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Abstract

Serosal pathologies including malignant mesothelioma (MM) can show features of osseous and/or cartilaginous differentiation although
the mechanism for its formation is unknown. Mesothelial cells have the capacity to differentiate into cells with myofibroblast, smooth
muscle and endothelial cell characteristics. Whether they can differentiate into other cell types is unclear. This study tests the hypothe-
sis that mesothelial cells can differentiate into cell lineages of the embryonic mesoderm including osteoblasts and adipocytes. To exam-
ine this, a functional assay of bone formation and an adipogenic assay were performed in vitro with primary rat and human mesothelial
cells maintained in osteogenic or adipogenic medium (AM) for 0–26 days. Mesothelial cells expressed increasing levels of alkaline phos-
phatase, an early marker of the osteoblast phenotype, and formed mineralized bone-like nodules. Mesothelial cells also accumulated
lipid indicative of a mature adipocyte phenotype when cultured in AM. All cells expressed several key osteoblast and adipocyte markers,
including osteoblast-specific runt-related transcription factor 2, and demonstrated changes in mRNA expression consistent with epithe-
lial-to-mesenchymal transition. In conclusion, these studies confirm that mesothelial cells have the capacity to differentiate into
osteoblast- and adipocyte-like cells, providing definitive evidence of their multipotential nature. These data strongly support mesothelial
cell differentiation as the potential source of different tissue types in MM tumours and other serosal pathologies, and add support for
the use of mesothelial cells in regenerative therapies.
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Introduction

The mesothelium consists of a monolayer of specialized cells
known as mesothelial cells that line the peritoneal, pleural and

pericardial cavities and most internal organs. Mesothelial cells are
mesenchymal in origin but exhibit many characteristics of epithe-
lial cells including a polygonal cell shape, expression of surface
microvilli, epithelial cytokeratins and tight junctions [1].
Increasing evidence suggests that mesothelial cells are not termi-
nally differentiated and have the capacity to differentiate into cells
of different phenotypes, leading to the concept that a population of
progenitor-like mesothelial cells exist [2]. During development,
mesothelium lining the heart, liver and gut differentiate into
endothelium and vascular smooth muscle through a process
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comparable to epithelial-to-mesenchymal transition (EMT) [3–5].
Transforming growth factor �1 (TGF-�1) stimulates adult
mesothelial cells to adopt a myofibroblast phenotype in vitro [6]
and explants of adult rat epicardial and mouse peritoneal
mesothelium retain the ability to produce mesenchyme, including
smooth muscle cells, in response to growth factors such as TGF-
�1 and platelet-derived growth factor [7, 8]. Recently it was
demonstrated that transfection of the peritoneum and pleura of
rats with an adenovirus expressing TGF-�1 induced mesothelial
cells to undergo EMT with subsequent fibrotic changes [9, 10].
EMT was also shown in peritoneal mesothelial cells obtained from
the dialysis fluid effluent of patients undergoing continuous ambu-
latory peritoneal dialysis [11].

Some serosal pathologies are reported to contain areas of mes-
enchymal differentiation including cases of pleural malignant
mesothelioma (MM) with osseous and cartilaginous differentiation
[12–14]. It is thought that variability in the histological subtypes of
MM and indeed the mesenchymal elements (osseous and cartilagi-
nous) may reflect the multipotential nature of the mesothelium and
the ability of mesothelial cells to differentiate into cell lineages of
the embryonic mesoderm from which they are derived [15]. Donna
and Betta [15] introduced the term ‘mesodermoma’ to classify pri-
mary tumours of the serous surfaces by considering the embry-
ological development of serous membranes as being derived from
the multipotent mesoderm. The source of cells and mechanism
responsible for the osseous and cartilaginous differentiation in MM
and the dystrophic calcification in the peritoneum of continuous
ambulatory peritoneal dialysis patients is unknown. However, we
suggest that under appropriate conditions, mesothelial cells are
capable of differentiating into different cell types within the mes-
enchymal cell lineage including cells with osteoblast and
adipocyte-like phenotypes. In the present study we confirm that
some MM tumours contain mineralized bone and demonstrate the
ability of both rat and human mesothelial cells to differentiate into
osteoblast and adipocyte-like cells. Thus, mesothelial cells may be
directly responsible for the different tissue types observed in
pathologies such as pleural MM. Our findings confirm the multipo-
tent nature of mesothelial cells and support the possibility of using
the serosal mesothelium in regenerative therapies.

Materials and methods

Antibodies

Antibodies directed against human mesothelial cell clone Hector Battifora
Mesothelial Epitope-1 (HBME-1), vimentin, pan-cytokeratin (DakoCytomation,
Carpinteria, CA, USA), rat CD45, CD31, CD73 (BD Pharmingen, Franklin
Lakes, NJ, USA), rat c-kit, mouse runt-related transcription factor 2
(RUNX2; Santa Cruz Biotechnology, Santa Cruz, CA, USA), human Stromal
Cell Precursor Surface Antigen (STRO-1) (R&D Systems, Minneapolis,
MN, USA), human � tubulin (Sigma-Aldrich, NSW, Australia), rat secreted
protein, acidic, cysteine-rich (SPARC), CD49e fluorescein isothiocyanate
(FITC), CD146 (Abcam, Cambridge, UK), rat secreted phosphoprotein 1

(SPP1), rat CD90 (Chemicon, Billerica, MA, USA) and rat integrin-binding
sialoprotein (BSP; Developmental Studies Hybridoma Bank, University of
Iowa, IA, USA) were used to characterize mesothelial cells and examine
their osteogenic differentiation. Secondary and tertiary antibodies used
were; biotin conjugated donkey anti-chicken (Chemicon, Vic, Australia),
goat anti-rabbit horseradish peroxidase (HRP) (Pierce Biotechnology,
Rockford, IL, USA), goat anti-mouse FITC (Sigma-Aldrich), goat anti-
mouse Phycoerythrin (PE) (BD Pharmingen), rabbit anti-mouse HRP,
swine anti-rabbit FITC and strepavidin-HRP (DakoCytomation).

Characterization of bone in malignant
mesothelioma tumours

Sections of a human pleural MM biopsy were stained with haematoxylin
and eosin for histology or von Kossa to identify areas of mineralized bone
[16], and reviewed independently by three pathologists.

Isolation of mesothelial cells, bone marrow-
derived mesenchymal cell (BMMC) and adipocytes

Pericardial fluid was obtained from nine adult patients, median age 
65 years (range 57–81 years), undergoing coronary artery bypass graft
surgery and mesothelial cells collected by centrifugation. Rat mesothelial
cells were isolated from the omentum and peritoneal fat pads of 6–8 week
male Lewis rats as previously described [17]. Bone marrow cells from
the rat femora were collected in serum-free DMEM and mesenchymal
cells selected on the basis of adherence to tissue culture plastic. Non-
adherent cells were removed after 7 days in culture. Rat adipocytes were
isolated from the epididymal fat tissue of male Lewis rats, collagenase
digested, filtered and maintained in ceiling culture until required [18].
Approvals for human and animal studies were obtained from the Sir
Charles Gardiner Hospital and University of Western Australia ethics
committees, respectively.

Cell culture

Cells were maintained in standard medium containing DMEM with high
glucose (4.5 mg/l) supplemented with 15% foetal calf serum (FCS), 4 mM
L-glutamine, 100,000 units/l penicillin and 50 mg/ml streptomycin
(Invitrogen Life Technologies, Mulgrave, Victoria, Australia) and 0.4 �g/ml
hydrocortisone (Sigma-Aldrich). The rat osteosarcoma (ROS 17/2.8) and
human foetal osteoblast (hFOB 1.19) cell lines were used as positive con-
trols for osteoblast-related gene expression. TGF-�1-stimulated (1 ng/ml
for 48 hrs) mesothelial cells were used as a positive control for snail
homolog 1 (SNAI1) expression. Isolated rat adipocytes were used as a
positive control for the mature rat adipocyte phenotype and total RNA
obtained from human subcutaneous fat was used as a positive control for
adipocyte-related gene expression. Rat and human primary mesothelial
cell cultures were used up to passage 3.

Characterization of isolated mesothelial cells

Mesothelial cells were characterized using immunocytochemistry and flow
cytometry. Cells were immunolabelled with antibodies against the
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mesothelial cell markers; cytokeratin, vimentin and HBME-1, and stem cell
markers; CD31, CD45, CD49e, CD73, CD90, CD146, STRO-1 and c-kit.

Immunocytochemistry
Cells were plated onto serum coated glass cover-slips, cultured until
80% confluent and fixed in 4% paraformaldehyde (pH 7.4). Following
washing and an initial blocking step in 10% FCS/tris-buffered saline
(TBS) for 30 min., cells were incubated with primary antibody at the 
optimal concentration for 1 hr at room temperature. Cover-slips were
washed in TBS and incubated with a biotin-conjugated secondary anti-
body followed by Strepavidin-HRP each for 1 hr.

Flow cytometry
Resuspended mesothelial cells were incubated in primary antibody diluted
in phosphate-buffered solution (PBS)/5% FCS on ice for 30 min., washed
and incubated with either FITC- or PE-conjugated secondary antibody on
ice for 30 min. Washed cells were resuspended in PBS/5% FCS and
analysed on a FACScan analyser (Becton Dickinson, Franklin Lakes, NJ,
USA). Cells were also characterized ultrastructurally by transmission
electron microscopy (TEM) using standard techniques [19].

Positive selection of HBME-1 
stained mesothelial cells

Cells were stained as previously described and washed in basic sorting
buffer [1 mM ethylenediaminetetraacetic acid, 25 mM Hepes (pH 7.0) 
and 1% FCS in Ca2�-/Mg2�-free Hanks balanced salt solution (HBSS)].
Stained cells were resuspended to 3 � 106 cells/ml and sorted on the basis
of HBME-1� using a fluorescence-activated cell sorting (FACS) Vantage
Cell Sorter (BD Biosciences, North Ryde NSW, Australia).

Functional assay of bone nodule formation

Mesothelial cells and BMMC were maintained in either standard medium or
osteogenic medium (OM; standard medium supplemented with 10 mM
sodium �-glycerophosphate (�GP), 50 �g/ml ascorbic acid and 10�8 M 
dexamethasone) for 0–26 days. Cells were either stained histochemically
for alkaline phosphatase expression [16] and von Kossa (mineralization) or
total RNA and protein harvested. Alkaline phosphatase levels were quanti-
fied by the addition of 200 �l p-nitrophenyl phosphate (Sigma-Aldrich) to
30 �g protein lysates and the amount of product (para-nitrophenol) deter-
mined at OD405 nm.

Assay of adipogenic differentiation 
and lipid accumulation

Mesothelial cells were maintained in either standard medium or adipogenic
medium (AM; standard medium supplemented with 10 �g/ml insulin, 100 �M
indomethacin, 100 �M 3-isobutyl-1-methylxanthine and 1 � 10�6 M
dexamethasone) for up to 18 days. Lipid formation was examined and
quantified at different time-points using oil red O histological staining.
Accumulated lipid was stained with oil red O and quantified by extraction
of the dye using isopropyl alcohol and measuring absorbance at 510 nm
as described previously [20].

Analysis of osteoblast and adipocyte phenotype
markers and markers of EMT

RT PCR and real-time PCR
Cells were lysed in Trizol (Invitrogen Life Technologies) and total RNA iso-
lated in accordance with the manufacturer’s instructions and DNAse
treated (Qiagen, VIC, Australia). cDNA was synthesized from 1 �g total
RNA using superscript III reverse transcriptase and random hexamers
primers (Invitrogen Life Technologies). The mRNA expression of
osteoblast, adipocyte and EMT markers was determined using gene-spe-
cific primers (Table S1) under standard PCR conditions. For real-time PCR,
Taqman probes (Applied Biosystems, Vic, Australia) were used to examine
RUNX2 mRNA levels in treated rat and human mesothelial cells and rat
BMMC. PCR reactions were performed on an Applied Biosystems 7300
real-time PCR (Applied Biosystems). RUNX2 mRNA levels were normalized
to 18S ribosomal RNA.

Western blot analysis
Cells were lysed in 50 mM Tris (pH 7.5), 0.5 mM ethylene glycol
tetraacetic acid (EGTA), 150 mM NaCl and 1% Triton X-100 in distilled
H2O, supplemented with protease and phosphatase inhibitor cocktails
(Sigma-Aldrich). Approximately 30 �g of protein was resolved per lane
of a 10% SDS-PAGE gel and protein immobilized on a PVDF membrane
(Amersham, Buckingham Shire, UK). Membranes were blocked
overnight at 4�C in 5% skim milk/TBS-T (TBS with 0.05 % Tween 20),
washed, then incubated with primary antibody for 1 hr at room temper-
ature. �-tubulin was used as a loading control. Membranes were
washed in TBS-T and incubated with either HRP-conjugated anti-rabbit
or anti-goat antibody for 1 hr at room temperature. Membranes were
washed, developed using chemiluminescent peroxidase substrate (CPS-
1-120, Sigma) and visualized on hyperfilm ECL (GE Healthcare, Little
Chalfont, UK). Densitometric quantification of RUNX2 was performed on
scanned ECL hyperfilms using Molecular Dynamics ImageQuant version
5.1 analysis software. Pixel density of RUNX2 was normalized to 
�-tubulin for each sample to correct for loading differences.

Statistics

Data are presented as mean 	 S.E.M. Comparisons between time-points
were performed using a one sample t-test or a one-way ANOVA using a
Tukey’s multiple comparison test as appropriate to determine significance.
A P-value 
0.05 was considered significant.

Results

Bone formation in human pleural 
malignant mesothelioma

Biopsy specimen from a patient diagnosed with pleural MM con-
taining bone-like elements demonstrated multiple foci of osseous
metaplasia within the tumour associated with areas of mineralized
bone (Fig. 1).
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Bone nodule formation and mineralization 
by rat mesothelial cells using a functional 
in vitro assay

We have previously shown that mesothelial cells in situ express
the marker HBME-1 [17]. Freshly isolated mesothelial cells were
sorted based on surface expression of the mesothelial cell marker
HBME-1 (Fig. 2A). A third of pre-sorted cells expressed HBME-1.
HBME-1� cells were enriched to 91% after sorting for character-

ization studies and to over 96% for cell differentiation studies.
Following culture, only 17% of the original HBME-1� cells
retained HMBE-1 expression demonstrating down-regulation of
this marker after culture (Fig. 2B). Total and HBME-1� cultured
cells displayed a cobblestone-like morphology, expressed surface
microvilli, junctional complexes and abundant intermediate
filaments but did not express the endothelial cell marker CD31, 
all characteristic of mesothelial cells (Fig. 2C). Furthermore, the
cells were immunopositive for cytokeratin and vimentin (data 
not shown).

Fig. 1 Osseous differentiation in a human pleu-
ral MM biopsy with associated mineralization.
(A) Haematoxylin and eosin staining of a biopsy
from a patient with pleural MM demonstrating
multiple foci of osseous metaplasia (O) within
the tumour associated with areas of bone
(arrow). (B) Higher magnification of osseous
region showing osteoblastic/osteocytic cells
within mineralized osteoid. (C) von Kossa stain-
ing demonstrating mineralized bone (black stain,
arrow) within the tumour. Scale bar � 100 �m.

Fig. 2 Characterization of isolated rat mesothelial cells. (A) FACS histograms demonstrating the percentage of freshly isolated cells positive for HBME-1
surface marker expression pre- and post-FACS sorting for HBME-1. The resultant cell population was highly enriched for HBME-1 marker expression. (B)
A representative FACS histogram showing a decrease in the percentage of HBME-1� cells following one passage in culture (P1; shaded � isotype con-
trol and unshaded � HBME-1�). Freshly isolated rat BM cells do not express HBME-1 (expression shown as average% of expressing cells 	 S.E.M.).
(C) Phase contrast of cultured rat mesothelial cells showing a typical cobblestone morphology. Scale bar � 30 �m. Transmission electron micrograph
of cultured mesothelial cells demonstrating characteristic surface microvilli (arrows). Scale bar � 1.5 �m. A representative FACS histogram of endothe-
lial cell surface marker CD31 expression (unshaded) and isotype control (shaded) in freshly isolated mesothelial cells (expression shown as average %
of expressing cells 	 S.E.M.).
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A proportion of HBME-1� mesothelial cells also demonstrated
expression of the stem cell markers CD90, CD73, CD146 and
CD49e (Fig. 3) but cultured cells were negative for c-kit and 
STRO-1 (data not shown). Cells were also negative for CD45,
consistent with a mesenchymal origin (data not shown).

Rat mesothelial cells cultured in OM began to lose their
characteristic cobblestone morphology by day 6 and condensed
into nodule-like structures. This coincided with increased alkaline
phosphatase expression, particularly in areas of cell condensation
(Fig. 4A). Although alkaline phosphatase is suggestive but not

specific for osteoblast differentiation, by day 18, the nodule-like
structures stained positive for von Kossa, demonstrating mineral-
ization (Fig. 4B).

This finding was consistent in both total and HBME-1� sorted
cells (Fig. 4B). The time course of cell condensation, alkaline
phosphatase expression and mineralized nodule formation was
consistent with that of the rat BMMC control. Mesothelial cells
cultured in standard culture medium did not show any change in
morphology, condensation, alkaline phosphatase expression or
nodule formation (data not shown).

Fig. 3 Flow cytometry analysis of mes-
enchymal stem cell marker expression by
HBME-1� mesothelial cells. FACS his-
tograms demonstrating the percentage of
HBME-1� (Passage 1) and BM cells
expressing (A) CD90, (B) CD73, (C) CD146
and (D) CD49e (unshaded) and their
respective isotype controls (shaded).
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Rat mesothelial cells express osteoblast markers

Osteoblasts are characterized by their ability to express an array of
protein markers. The timing and expression profile of osteoblast-
specific isoform of RUNX2, previously called core binding factor
�1/osteoblast-specific factor 2 (Cbfa1/OSF2), SPARC also known
as osteonectin, SPP1, previously called osteopontin and integrin-
BSP also called bone sialoprotein, identifies how far these cells
have progressed along the osteoblast lineage. Rat mesothelial
cells expressed SPARC, SPP1 and BSP mRNA and protein at day
0, which remained at similar levels over the 26 days in OM, con-
sistent with expression in OM-differentiated BMMC (Fig. 5A, C).
However, BSP mRNA and protein was low in mesothelial cells
throughout the study. In BMMC and mesothelial cells RUNX2
expression increased with time in culture (Fig. 5A). Despite an
overall increase in RUNX2 mRNA over time, the protein appeared
to decrease (Fig. 5C, D). It must be noted that the RUNX2 antibody
is not limited to recognizing the osteoblast-specific RUNX2 iso-
form. HBME-1� FACS sorted and unsorted rat mesothelial cells
showed the same mRNA expression profile for SPARC and SPP1
but HBME-1� cells increased BSP expression over time (Fig. 5A).
Furthermore, in HBME-1� cells, RUNX2 mRNA levels showed a
biphasic response, increasing by day 6 then decreasing by day 9
and increased again by day 15, with levels at 18–26 days much
higher than at day 0 (Fig. 5A).

Epithelial to mesenchymal cell transition 
during differentiation of mesothelial cells 
into osteoblast-like cells

To determine if OM-differentiated rat mesothelial cells undergo
EMT, mRNA levels of the epithelial and mesothelial markers,

cytokeratin 19 (CK19), E-cadherin, N-cadherin, �-smooth muscle
actin (�SMA), matrix metalloproteinase 28 (MMP28), s100A4 and
SNAI1, were investigated by RT-PCR (Fig. 6). CK19, E- and N-cad-
herin mRNA were all detected at day 0 in unstimulated cells. CK19
expression was maintained up to day 18 in OM cultured cells but
was down-regulated by day 26. E-cadherin expression was down-
regulated by day 5 but was significantly up-regulated again by day
18. N-cadherin mRNA remained constant throughout the time
course. In contrast, �SMA, s100A4, MMP28 and SNAI1 mRNA
was absent or extremely low in untreated cells at day 0 but was
present by day 5. The onset of �SMA, s100A4, MMP28 and SNAI1
mRNA expression in treated rat mesothelial cells coincided with
the initial down-regulation of E-cadherin.

Human mesothelial cells differentiate 
into osteoblast-like cells in vitro

The capacity for human mesothelial cells to differentiate into
osteoblast-like cells was also examined. Cells were collected from
the pericardial fluid of patients undergoing cardiac surgery.
Approximately 24% of the total cell population were mesothelial
cells, as determined by HBME-1 immunostaining, with the remain-
der of the cells consisting of monocytes/macrophages, lympho-
cytes and neutrophils (Fig. 7A, B). Mesothelial cells were enriched
by cell culture and the phenotype confirmed by cytokeratin and
vimentin immunostaining and TEM (data not shown). Mesothelial
cells cultured in OM for up to 23 days demonstrated a similar pat-
tern of mRNA and protein expression of RUNX2, SPARC, SPP1
and BSP as rat mesothelial cells (Fig. 7C–F). However, BSP mRNA
and protein were up-regulated over the 23 day incubation period.
Changes in osteoblast-specific RUNX2 mRNA levels varied
between patient samples with a trend towards a small increase

Fig. 4 Rat mesothelial cells express alkaline
phosphatase and form mineralized nodules
when incubated with OM. (A) Rat mesothe-
lial cells cultured in OM for 18 days have
lost their cobblestone appearance and
express alkaline phosphatase (arrowhead,
pink staining). Quantification of alkaline
phosphatase expression in mesothelial
cells cultured in OM demonstrates a signif-
icant increase over time, *P 
 0.05. (B)
Mineralized nodules (arrows, black staining
by von Kossa method) form in regions of
unsorted and HBME-1� mesothelial cells
and BMMC after 18 days cultured in OM.
Alkaline phosphatase expression is shown
(arrow heads). Scale bar � 100 �m.
Results shown are representative of three
independent experiments.
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over the incubation period (Fig. 7D). RUNX2 protein levels did not
increase over time consistent with rat cells (Fig. 7F). Interestingly,
alkaline phosphatase staining was absent in two of the three
human mesothelial cell cultures at all time-points examined and
von Kossa positive nodules were not detected in any of the sam-
ples (data not shown).

Rat and human mesothelial cells differentiate
into adipocyte-like cells in vitro

Pre-adipocytes characteristically contain lipid which can be
detected using the stain oil red O. Lipid accumulation was
detected in AM cultured rat mesothelial cells as early as day 6 and
increased significantly by day 18 (Fig. 8A). In contrast to the
extensive oil red O staining detected in rat mesothelial cell cultures
cytoplasmic lipid was only detected in a small subset of AM-cul-
tured human mesothelial cells (data not shown). Control mesothe-
lial cells cultured in normal growth medium did not show lipid
accumulation at any time-point examined (data not shown).

Adipocytes are characterized by the expression of a number of
protein markers which include; adipocyte fatty acid binding
protein 4 (FABP4), lipoprotein lipase (LPL), CCAAT/enhancer
binding protein � (CEBP�), adipocyte-specific peroxisome

Fig. 5 Rat mesothelial cells express osteoblast markers. (A) RT-PCR analysis of unsorted and HBME-1� rat mesothelial cells and BMMC cultured in stan-
dard medium or OM showing expression of osteoblast-associated genes; RUNX2, SPARC, SPP1 and BSP. (B) Real-time PCR showing expression of
RUNX2 mRNA in unsorted and HBME-1� rat mesothelial cells cultured in OM up to 26 days. (C) Western blot of osteoblast phenotype markers in rat
mesothelial cells and BMMC cultured in standard medium and OM. (D) Quantitative analysis of RUNX2 protein in OM stimulated rat mesothelial cells up
to 26 days in culture, *P 
 0.05. 18S and �-tubulin were used as loading controls for RT-PCR and Western blot analysis, respectively. The rat osteosar-
coma cell line ROS 17/2.8 (ROS) was used as a positive control for the mature osteoblast phenotype. Results are representative of at least three inde-
pendent experiments.

Fig. 6 mRNA expression of EMT markers during differentiation of rat
mesothelial cells to osteoblast-like cells. mRNA expression of EMT mark-
ers CK19, E-cadherin, N-cadherin, �SMA, s100A4, MMP28 and SNAI1 by
RT-PCR in mesothelial cells cultured for up to 26 days in standard medium
or OM. Controls (CTR) include mesothelial cells grown in standard medium
or treated with 1 ng/ml TGF-�1 for �SMA, s100A4, MMP28 and SNAI1
expression. 18S was used as a loading control. Results are representative
of at least three independent experiments.
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proliferator-activated receptor �2 (PPAR�2) and complement fac-
tor D (CFD) also called adipsin. Under resting conditions rat
mesothelial cells expressed LPL and very low levels of CEBP� and
FABP4 but required exposure to AM to induce expression of
PPAR� and CFD (Fig. 8B). Unstimulated human mesothelial cells
only expressed very low levels of FABP4 mRNA but expressed
mRNA for all other markers following exposure to AM, which
increased with time in culture (Fig. 8C).

Discussion

There are over 20 reported cases of MM with osseous and/or car-
tilaginous differentiation in the literature [13, 21] and bone and

cartilage have been observed in MM induced by intraperitoneal
injection of asbestos fibres in rats [22]. Several cases of mesen-
teric heterotopic ossification (or osseous metaplasia) [23, 24] and
cartilaginous differentiation have also been reported in the peri-
toneum associated with sclerosing peritonitis [25, 26] and carti-
lage has been seen in peritoneal tissue biopsies not associated
with malignancy or sclerosing peritonitis [27]. In the current
study, foci of osseous metaplasia and mineralization were seen in
human MM biopsy samples consistent with intratumoral bone for-
mation. However, the frequency and extent of bone in these
tumours could not be determined due to the small sample size of
biopsy tissue. The mechanism for bone formation in these
tumours is unknown although given the ability of mesothelial cells
to differentiate into other cell types, including myofibroblasts,
smooth muscle and endothelial cells, we suggest that adult

Fig. 7 Expression of osteoblast-associated
genes and proteins in human mesothelial cells
(A) Percentage of each cell type isolated from
the pericardial fluid of four patients: mesothelial
cells (Meso), macrophages (MØ), lymphocytes
(Lym), polymorphonuclear neutrophils (PMN).
(B) Human pericardial fluid cells immunos-
tained for anti-HBME-1 demonstrating both
individual (arrowhead) and sheets (arrow) of
positively stained cells. Scale bar � 50 �m. (C)
RT-PCR analysis of human mesothelial cells
cultured in standard medium or OM for up to
23 days showing expression of osteoblast
associated genes; RUNX2, SPARC, SPP1 and
BSP). An hFOB was used as a positive control.
(D) Quantification of Cbfa1 mRNA expression
in three patients, expressed as fold change
compared to day 0. (E) Western blot analysis of
osteoblast phenotype markers. �-tubulin was
used as a loading control. (F) Quantification of
RUNX2 protein expressed in standard medium
and OM stimulated human mesothelial cells up
to 23 days in culture. Results shown are repre-
sentative of three independent experiments.
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mesothelial cells retain the potential to differentiate into other cell
types of embryonic mesoderm origin including an osteogenic and
adipogenic lineage. To test this hypothesis, mesothelial cells were
cultured in supplemented medium used to drive osteoblast and
adipocyte differentiation and stages of differentiation compared
with control BMMC-derived cells.

Characterization studies confirmed pure mesothelial cell cul-
tures; however, rat cells were also FACS sorted using HBME-1 to
conclusively eliminate any possible contaminating cells.
Interestingly, only 30% of the total cell population were labelled
with HBME-1 indicating down-regulation of this marker in culture.
This was confirmed following culture of HBME-1� cells and sub-
sequent restaining, with only 17% of cells immunopositive for
HBME-1. Based on these findings and other characterization stud-
ies, it is likely that the original HBME-1� cells were also mesothe-
lial cells. HBME-1� cells were also examined for a selection of
stem cell markers. A proportion of cells were positive for CD90,
CD73, CD146 and CD49e but negative for CD45, c-kit and STRO-
1. The fact that the positively labelled cells also expressed HBME-
1 suggests that a proportion of mesothelial cells may have mes-
enchymal stem cell-like properties although this needs further
investigation.

Expression of a panel of proteins is also used to demonstrate
differentiation of BMMC and other stem cell populations into
osteoblasts in vitro [28, 29]. Total and HBME-1� sorted mesothe-
lial cells expressed mRNA and protein for all markers similar to
BMMC under the same conditions. The transcription factor
RUNX2 is the only marker specific for the osteoblast lineage [30],
however several isoforms have been identified in the human,
mouse and rat with differing patterns of expression [31]. It is only
the Cbfa1/OSF2 isoform of RUNX2 which is truly osteoblast spe-
cific [32] – referred to throughout this paper as RUNX2. Primers
to identify this isoform were designed, as published primer

sequences are not appropriate for the osteoblast-specific isoform.
mRNA expression of RUNX2 increased over time in mesothelial
cells cultured in OM although changes in protein were not demon-
strated probably because the RUNX2 antibody was not specific for
the bone-specific isoform.

Mesenchymal stem cells are derived from the embryonic
mesoderm and retain expression of RUNX2 prior to differentiation
to the osteoblast lineage yet still remain capable of entering mul-
tiple differentiation pathways [33]. mRNA expression of
osteoblast-specific RUNX2 was also observed in untreated
mesothelial cells, suggesting that these cells also retain the
embryological potential of the mesoderm. Therefore, under the
right conditions mesothelial cells differentiate into osteoblast-like
cells and possibly other mesenchymal cell lineages in spite of
being considered as terminally differentiated.

Transdifferentation is a reversible process involving the disrup-
tion of intercellular junctions and loss of apical-basolateral polar-
ity, typically associated with epithelial cells, giving rise to fibrob-
last-like cells with pseudopodial protrusions and an increased
migratory phenotype [34]. Transdifferentiation is measured by
down-regulation of EMT markers such as cytokeratins and E-cad-
herin and increases in N-cadherin, �SMA, s100A4, MMP28 and
SNAI1 [35–38]. Rat mesothelial cells cultured in OM demon-
strated an EMT response, with CK19 expression down-regulated
at day 26 while E-cadherin expression disappeared at day 6 but
reappeared by day 18. Osteoblasts express high levels of E-cad-
herin [39], which is likely to explain the increase in E-cadherin by
day 18. N-cadherin expression did not change but N-cadherin is
normally expressed in mesothelial cells [40]. SNAI1 mRNA
increased by day 5 which coincided with the decrease in E-cad-
herin, consistent with EMT. Although it is likely that mesothelial
cells undergo transdifferentiation, we did not examine reversibility
in this study and therefore we have used the term differentiation

Fig. 8 Mesothelial cells accumulate lipid and
express adipocyte markers. (A) Accumulated
lipid, demonstrated by oil red O staining, was
detected in rat mesothelial cell cultures
exposed to AM for 18 days (black arrows).
Scale bar � 100 �m. Quantitative analysis
demonstrated a significant increase in lipid
accumulation by these cultures over time,
***P 
 0.001. RT-PCR analysis of rat (B) and
human (C) mesothelial cells cultured in stan-
dard medium or AM demonstrated the expres-
sion of mRNA associated with adipogenesis
(PPAR�2, CFD, LPL, CEBP�). cDNA derived
from rat adipocytes and cells isolated from
human subcutaneous fat were used as a posi-
tive control for the mature adipocyte phenotype
(CTR). Results shown are representative of
three independent experiments.
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instead of transdifferentiation following changes in mesothelial
cell phenotype.

For a cell to be considered multipotent and to have adult stem
cell-like potential, it must demonstrate differentiation into multiple
mesenchymal cell lineages and express functional characteristics
of the new cell types [41]. Therefore, the ability of mesothelial
cells to differentiate into adipocyte-like cells was also examined.
Acquisition of the mature adipocyte phenotype includes morpho-
logical cell rounding [42, 43], the accumulation of lipid-laden
droplets in the cytoplasm and the induction of expression of
adipocyte-specific genes [43]. Rat and human mesothelial cells
cultured in AM demonstrated most of these features although
consistent with osteoblast differentiation, there were differences in
the ability of these cells to differentiate into a mature adipocyte
phenotype. Oil red O staining clearly showed that many of the rat
mesothelial cells cultured in AM contained lipid whereas very few
human cells showed evidence of lipid accumulation. This may
have been due to the human cells taking longer to differentiate as
the human cells cultured in AM took longer to express mRNA for
most of the adipocyte phenotype markers. The differential capac-
ity for adipogenesis observed between rat and human cells may
also be due to the frequency of adipogenic progenitors in each
population, the optimum culture conditions required or the differ-
ent origin of these cells. Although it is generally assumed that all
mesothelium is similar irrespective of site or species, this still
needs further investigation.

Conclusion

In conclusion, we have strong evidence that mesothelial cells
retain the potential to differentiate along the embryonic develop-
mental lines of the mesoderm, specifically into osteoblasts and
adipocytes. This illustrates the multipotential nature of these cells
and provides a mechanism by which bone is formed in MM
tumours. Mesothelial cells have already been utilized in various
tissue engineering applications, including the development of vas-
cular conduits and peripheral nerve replacements [2]. The ability
of mesothelial cells to differentiate along embryonic developmen-

tal lines suggests a far greater potential for these cells to be used
for tissue engineering and regenerative medicine to repair, replace
and possibly regenerate damaged or defective tissue at different
sites in the body.
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