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ABSTRACT

In osteoporosis, bone loss is accompanied by greater adiposity in the marrow. Given the
cellular proximity within the bone marrow, we wondered whether adipocytes might have a
paracrine impact on osteoblast differentiation. To test this hypothesis, we cocultured
adipocytes with osteoblasts derived from mesenchymal stem cells (MSCs) in the absence of
direct cell contact and then analyzed gene expression changes in the osteoblastic population
by using real-time reverse transcription polymerase chain reaction. We found that, upon
coculture, MSC-derived osteoblasts showed appearance of adipogenic (lipoprotein lipase,
leptin) and decrease of osteogenic (osteocalcin) mRNA markers. Our results indicate that in
vitro, MSC-derived adipocytes are capable of inducing MSC-derived osteoblasts to
differentiate towards an adipocyte phenotype. These new data suggest that (i)
transdifferentiation of committed osteoblasts into adipocytes may contribute to the increase in
marrow fat content at the expense of bone-forming cells and (ii) this switch might be initiated

by the adipocytes themselves.
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INTRODUCTION

Mesenchymal stem cells (MSCs) in the bone marrow are able to differentiate into the cell
lineages responsible for bone and fat formation, osteoblasts and adipocytes respectively [1-4].
In humans, it has been demonstrated that osteoporosis, resulting from aging, menopause or
even anorexia nervosa, is accompanied by an increase in the number of medullary adipocytes
at the expense of osteoblasts [5-7]. Although it has been suggested that this accumulation of
fat in the marrow cavity is probably the result of preferential MSCs differentiation into the
adipocyte cell lineage, the underlying mechanisms have yet to be revealed [8, 9]. It is
conceivable that the osteoporosis-associated increase in marrow adipogenesis may contribute
to limit osteoblast commitment by acting on MSCs or even directly on osteoblasts [10]. This
hypothesis is supported by the proximity of adipocytes to osteoblasts in the bone marrow and
the knowledge that adipocytes are secretory cells. In vitro studies have demonstrated that
adipocyte-secreted factors, including hormones, leptin, adiponectin and fatty acids, may
modify the proliferation, function and apoptosis of neighbouring cells [11-13]. We wondered
whether adipocytes might also have a strong impact on osteoblast differentiation in the
marrow cavity. In an attempt to reproduce cellular interactions within the bone marrow, we
used a cell coculture system to expose either MSCs or MSC-derived osteoblasts to the

products secreted by MSC-derived adipocytes.

MATERIALS AND METHODS

Cell culture and induction of osteoblastogenic and adipogenic differentiation

Purified MSCs obtained from three different donors (two men and one woman; mean age +/-

SD: 25.6 +/- 7.4 years) were purchased from Lonza (Verviers, Belgium). Cells were plated in



expansion medium composed of Dulbecco’s Modified Eagle Medium (DMEM) (Dutscher,
Brumath, France) containing 10% fetal calf serum (FCS), 1% penicillin/streptomycin and 1%
glutamine (Dutscher). Cell cultures were maintained at 37°C in a humidified atmosphere of
95% air and 5% CO», and media were changed twice weekly.

Differentiation experiments were started when MSCs had reached confluence (day 0). To
induce osteogenesis, MSCs were cultured in DMEM with 10% FCS supplemented with
osteogenic medium (50 uM ascorbic acid, 10 mM B-glycerophosphate and 108 M vitamin D3
(Sigma-Aldrich Corporation, St Quentin Fallavier, France)) for 7 or 21 days.

For adipogenic differentiation, MSCs were cultured in DMEM with 10% FCS supplemented
with adipogenic medium (0.5 uM dexamethasone, 0.5 pM isobutyl-1-methylxanthine and 50

MM indomethacin (Sigma-Aldrich Corporation)) for 14 days.

Coculture of adipocytes and osteoblasts cells

MSCs from the same donor were either seeded on cell culture inserts (pore size 0.4 pm,
Millicell) at a density of 9 x 10° cells per cm? and cultured after confluence in adipogenic
medium (A) or plated in the basal compartment of 6-well plates at a density of 9 x 102 cells
per cm? and cultured after confluence in osteogenic medium (O). Inserts were then transferred
to plates and cocultures were maintained in serum-free DMEM for 48h. Cocultures were
performed with MSCs cultured in osteogenic medium for 7 days (O7/A14) or for 21 days
(021/A14) and with undifferentiated MSCs cultured in expansion medium until confluence
(MSCs/A14). In each case, cells were cultured under the same conditions but in the absence
of adipocytes and were considered as controls (07, O21, MSCs). In another control
experiment, inserts were seeded with MSCs cultured in expansion medium for 21 days, rather
than MSC-derived adipocytes (021/MSCs21). Cells plated in the basal compartment of 6-

well plates were collected for the determination of changes in gene expression and for



alkaline phosphatase (ALP) activity assay. The determination of adipocyte differentiation for
cells seeded on inserts was performed by using Oil Red O staining and reverse transcription

polymerase chain reaction (RT-PCR).

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 Gill-

3 Hematoxylin for 5 min at room temperature.

Alkaline phosphatase (ALP) activity

The cells were washed three times with 1X phosphate-buffered saline (PBS) and scraped
immediately after adding 500 pl of Nonidet P40 0.2%. The collected lysates were then
sonicated for 30 s. Enzyme activity assay was performed in assay buffer (100 mM MgCl; and
0.7 mM 2-amino-2-methyl-1-propanol pH 10.3) containing 100 mM p-nitrophenylphosphate
as substrate and incubated at 37°C. The reaction was stopped by adding 1IN NaOH and
absorbance was read at a wavelength of 405 nm wavelength. ALP activity was defined as
nmol of p-nitrophenylphosphate hydrolyzed per min per mg of total protein. Experiments

were performed in triplicate.

RNA extraction
Total RNA was extracted using Extract-All reagent (Eurobio, Les Ulis, France), according to
the manufacturer’s instructions. Total RNA was quantified by spectrophotometer at 260 nm

wavelength and the integrity of RNA was controlled by the 28S/18S rRNA ratio after agarose



gel electrophoresis. Contaminating DNA was removed from RNA samples in a 30 min

digestion at 37°C with DNase | (Roche Diagnostics, Meylan, France).

Reverse transcription

1 pg of each RNA sample was used for reverse transcription (RT) performed under standard
conditions with Superscript Il reverse transcriptase (Life Technologies, Cergy Pontoise,
France) and random hexamer primers (Amersham Pharmacia Biotech, Saclay, France) in a 20
pl final volume. The reaction was carried out at 42°C for 30 min and stopped by incubation at
99°C for 5 min. The RT reaction products were then diluted to 100 ul in water. 1 pl of stock

cDNA template was used in subsequent PCR reactions.

PCR

cDNA was subjected to PCR in a 25 pl mix in 1X reaction buffer with 0.2 mM of each dNTP,
0.3 uM of each primer and 1U Tag Polymerase (Roche Diagnostics). After a 5 min
denaturation at 94°C, amplification cycles were carried out as follows: 40s denaturation at
94°C followed by 30s annealing at the temperature indicated in Table 1 and 30s elongation at

72°C, for 30 cycles. The amplification products were visualized on 2% agarose gel.

Real-time PCR experiments

Real-time PCR was performed using a LightCycler system (Roche Diagnostics), according to
the manufacturer’s instructions. Primers were obtained from TibMolBiol (Berlin, Germany),
the sequences are listed in Table 1. Reactions were performed in 10 pl volumes with 0.5 pM
primers, 4 mM MgCl, and 1 pl of LightCycler-FastStartDNA Master SYBR Green | mix
(Roche Diagnostics). The protocol consisted of a hot start step (8 min at 95°C), followed by

40 cycles including a 10 s denaturation step (95°C), a 10 s annealing step and an elongation



step at 72°C varying from 8 s to 16 s. Efficiencies of PCR were optimized according to Roche
Diagnostic’s recommendations on a standard sample expressing all studied genes. To confirm
the amplification specificity, PCR products were subjected to a melting curve analysis and a
subsequent gel electrophoresis. Two housekeeping genes, YWHAZ (tyrosine 3-
monooxygenase/tryptophan 5-monooxygenase activation protein) and PPIA (peptidylprolyl
isomerase A), identified as the most stable under all conditions, were used to normalize
transcription levels [14]. Quantification data represented the mean of at least four experiments
performed in duplicate. Relative quantification analyses were performed by RelQuant 1.01

Software (Roche Diagnostics).

Statistical analysis
Statistical significance of mMRNA level differences between cocultured cells and controls was
determined for each gene by a uni-variate analysis (Mann-Withney U-test). Results were

considered to be significantly different at P < 0.05.

RESULTS

Differentiation of MSCs into osteoblasts and adipocytes

The present study was performed on human MSCs from three different donors. Prior to
coculture, the cells were incubated in either osteogenic or adipogenic differentiation medium.
Two time points (namely 7 and 21 days) were chosen during osteogenic differentiation,
whereas cells on inserts were incubated in adipogenic medium for 14 days. Late osteoblastic
differentiation was evidenced by the expression of osteocalcin (OC). Adipocyte
differentiation was corroborated by (i) expression of the specific marker lipoprotein lipase

(LPL) and (ii) the formation of cytoplasmic lipid droplets stained with Oil Red O (Figure 1).



Effects of coculture on the differentiation of MSC-derived osteoblasts

Cell phenotype of MSC-derived osteoblasts, cocultured or not with MCS-derived adipocytes,
was determined using the technique of RT-PCR. As shown in Figure 2-A, expression of LPL
was observed in MSC-derived osteoblasts after coculture but was undetectable in all the
controls. This surprising result was corroborated by quantitative analysis of two other markers
of adipogenic differentiation, PPARy and leptin. Indeed, there was a consistent increase in
PPARy mRNA levels (versus control experiments) in MSC-derived osteoblasts cocultured
with MSC-derived adipocytes (Figure 2-B). Likewise, leptin mRNA was expressed at either
very low or undetectable levels in MSCs incubated in osteogenic medium but was strongly
upregulated upon coculture (Figure 2-B). It is noteworthy that GLUT4 expression was not
detected in any of the samples (data not shown). These results were observed for all three
human MSCs, although the relative difference in mRNA levels varied from one MSC to
another. For example, coculture with cells in osteogenic medium for 21 days (021/A14) led
to a 130-fold, 80-fold and 260-fold increase in mean leptin expression normalized with
YWHAZ by the MSC1, MSC2 and MSC3, respectively.

The mRNA changes were less consistent for markers of osteogenic differentiation. There was
no change in COL1 or RUNX2 mRNA levels upon coculture (Figure 2-B). In contrast,
coculture led to a decrease in OC mRNA levels and an increase in ALP mRNA levels (Figure
2-B).

These effects were specific, as demonstrated by our observation that coculturing MSC-
derived osteoblasts with undifferentiated MSCs (i.e. grown in expansion medium) did not

change the osteoblasts' differentiation state (data not shown).



Effects of coculture on MSC differentiation

Coculture was also performed with undifferentiated MSCs that had previously been cultured
in expansion medium until confluence (MSCs/A14). As for MSC-derived osteoblasts
(although to a lesser extent), coculture increased PPAR mRNA expression levels and led to
the expression of leptin. There was no significant change in ALP, COL1 or RUNX2 mRNA
levels upon coculture. Lipoprotein lipase and OC were not detected in undifferentiated MSCs,

regardless of whether the cells were cocultured or grown alone (Figure 2-A and 2-B).

Effects of coculture on MSC-derived osteoblast function: ALP activity
The ALP activity of MSCs cultured in osteogenic medium for 21 days was significantly
higher after coculture (870 £ 53 per mg of protein, versus a value of 491 + 123 in control

experiments) (Figure 3).

DISCUSSION

There is considerable evidence in support of a causative role for bone marrow adipogenesis in
the bone loss observed in osteoporosis. Given the proximity of adipocytes to osteoblasts in
the bone marrow and in view of the fact that adipocytes are secretory cells, we wondered
whether adipocytes might have a paracrine impact on osteoblast differentiation. To test this
hypothesis and in an attempt to reproduce at least the indirect cell-cell interactions within the
marrow cavity, we studied the differentiation of bone marrow MSCs and MSC-derived
osteoblasts in a cell coculture system. We found that MSC-derived osteoblasts differentiated
into adipocyte-like cells upon coculture, as evidenced by the expression of adipogenic mMRNA
markers (LPL and leptin) and a decrease in levels of osteogenic mMRNA marker (OC). We also

observed that ALP mRNA levels increased upon coculture. Although alkaline phosphatase is



a well-known osteogenic marker, it was recently reported that ALP activity also increases
during adipogenesis [15]. We have confirmed this increase at the mRNA level during MSC-
derived adipocyte differentiation (data not shown). Lastly, the lack of change in COL1 and
RUNX2 mRNA levels upon coculture was not surprising, considering that these markers are
expressed throughout the osteoblastic differentiation process.

Given that MSCs constitute a heterogeneous cell population, it could be argued that the
observed effects of coculture were due to contaminating progenitor cells present in the
starting population. Coculture led to a number of modifications in the MSCs' phenotype.
However, the lack of expression of OC and LPL (both with and without coculture) ruled out a
significant contribution to the observed adipogenic phenotype by these cells.

In addition to the consistent appearance of adipogenic markers (LPL and leptin), the decrease
in OC mRNA expression upon coculture suggested that the cells might partially de-
differentiate before committing to another cell type. This type of phenotype switch between
committed or differentiated osteoblasts and adipocytes has already been reported in various
cell culture systems [16-19]. Some authors have shown that in response to inductive media,
fully differentiated MSC-derived cells are capable of transdifferentiation (i.e. de-
differentiation prior to re-differentiation) [16]. In addition to the enhanced adipogenic
differentiation of MSCs, transdifferentiation of committed osteoblasts into adipocytes might
contribute to the increase in bone marrow fat and the concomitant decrease in the number of
bone-forming cells. Our data suggest that this conversion might be caused by adipocytes
themselves and supports the controversial hypothesis whereby fat cells have a detrimental
effect on bone-forming cells [20].

In the present study, there was no physical contact between the cocultured cell types. This
suggests that MSC-derived osteoblasts responded to one or more soluble factors secreted by

MSC-derived adipocytes. Several studies have shown that PPARy (one of the key
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transcription factors in adipogenesis) plays a crucial role in driving committed osteoblasts to
differentiate into adipocytes [17, 21, 22]. Moreover, the inhibition of MSC-to-osteoblast
differentiation by PPARy—ligands has been reported [23-24]. Fatty acids and their metabolites
are secreted by adipocytes and are potential PPARy-ligands [25-26] - making them good
candidates for a paracrine effect of this type. This supposition is further supported by in vitro
studies showing that polyunsaturated fatty acids have a negative impact on osteoblast
proliferation, function and apoptosis [11-13]. Among the numerous factors released by
adipocytes, chemerin seems to be another good candidate for the paracrine effect observed
here. Indeed, a recent study has shown that this adipokine is involved (via its receptor,
CMKLR1) in the positive regulation of adipogenesis and the negative regulation of
osteoblastogenesis in bone-marrow-derived cells and is thus a potential modulator of bone
mass [27].

Under either hypothesis, one explanation for the observed phenotypic differences between
MSCs and MSC-derived osteoblasts upon coculture may be the cellular differentiation state.
Since PPARYy activation regulates a variety of pathways, one can legitimately presume that
there are differentiation-dependent changes in the signalling pathways involved, leading to
variable expression of the adipocyte phenotype. For chemerin, differences between MSCs and
MSC-derived osteoblasts in terms of differentiation-dependent expression of its receptor may
explain why the expression of adipocyte-specific genes is less readily detected in MSCs than
in MSC-derived osteoblasts upon coculture. Further investigations are needed to confirm
these hypotheses and characterize the underlying mechanisms.

In summary, our data suggest that (i) transdifferentiation of committed osteoblasts into
adipocytes contributes to the increase in bone marrow fat and the concomitant decrease in

bone-forming cells and (ii) this switch might be initiated by the adipocytes themselves.
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Targeting marrow adipocytes, as it has been suggested [8, 28], may be of relevance in the

development of therapeutic methods for limiting bone loss in osteoporosis.
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CAPTIONS

Figure 1. Adipocyte differentiation of MSCs seeded on inserts

(A) Oil red O staining of mesenchymal stem cells (MSCs) seeded on inserts and incubated in
adipogenic medium for 14 days. The arrow indicates lipid droplets stained with Qil red O. (B)
RT-PCR analysis of lipoprotein lipase (LPL). mRNA coding for LPL was detected by PCR
amplification of cDNA. T-: negative control with H>O; T+: positive control

Figure 2. Effects of coculture on the differentiation of MSCs and MSC-derived osteoblasts

(A) RT-PCR analysis of the lipoprotein lipase (LPL) gene from three different mesenchymal
stem cell-derived cultured cells (MSC1, MSC2 and MSC3). O7: MSCs cultured in osteogenic
medium for 7 days, O7/Al4: MSCs cultured in osteogenic medium for 7 days and then
cocultured with MSCs previously cultured in adipogenic medium for 14 days, 021: MSCs
cultured in osteogenic medium for 21 days, 0O21/A14: MSCs cultured in osteogenic medium
for 21 days and then cocultured with MSCs previously cultured in adipogenic medium for 14
days, MSCs: MSCs cultured in expansion medium until confluence, MSCs/A14: MSCs
cultured in expansion medium until confluence and then cocultured with MSCs previously
cultured in adipogenic medium for 14 days. (B) Quantitative RT-PCR analysis of adipocyte-
specific genes [peroxisome proliferator-activated receptor gamma (PPARY) and leptin] and
osteoblast-specific genes [osteocalcin (OC), alkaline phosphatase (ALP), collagen type 1
(COL1), runt-related transcription factor 2 (RUNX2)]. mRNA expression levels were
normalized to O7 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 for MSC and MSC/A14 and for 5 independent experiments for O7, O7/A14, 021
and O21/A14. Error bars are standard deviations. * P < 0.05, ** P < 0.01, cocultured cells

compared to cells grown alone.
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Figure 3. Effects of coculture on ALP activity

Representative alkaline phosphatase (ALP) activity for mesenchymal stem cell- (MSC-)
derived osteoblasts cultured alone (open bars) and after coculture with MSC-derived
adipocytes (black bars) at 7 or 21 days after initiation of osteogenesis. Bars represent the

mean + standard error of three independent experiments.
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Table 1. Primer sequences and conditions of PCR.

cDNA Foward and reverse primers Ta (°C) Product (bp) Genbank

adipocyte specific primers

LPL F:5-GACTGAGAGTGAAACCCATAC-3' 54 290 M15856
R:5-CCCTAGAACAGAAGATCACC-3'

PPAR F:5-GCTTCTGGATTTCACTATGG-3' 54 195 NM_015869
R:5-AAACCTGATGGCATTATGAG-3'

Leptin F:5-TGTGCGGATTCTTGTGGCTT-3' 55 312 BC060830
R:5-CAAGTGGCAGCTCTTAGAGA-3'

GLUT4 R:5-ATGCTGCTGCCTCCTATGAA-3' 60 146 NM_001042

R:5-CAGTTGGTTGAGCGTCCC-3'

osteoblast specific primers

CoL1 F:5-GGACACAATGGATTGCAAGG-3' 58 461 NM_000089
R:5-TAACCACTGCTCCACTCTGG-3'

oC F:5-ATGAGAGCCCTCACACTCCTC-3' 57 293 NM_199173
R:5-GCCGTAGAAGCGCCGATAGGC-3'

RUNX2 F:5-AAGTTACAGTAGATGGACCT-3' 69 304 AF001450
R:5'-GTGGTAGAGTGGATGGAC-3'

ALP F:5-CAAAGGCTTCTTCTTGCTGGT-3' 60 257 ABO011406

R:5-AAGGGCTTCTTGTCCGTGTC-3'

reference gene primers

PPIA F:5-ACCGTGTTCTTCGACATTGC-3' 55 274 NM_021130
R:5-CAGGACCCGTATGCTTTAGGA-3'
YWHAZ F:5-GGTCATCTTGGAGGGTCGTC-3' 55 245 NM_145690

R:5-GTCATCACCAGCGGCAAC-3'

Shown are the primer sequences, annealing temperatures (Ta), lengths of the corresponding
PCR products, and Genbank accession numbers. F: forward; R: reverse. LPL, lipoprotein
lipase; PPAR, peroxisome proliferator-activated receptor gamma; GLUT4, insulin-sensitive
glucose transporter; COL1, collagen type I; OC, osteocalcin; RUNX2, runt-related
transcription factor 2; ALP, alkalin phosphatase; PPIA, peptidylprolyl isomerase A; YWHAZ,

tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein.
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