXCL2, BDKRB2, BDKRB1, PTGIR, 
SSTR2, P2RY6, P2RY2, S1PR1, S1PR3 

Clathrin-mediated endocytosis 0.013 FNBP1L, AGTR1, AMPH, SYNJ2, 
DAB2, HIP1, STON1, DNM3, DNAJC6, 
REPS2, EGF, HIP1R 

Copper homeostasis 0.0 MT1L, MT1X, MT2A, CCND1, MT1A, 
MT1H, MT1B, STEAP2, TP53, MT1E, 
FOXO3, FOXO1, COX11, JUN 

Degradation of the extracellular 
matrix 

0.012 ADAMTS5, CDH1, MMP7, DCN, 
MMP11, MMP15, MMP19, LAMA3, 
LAMB1 

Endoderm Differentiation 0.038 SESN1, MAP2K3, DKK1, NOTCH1, 
TCF7, GATA6, FOXO1, EPB41L5, 
SMAD3, FOXN3, TRERF1, EXT1, 
DAB2, RARG, SCHIP1, DUSP5, TET1, 
PARP8, PTHLH, TCEAL2 

Endothelin Pathway 0.005 GLS, RPS6KA2, TNS1, EPHA2, 
WWTR1, JUN, RDX, SNAI1, ZNF131, 
TIMP3, IL11, EDN1, FOS, VEGFA, 
FGF2, RGS3, CCND1, CDH1, LEPR, 
FOXO3, VCAM1, NFKBIA, IL6, HSPB1, 
CXCL1, ITGA5, PTK2B, STOM, CCL2, 
PPP1R14A, MARCKS, COL7A1 

EPH-Ephrin signaling 0.006 EPHB3, TIAM1, NGEF, EPHA2, 
KALRN, EFNB1, RASA1 

Focal Adhesion-PI3K-Akt- 
mTOR-signaling pathway 

0.001 DDIT4, EPHA2, LPAR1, PDGFA, 
PIK3R1, PDGFC, INSR, CDKN1A, 
JAK2, PHLPP2, VEGFC, VEGFA, IRS2, 
FGF1, FGF2, FGF7, IL6R, IL4R, HGF, 
F2R, PGF, CSF1R, FOXO3, FOXO1, 
FGF14, ITGA10, FGFR2, ITGB4, 
PIK3CD, SLC2A3, PIK3C2B, ITGB8, 
NGF, TBC1D1, ITGA5, CREB5, 
LAMA2, LAMA3, THBS2, ANGPT2, 
ANGPT1, EGF, LAMB1, PIK3IP1, 
PPP2R2C, TEK 

Focal Adhesion 0.025 MYLK, PDGFA, PIK3R1, PDGFC, JUN, 
VEGFC, MYLK4, PPP1CB, CCND3, 
CCND1, HGF, PGF, VCL, CAV3, CAV1, 
ITGA10, ITGB4, PIK3CD, ITGB8, 
ITGA5, LAMA2, LAMA3, THBS2, EGF, 
LAMB1 

G alpha (i) signaling events 0.007 LPAR1, FPR1, ADCY4, SAA1, PF4, 
NPY2R, RGS4, ADORA1, OPN3, 
HTR1F, CXCL12, GPER, GPSM2, 
CXCL1, CXCL2, BDKRB2, BDKRB1, 
SSTR2, RGS18, RGS16, S1PR1, S1PR3, 
TAS1R1 

G alpha (q) signaling events 0.005 GPR68, RGS2, RGS3, F2R, AGTR1, 
LPAR1, PIK3R1, KALRN, HRH1, 
GNRH1, ADRA1B, BDKRB2, BDKRB1, 
EDN1, RGS18, PTGER1, P2RY6, 
P2RY2, SAA1 

Gastrin Signaling Pathway 0.0 CLDN1, CCND1, CDH1, MYC, PRKCE, 
PRKD1, PIK3R1, FOXO3, FOXO1, 
SLC9A1, JUN, JAG1, NFKBIA, 
CDKN1A, JAK2, MMP7, FOS, PPARG, 
VEGFA  

Table 2 (continued ) 

Pathway p- 
value 

Genes 

Hair Follicle Development: 
Induction 

0.014 FGF7, MYC, FST, EGF, PTCH1, INHBA, 
BMP4, FGFR2 

JAK/STAT 0.0 IRS2, CCND1, MYC, LEPR, CISH, 
PIK3R1, FOXO1, JUN, ESR1, JAK2, 
FOS, IRF1, EGF 

Leptin Insulin Overlap 0.026 INSR, IRS2, SOCS1, LEPR, JAK2 
Leptin signaling pathway 0.0 IRS2, LEPR, JAK2, CISH, PIK3R1, 

FOXO1, ESR1 
miR-targeted genes in muscle 

cell - TarBase 
0.031 CLDN1, BACH1, ANPEP, CARHSP1, 

MOV10, NRP1, CDKN1A, PTPRJ, 
ZEB1, AMIGO2, NT5E, METTL7A, 
HIPK3, NFIA, NEDD4, FGF2, CCND1, 
RAB30, PHLDB2, RAI14, NOTCH1, 
PODXL, SLC38A2, ESR1, CXCL12, 
ITGB4, CALCOCO2, TNFAIP2, SYNE2, 
CEBPB, HES1, TXNRD1, SLC4A7, 
MYO1E, FMNL2 

Nuclear Receptors Meta- 
Pathway 

0.0 MYC, PDK4, IL12A, SLC6A13, SDPR, 
EPHA2, ABCB1, SEC14L1, SLC19A2, 
JUN, GADD45B, PLK2, SNAI2, 
CDKN1C, AKAP13, ENC1, IL11, 
SLC2A14, TSC22D3, B3GNT5, 
CDC42EP3, AHRR, ANGPTL4, PPARD, 
HBEGF, AMIGO2, FGD4, SERTAD2, 
CAP2, GSR, ETNK2, HSPA1A, IRS2, 
RGS2, CCND1, HGF, FKBP5, FOXO1, 
GPR115, VDR, ESR1, GCLC, BHLHE40, 
SPINK13, SLC2A3, PDE4B, ABCC4, 
ABCC2, GPX3, NRG1, TGFBR3, 
PRRG4, NRIP1, CCL2, STOM, HES1, 
UGT1A6, TXNRD1, ALOX5AP 

Signaling by Type 1 Insulin-like 
Growth Factor 1 Receptor 
(IGF1R) 

0.001 IRS2, PIK3R1 

TGF-beta Signaling Pathway 0.015 CCND1, MYC, MAP2K3, RUNX2, 
TP53, ATF3, NEDD4L, PIK3R1, JUN, 
SMAD3, SMURF2, CAV1, DAB2, 
CDKN1A, ITGB4, KLF10, FOS, 
TGFBR3, ZEB1, STAMBPL1, E2F5, 
CDKN2B 

trans-Golgi Network Vesicle 
Budding 

0.02 AP1S3, DNAJC6, SORT1, HIP1R 

VEGFA-VEGFR2 Signaling 
Pathway 

0.001 PRKCE, DKK1, TXNIP, PRKD1, LDHA, 
JUN, JAG1, MOV10, NOX4, SHB, 
DUSP5, SLC2A14, F3, HBEGF, 
HSPA1A, NCF2, MAP3K5, MAP2K3, 
PGF, FOXO4, FOXO3, FOXO1, RCAN1, 
NUMB, TNFRSF25, CCL2, TRAF3IP2, 
PNP, EPHA2, PIK3R1, MICAL2, NRP1, 
PTPRJ, RHOJ, NEXN, AKAP2, VEGFA, 
FHOD1, CCND1, PLAU, VCL, VCAM1, 
CAV1, NFKBIA, HSPB1, LDB2, HLX, 
S1PR1, PTK2B, PDE4DIP, SOD2 

List of pathways significantly enriched (p < 0.05) in cocultured osteoblasts 
compared to control osteoblasts and related genes. 
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