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A B S T R A C T

Malignant fibrous histiocytoma (MFH) is regarded as an undifferentiated pleomorphic sar-

coma with unproven histogenesis. We investigated pathobiological characteristics of a rat

MFH cell line (MT-9). Immunocytochemically, MT-9 cells and MT-9-induced tumours

reacted to vimentin, A3 (rat MFH cell-specific antibody), macrophage markers and a-SMA

(myofibroblastic marker), indicating that MT-9 showed both histiocytic and (myo)fibroblas-

tic features. Adipogenic supplement-added MT-9 showed increased accumulation of lipid

droplets. Addition of BMP-2 or osteogenic supplement to MT-9 enhanced osteoblastic

markers (ALP activity, osteocalcin mRNA expression and calcification). TGF-b1-treated

MT-9 revealed increased numbers of a-SMA-immunopositive cells, and enhanced protein

levels of a-SMA and fibronectin, indicating myofibrogenesis. In rat tissues, A3 labelled with

immature mesenchymal and perivascular cells in foetuses and neonates, and with marrow

stem cells in adults. c-kit mRNA expression was seen in bone marrows and MT-9. Collec-

tively, progenitors of MFH should be sought in lineage of marrow stem cells capable of dif-

ferentiating into mesenchymal cells.

� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Malignant fibrous histiocytoma (MFH) has been reported to be

the most common neoplasm of the soft-tissue in the

elderly.1,2 Although MFH is characterised histologically by

the presence of histiocytic and fibroblastic cells arranged in

a storiform pattern,1–3 the precise histogenesis and derivation

remain undetermined. Besides subcutis, sarcomas with MFH-
er Ltd. All rights reserved

; fax: +81 72 250 7208.
.jp (J. Yamate).
like histology have been reported to occur in visceral organs

and bones,4,5 and MFH-like histological phenotypes have

been seen in parts of fibrosarcomas, leiomyosarcomas, osteo-

sarcomas, malignant schwannomas and liposarcomas of

human clinical species.1,2,6,7 MFH may merely represent a

morphological pattern shared by a wide variety of poorly

differentiated pleomorphic sarcomas.2 Based on these obser-

vations, we drew a hypothesis that MFH may generate from
.
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mesenchymal stem cells with multidirectional differen-

tiations.

Knowledge of pathobiological characteristics of cancers

is essential to establish effective treatments. Previously,

we established a cloned cell line (MT-9) from a spontaneous

MFH found in an aged F344 rat.8,9 The original tumour was

demonstrated to consist of an admixure of histiocytic and

fibroblastic cells in electron microscopy and enzyme histo-

chemistry.9 This study was conducted to clarify the differ-

entiation potential of MFH cells which may be induced by

stimulating factors already established as suitable inducers.

Particularly, we focused on osteogenic, adipogenic and

myofibrogenic differentiations of MT-9 cells. Furthermore,

using a rat-MFH specific antibody (A3) that we have devel-

oped previously,10 the distribution of A3-positive cells was

immunocytochemically investigated in tissues from foetal,

neonatal and adult rats, to explore the possible progenitor

of MFH cells. This study clearly demonstrated that MFH

cells have a capacity for mesenchymal differentiations,

and that MFH cells, embryonal mesenchymal cells, perivas-

cular cells and bone marrow stem cells have common anti-

gens recognised by A3. It is likely that the progenitor of

MFH cells is involved in the differentiating lineage of mar-

row stem cells.

2. Materials and methods

2.1. Rat MFH cell line (MT-9)

A parent cell line (MT-P) was prepared from a homotransplan-

table tumour which had been established from a spontaneous

MFH arising in the subcutis of an aged F344 male rat.8,9 MT-P

was cloned twice by the limiting dilution technique, and a

cloned cell line (MT-9) was isolated.8 Eagle’s minimum essen-

tial medium (E-MEM, Nissui, Tokyo, Japan) containing 10%

foetal bovine serum (FBS, Bioserum, UBL, Japan), 0.03% L-glu-

tamine (Nissui), penicillin (100 U/ml) and streptomycin

(100 lg/ml) was used as the growth medium. MT-9 cells were

cultured in a humidified 5% CO2 atmosphere at 37 �C as de-

scribed previously.8

2.2. Animals

Pregnant F344 rats and 5-week-old F344 rats were obtained

from Charles River Japan (Shiga, Japan). Samples were

obtained from foetal rats at gestation days 18 and 21,

post-natal rats aged 1, 3, 6, 9, 12 and 15 days, as well as

adult rats over 6-weeks-old. These tissue samples and MT-

9-induced tumours were fixed in 10% neutral buffered

formalin, Zamboni’s solution or periodate-lysine-parafor-

maldehyde (PLP) fixative.11 The present experiments were

conducted in full compliance with our institutional guide-

lines for animal care.

2.3. Histopathological analyses of MT-9 cells and
MT-9-induced tumours

MT-9 cells cultured for 2 days in E-MEM on tissue culture

chamber slides (LAB-TEK; Naperville, IL, USA) were fixed in

formalin or cold acetone/ethanol (50:50). Formalin-fixed cells
were stained with haematoxylin and eosin (HE), and acetone/

ethanol-fixed cells were labelled immunocytochemically as

described below. For in vivo observations, MT-9 cells (106/ml)

were inoculated subcutaneously into syngeneic rats. Subcuta-

neous tumours developed were fixed in the above fixatives.

Tumour tissue sections were stained with HE, and immunocy-

tochemically labelled.

For immunocytochemical analysis, the avidin–biotin com-

plex (ABC) method (Vectastain ABC Kit; Vector Laboratories

Inc., Burlingame, CA, USA) was utilised with the primary anti-

bodies as follows11: anti-vimentin (monoclonal; Dako, Corp.,

Carpinteria, CA, USA; ·200), anti-a-smooth muscle actin (a-

SMA; monoclonal; Dako, ·100), ED1 (monoclonal; Chemicon

International Inc., Temecula, CA, USA; ·500), ED2 (monoclo-

nal; Serotec Ltd., Tokyo, Japan; ·500), anti-cytokeratin (mono-

clonal; DAKO, predilution), anti-glial fibrillary acidic protein

(GFAP; polyclonal; Dako; · 1000), anti-S-100 protein (poly-

clonal; Dako; ·200), and the A3 (monoclonal; Trans Genic

Inc., Kobe, Japan; ·100). ED1 and ED2 are rat macrophage/his-

tiocyte specific antibodies,11–14 and A3 antibody is highly spe-

cific for rat MFH cells.10 Formalin-fixed deparaffinised

sections were used for vimentin, cytokeratin, a-SMA, ED1, S-

100 protein and GFAP.11 Zamboni’s solution-fixed deparaffin-

ised sections and PLP-fixed deparaffinised sections were used

for ED2 and A3, respectively.

The following procedures were applied in common to tis-

sue sections and culture cell sections. The sections were incu-

bated with 0.5–5% H2O2 for 10 min to quench endogenous

peroxidase. The slides were then treated with 5% non-fat milk

for 45 min, followed by incubation with each primary anti-

body for 14 h at 4 �C. Next, 30 min of incubation with biotinyl-

ated goat anti-mouse antibody for monoclonal antibodies or

with goat anti-rabbit antibody for polyclonal antibodies was

performed. Final incubation was carried out for 30 min with

an avidin-biotinylated peroxidase complex, and positive reac-

tions were visualised with 3,30-diaminobenzidine (DAB). Non-

immunised mouse or rabbit serum was used for negative

controls.

2.4. Adipogenic differentiation

We used two different adipogenic inducers. The 15-deoxy-

D12,14-PGJ2 (15-dPGJ2) was obtained from BIOMOL Interna-

tional (PA, USA),15 and adipogenic supplement (including

insulin, 3-isobutyl-1-methylxanthin, indomethacin and dexa-

methasone (DMSO)), which was developed as an adipogenic

stimulus for bone marrow stem cells,16 was purchased from

Dainippon Sumitomo Pharma Co. Ltd. (Esaka, Japan). For the

experiment of 15-dPGJ2, cells (0.5 · 104/ml) were incubated

in E-MEM containing 15-dPGJ2(5lM) (diluted in DMSO) or an

equivalent DMSO (vehicle control). The E-MEM containing

15-dPGJ2 or vehicle was changed every 2 days. After addition,

cells were fixed in formalin at 4, 8 or 25 days, and stained with

Oil-Red-O. For adipogenic supplement, cells (0.5 · 104/ml)

were incubated in E-MEM containing the supplement (0 or

50 ll/ml);16 after addition, cells were fixed in formalin at 4, 8

and 12 days, and stained with Oil-Red-O. The number of col-

onies of cells with Oil-Red-O-positive lipid droplets was

counted in four different fields at 200·, and the ratio of lipid

droplets per cytoplasm was evaluated in 10 randomly-se-
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lected cells with lipid droplets by the colour image analyser

(Mac SCOPE, Mitani Inc., Fukui, Japan).15

2.5. Osteogenic differentiation

We first used an osteogenic supplement (including beta-glyc-

erophosphate, ascorbic acid phosphate and DMSO) obtained

from Dainippon Sumitomo; the supplement was developed

as an osteogenic inducer for marrow stem cells.17 MT-9 cells

(0.5 · 104/ml) were incubated in E-MEM containing the supple-

ment (0 or 50 ll/ml). At 4, 8, 12 and 25 days after addition, cul-

ture supernatants were collected, and values of alkaline

phosphatase (ALP) and calcium were measured by a Clinical

Analyser (Hitachi 7170, Tokyo, Japan); cells fixed in formalin

were stained with HE or von Kossa’s method for calcifica-

tion.18 The magnitude of calcification was evaluated at scores

of ) to 4+: ), negative; +, faintly positive; 2+, moderately posi-

tive; 3+, strongly positive; 4+, strongly and diffusely positive.

Bone morphogenetic protein-2 (BMP-2) is a well-known in-

ducer of osteogenesis.18,19 Next, we added rhBMP-2 (generous

gift from Astellas Pharmaceutical Co., Tokyo, Japan) to 10%

serum-containing a-MEM (GIBCO, BRL, Gland Island, NY,

USA), a medium that has been used in osteogenic differentia-

tion.20 MT-9 cells (3 · 104/ml) were incubated in a-MEM added

rhBMP-2 (0, 30 or 100 ng/ml). The a-MEM including rhBMP-2

was changed every 3 days. ALP activity, ALP enzyme-staining

and osteocalcin mRNA expression as well as calcium deposi-

tion were investigated. To measure the ALP activity, MT-9 cells

cultured for 4 days with rhBMP-2 were lysed in M-PerTM Mam-

malian Protein Extraction Reagent (Pierce, Rockford, IL)

following its protocol.20 ALP activity was assayed using

p-nitrophenylphosphate as a substrate by Alkaline Phospha

Test Wako (Wako Pure Chemicals Industries, Ltd., Osaka,

Japan) and the protein content was measured using the

bicinchoninic acid Protein Assay Kit (Pierce). MT-9 cells incu-

bated with rhBMP-2 (0 and 100 ng/ml) for 4 days were fixed in

acetone/ethanol, and enzymatically stained for ALP by the

naphthol AS (SIGMA) method (pH 9.0).8 To measure mRNA

expression of osteocalcin, MT-9 cells incubated with rhBMP-

2 (0 and 100 ng/ml) for 7 days were used. Total RNA was

isolated from the cultured cells by TrizolTM reagent (GIBCO).11

Reverse transcriptase-polymerase chain reaction (RT-PCR)

was conducted as described previously.11 The following con-

ditions were used for the amplification21: 31 (for osteocalcin)

and 20 (for b-actin; control) cycles of 30 s of denaturation at

94 �C, 20 s of annealing at 58 �C and 30 s of synthesis

at 72 �C. The oligonucleotide primers used for PCR were

as follows: for rat osteocalcin,21 forward primer

5 0-GCACCACCGTTTAGGGCAT-3 0 and reverse primer 5 0-AGA-

GAGAGGGAACAGGGAG-3 0: for b-actin, forward primer

5 0-TAAAGACCTCTATGCCAACAC-3 0 and reverse primer

5 0-CTCCTGCTTGCTGATCCACAT-30.11 The PCR products were

electrophoresed in 2% agarose gels and DNA was stained with

ethidium bromide on the gel. The intensity of the osteocalcin

bands was evaluated semiquantitatively using image analysis

software (Image J, NIH), and compared to that of b-actin. Mea-

surement was performed in triplicate using different sam-

ples. For calcification assays, MT-9 cells were incubated with

rhBMP-2 (0 and 100 ng/ml) for 4, 7, 14 and 21 days, fixed in

10% formalin, and stained by von Kossa’s method.
2.6. Myofibrogenic differentiation

Transforming growth factor-b1 (TGF-b1) plays a central role in

the induction of myofibroblasts from pre-existing fibro-

blasts.22 Immunophenotypical change for a-SMA was exam-

ined by the addition of rhTGF-b1 (R&D system, Minneapolis,

MN, USA). a-SMA is a marker for the development of myofi-

broblasts.23 MT-9 cells (3 · 104/ml) were incubated in 2% ser-

um-containing E-MEM for 1 day. The medium then was

changed to 2% serum-containing E-MEM added rhTGF-b1 (0,

1 and 5 ng/ml). In the same manner, other chambers contain-

ing 5 ng/ml of TGF-b1 were incubated with anti-TGF-b1 anti-

body (5 ng/ml) (R&D system). Twenty-four hours after

addition, the cells were fixed in cold acetone/ethanol, and

stained by immunocytochemistry with a-SMA antibody. The

percentage of cells reacting with the antibody was assessed

five times by examining 300 cells at each assessment.24

To further investigate the expression levels of proteins, the

immunoblotting with monoclonal antibodies against a-SMA,

vimentin (DAKO), and b-actin (control; SIGMA), and with a

polyclonal antibody to fibronection (SIGMA) was conducted

in MT-9 cells incubated with TGF-b1 (0, 1 and 5 ng/ml) or

TGF-b1 (5 ng/ml)/anti-TGF-b1 antibody (5 ng/ml) in the same

fashion described above. The cells were homogenised with

CellLytic (SIGMA) for 30 min. The crude homogenate was cen-

trifuged for 10 min at 13,000 rpm at 4 �C. The supernatant was

precipitated with acetone and used as a sample. According to

the methods described,25 the sample (2.5 lg of protein/well)

was subjected to SDS–PAGE in a 7% gel and proteins in the

gel were transferred to a PVDF membrane by electronblotting.

Membranes were incubated with an antibody to a-SMA,

vimentin, fibronection or b-actin. Immunoreactive proteins

were then detected by incubating for 30 min with Histofine

simple stain Kit (Nichirei, Tokyo, Japan). The intensity of these

bands was evaluated semiquantitatively using image analysis

software (Image J), and compared to that of b-actin. Measure-

ment was performed using three different samples.

2.7. Distribution of cells reacting to a rat MFH-specific
antibody (A3) in rat tissues, and c-kit mRNA expression in
MT-9 cells

A monoclonal antibody (A3) was generated using whole cell

antigens prepared from rat MFH cells.10 The antigen recogni-

sed by A3 is approximately 80 kDa in molecular weight, and

the epitope is located on the plasma membrane of rat MFH

cells. Major organ samples (lungs, kidneys, heart, liver, mus-

cles, skin and bone marrow) from foetal, neonatal and adult

rats were fixed in PLP fixative, and stained immunocytochem-

ically by the ABC method with A3 as described above.

Bone marrow stem cells specifically express c-kit receptor

tyrosine kinase (KIT).26 To pursue the relationship between

MT-9 cells and marrow stem cells, c-kit mRNA expression

was investigated by the RT-PCR method. The preparations of

total RNA from MT-9 cells and rat femur bone marrow tissues

and single-strand cDNA are described above. The following

conditions were used for amplification27: 34 cycles of 1 min

of denaturation at 94 �C, 2 min of annealing at 55 �C and

3 min of synthesis at 72 �C. The oligonucleotide primers

used for the PCR were as follows: for rat c-kit, forward primer
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50-GGCCCACCCTGGTCATTACAGAAT-3 0 and reverse primer 5 0-

ACCTGGTAGGAAAAGCTCAGCAA-3 0. The PCR conditions, and

the forward and reverse primers used for b-actin (control) are

described above.

2.8. Statistical evaluation

Obtained data represented means ± SD, and statistical analy-

sis was performed using Student’s t-test or analysis of vari-

ance. Significance was accepted at P < 0.05.

3. Results

3.1. Immunocytochemical characteristics of MT-9 cells and
MT-9-induced tumours

Cultures of MT-9 cells consisted of polygonal or fusiform cells

with a round or spindle nucleus arranged in an ambiguous

interlacing pattern (Fig. 1A). Neoplastic cells reacted strongly

to vimentin (Fig. 1B) and A3 (Fig. 1C), but negatively to cytoker-

atin. Occasional cells were positive for a-SMA (Fig. 1D), ED1
Fig. 1 – Histopathological findings of a rat MFH-derived cloned M

of polygonal and fusiform cells (A); neoplastic cells react to vime

ED1 (E, arrows), ED2 (F, arrows), S-100 protein (G, arrows) and G

growth pattern (I; arrow indicates a giant cell); neoplastic cells re

arrows), ED2 (N, arrows), S-100 protein (O, arrows) and GFAP (P, a

bar = 30 lm; I–P, bar = 50 lm.
(Fig. 1E) and ED2 (Fig. 1F). Clusters of cells positive for S-100

protein (Fig. 1G) and GFAP (Fig. 1H) are present.

Tumours induced by MT-9 cells showed a storiform growth

pattern composed of spindle-shaped cells and round cells

supported by collagen fibres (Fig. 1I). Occasional giant cells

with bizarre nuclei were present (Fig. 1I, arrow). Neoplastic

cells reacted strongly to vimentin (Fig. 1J) and A3 (Fig. 1K),

and cells reacting to a-SMA (Fig. 1L), ED1 (Fig. 1M), ED2

(Fig. 1N), S-100 protein (Fig. 1O) and GFAP (Fig. 1P) were seen

sporadically or forming clusters. No cells reacting to cytoker-

atin were observed in the induced tumours.

3.2. Adipogenic differentiation

Cells with Oil-Red-O-positive lipid droplets tended to form

colonies. However, there was no significant change in the col-

ony number between controls and 15 d-PGJ2- or adipogenic

supplement-added samples. By contrast, we found that the

size of lipid droplets increased and expanded in the cyto-

plasm (Fig. 2A). In HE-stained sections, such cells had vari-

ously-sized vacuoles in the cytoplasm (Fig. 2B). Thus, we
T-9 line (A–H) and its induced tumours (I–P). Culture consists

ntin (B), A3 (rat MFH-specific antibody) (C), a-SMA (D, arrows),

FAP (H, arrows). The induced tumour shows a storiform

act to vimentin (J), A3 (K, arrows), a-SMA (L, arrows), ED1 (M,

rrows). A and I, HE; B–H and J–P, immunocytochemistry; A–H,



Fig. 2 – At day 12 after addition of adipogenic supplement,

MT-9 cells increase the size of lipid droplets and have

variously-sized vacuoles (A, B). The supplement addition

significantly increases the ratio of lipid droplets per cyto-

plasm at 8 and 12 days (C). A, Oil-Red-O stain; B, HE;

bar = 10 lm. *, significantly different from controls at

P < 0.05.
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evaluated the ratio of lipid droplets per cytoplasm. Although

no significant change was seen between controls and 15d-

PGJ2-added samples, the addition of adipogenic supplement

significantly increased the ratio at 8 and 12 days, as compared

with that of controls (Fig. 2C).

3.3. Osteogenic differentiation

In the experiment using osteogenic supplement, ALP values

were significantly greater than those of controls at 8, 12 and

25 days after addition (Fig. 3A). In contrast, calcium values
Fig. 3 – Values of supernatant ALP in MT-9 incubated with

osteogenic supplement are significantly greater at days 8, 12

and 25 (A), whereas calcium (Ca) contents are significantly

decreased (B). The supplement addition induces time-

dependent calcification at 8 (2+), 12 (3+) and 25 (4+) days (C),

(see Section 2.5 for the magnitude). *, significantly different

from controls at P < 0.05.
were significantly decreased at each day (Fig. 3B). The supple-

ment addition dramatically induced calcification at 8, 12 and

25 days; the degree increased with incubation time (Fig. 3C).

In another experiment using rhBMP-2, ALP staining inten-

sity was greater in MT-9 cells incubated for 4 days with

rhBMP-2 (100 ng/ml) compared with controls (0 ng/ml)

(Fig. 4A and B). ALP activity showed a significant increase at

30 and 100 ng/ml of rhBMP-2 (Fig. 4C). Osteocalcin mRNA

expression at 100 ng/ml of rhBMP-2, measured at 7 days after

addition, was significantly greater than that of 0 ng/ml

(Fig. 4D and 4E). Calcification developed time-dependently in

control (0 ng/ml) and rhBMP-2 (100 ng/ml) added MT-9 cells

(Fig. 4F–M), however, the magnitude in rhBMP-2 (Fig. 4J–M)

was much greater than that in 0 ng/ml (Fig. 4F–I) at each eval-

uation day.

3.4. Myofibrogenic differentiation

The positive reactions for a-SMA appeared filamentous in the

cytoplasm (Fig. 5A). The addition of TGF-b1 increased the

number of cells reacting to a-SMA at 1 and 5 ng/ml (Fig. 5A

and B), and the increased number at 5 ng/ml of TGF-b1 was

significantly suppressed by the addition of anti-TGF-b1 anti-

body (5 ng/ml) (Fig. 5B). By the immunoblot analysis, MT-9

cells expressed proteins of a-SMA, vimentin and fibronection

prior to TGF-b1 treatment (Fig. 5C, 0 ng/ml), indicating fibro-

blastic nature of these cells. The expression of these proteins

was significantly increased by the treatment with 5 ng/ml of

TGF-b1, and the increased expression of each protein was

suppressed by the addition of anti-TGF-b1 antibody (Fig. 5C–

F).

3.5. Distribution of cells reacting to A3 in rat tissues, and
c-kit mRNA expression in bone marrow and MT-9 cells

In foetuses at gestation days 18 and 21 and post-natal rats un-

til 15-days-old, A3 labelling was present in perivascular cells

(Fig. 6A) and spindle cells around hair follicles (Fig. 6B) in

the subcutis. Cells in the perinurium (Fig. 6C), interstitial cells

in the muscles (Fig. 6D), peribronchial interstitial cells

(Fig. 6E), interstitial cells around renal tubules (Fig. 6F) and

interstitial cells in the lamina propria of intestinal mucosa

(Fig. 6G) reacted to A3. In the lungs and kidneys, spindle cells

around arterioles strongly reacted to A3 (Fig. 6E and 6H). The

number and reactivity of these A3-positive cells were most

prominent in foetuses at gestation day 21, and post-natal rats

aged 1–9 days, and then tended to gradually decrease as age

progressed until 15-days-old. In adult rats over 6-weeks-old,

there were no cells reacting to A3 in the subcutis and visceral

organs.

In the bone marrow of foetal (Fig. 6I) and post-natal (Fig. 6J)

rats, A3-reacting cells were sporadically present, whereas the

positive cells were frequently observed in the bone marrow of

adult rats (Fig. 6K). The positive cells in adults showed spindle

or stellate shapes, and long branching processes were pres-

ent, apparently forming networks with each other (Fig. 6L).

c-kit mRNA expression was seen in samples of adult bone

marrows, MT-9 cells and another rat MFH cell line (MT-8)8;

the expression level of MFH cell lines was greater than that

of marrow tissues (Fig. 6M).



Fig. 4 – In contrast to control (0 ng/ml rhBMP-2) (A), ALP staining intensity is greater in MT-9 cells incubated for 4 days with

rhBMP-2 (100 ng/ml) (B). ALP activity, measured at 4 days after addition, shows a significantly dose-dependent increase at 30

and 100 ng/ml of rhBMP-2 (C). rhBMP-2-treated MT-9 cells show increased mRNA levels of osteocalcin (D, E); the band of

osteocalcin mRNA in three different samples (E) is normalised semiquantitatively by that for b-actin, and expressed relative to

the intensity of control (0 ng/ml; level = one) (D). Calcification deposition in rhBMP-2 (100 ng/ml) (J–M) is much greater than

that in 0 ng/ml (F–I) at each evaluation day (see Section 2.5 for the magnitude). A and B, ALP enzymatic staining, bar = 30 lm;

F–M, von Kossa’s stain, bar = 60 lm; *, significantly different from controls at P < 0.05.
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4. Discussion

4.1. Immunocytochemical characteristics of rat MFH-
derived MT-9 cells

The most common histological classification of human MFHs

is the storiform-pleomorphic type.1 MT-9-induced tumours

also showed histological characteristics of storiform-pleo-

morphic type. In cultures and tumours of MT-9, all neoplastic

cells reacted to vimentin, but not cytokeratin, indicating their
mesenchymal nature. Occasional cells reacted to ED1 and

ED2. ED1 is used to identify infiltrating macrophages in

pathological lesions of rats.11,12 The antigens recognised by

ED1 are mainly on the membrane of cytoplasmic granules,

especially phagolysosomes of macrophages.23 ED2 recognises

a scavenger receptor for haemoglobin–haptoglobin com-

plexes of rat resident macrophages (e.g. Kupffer cells).14

These observations indicated the presence of neoplastic cells

with histiocytic/macrophage-like characteristics in MT-9.

Some investigators have suggested that histiocytic cells in



Fig. 5 – The addition of TGF-b1 increases the number of cells reacting to a-SMA at 1 and 5 ng/ml (A for 5 ng/ml of TGF-b1,

compare Fig. 1D as non-added cells), and the increased number at 5 ng/ml is suppressed by anti-TGF-b1 antibody (5 ng/ml,

expressed as 5 + 5) (B). By immunoblot analysis, expression levels of a-SMA, vimentin and fibronectin are significantly

increased at 5 ng/ml of TGF-b1, and the increased expression is suppressed by anti-TGF-b1 antibody (D–F). Band of each

protein (C shows a representative band) is normalised semiquantitatively by that for b-actin, and expressed relative to the

intensity of control (0 ng/ml; level = one). A, immunocytochemistry, bar = 40 lm; *, significantly different from controls at

P < 0.05; , significantly different from 5 ng/ml TGF-b1 at P < 0.05.
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MFHs may be non-neoplastic, infiltrative macrophages

induced by monocyte chemoattractant protein-1 (MCP-1)

produced by neoplastic cells.12,27 However, MT-P, the parent

cell line of MT-9, did not produce MCP-1.12 Positive reactions

of MT-9 cells to these macrophage markers suggest that cells

with histiocytic nature are neoplastic. In human MFHs, neo-

plastic cells stained positive for CD68, a monoclonal antibody

specific for human histiocytes and macrophages.28 a-SMA-

positive cells that were occasionally seen in cultures and

tumours of MT-9 were regarded as myofibroblasts. The myofi-

broblasts have been suspected to originate from pre-existing

fibroblasts under pathological conditions.23 Neoplastic cells

reacting to a-SMA have also been reported in human MFHs.29

Interestingly, many cells in MT-9 reacted strongly to A3. A3

did not label other rat tumours such as histiocytic sarcoma,

fibrosarcoma, leiomyosarcoma, malignant meningioma,

mononuclear cell leukaemia, malignant schwannoma and

endometrial stromal sarcoma.10 A3 is highly specific for rat

MFH cells. Based on these findings, MT-9 cells retained the

characteristics of MFH cells expressing both histiocytic and

(myo)fibroblastic phenotypes.

Antibodies against S-100 protein and GFAP have been used

for identification of neurogenic or astrocyte-derived tu-

mours.30,31 However, S-100 protein antibody labels with

chondrocytic or lipogenic cells,1,30 and the GFAP antibody
reacts with the transformed hepatic stellate cells with myo-

fibroblastic nature.32 Neoplastic cells reacting to S-100 protein

have been reported in human MFHs.29 Some MT-9 cells re-

acted to these antibodies, indicating that besides histiocytic

and fibroblastic phenotypes, MT-9 cells exhibited heteroge-

neous immunophenotypes. Diverse immunophenotypes have

been also reported in human MFHs.1,6,29

4.2. Adipogenic differentiation

The 15-dPGJ2 accelerates adipogenesis in pre-adipocytes

through activation of peroxisome proliferator-activated

receptor-c2 (PPARc2).15 However, 15-dPGJ2 addition to MT-9

cells did not increase the number of colonies of Oil-Red-O-

positive cells or the ratio of lipid droplets in the cytoplasm.

Generally, adipogenesis is a complex process including prolif-

eration of precursors, their commitment to the adipogenic

lineage and terminal differentiation.16 The adipogenesis

induced by 15-dPGJ2 may be completed by very complicated

mechanisms depending on cell types or differentiation

stages.15 Thus, we selected the adipogenic supplement by

which adipogenesis has been showed in bone marrow stem

cells.16 The present study revealed that the ratio of lipid drop-

lets in cytoplasm was significantly greater in the supplement-

added MT-9 cells, indicating enhanced accumulation of lipid



Fig. 6 – In the subcutis of foetuses at gestation days 18 (A) and 21 (B–E, I) and neonates under 15-days-old (F–H), A3 reacts with

perivascular cells (A, arrows) and spindle cells around hair follicles (B, arrow). Cells in the perinurium (C, arrow), interstitial

cells in the muscle (D, arrows), peribronchial interstitial cells (E, small arrows), interstitial cells around renal tubules (F) and

interstitial cells in the lamina propria of intestinal mucosa (G, arrows) show a positive reaction to A3. Spindle cells around

arterioles in the lung (E, large arrow) and kidney (H, arrow) react strongly to A3. Occasional marrow cells in foetuses (I, arrow)

and neonates (J, arrows) react to A3, whereas A3-positive cells are frequently seen in the bone marrow of a 10-week-old adult

rat (K and L, arrows). c-kit mRNA expression is seen in samples of an adult bone marrow (lane 1), MT-9 (lane 2) and another rat

MFH line (lane 3)(MT-8).8A–L, immunocytochemistry; A, B, F, G, bar = 80 lm; D, I, L, bar = 50 lm; C, E, H, bar = 100 lm; J, K,

bar = 70 lm.
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droplets. The accumulation of large fat containing droplets

within the stem cells has been used as an index of adipogen-

esis.15,19 MT-9 cells possess the potential to differentiate into

adipocytes.

4.3. Osteogenic differentiation

The osteogenic supplement used has been demonstrated to

induce osteogenesis when added to human and rat marrow

stem cells.17 With increasing incubation time, the addition

of the supplement to MT-9 cells significantly increased ALP

values and developed calcification. Consistent with time-

dependently increased calcification, calcium values were

significantly decreased in the supplemented MT-9 cells; this

suggests that calcium in the medium is probably consumed

for increased calcification. The addition of rhBMP-2 to MT-9

cells also increased ALP activity and the intensity of ALP

staining; furthermore, increased expression of osteocalcin

mRNA and time-dependently increased deposition of cal-
cium were seen in rhBMP-2-treated MT-9 cells. The expres-

sion of ALP, a membrane-bound glycoprotein, is an early

marker of osteoblastic differentiation.33 During the matura-

tion of osteoblasts, ALP activity and osteocalcin expression

are increased, and then the bone is formed by calcifica-

tion.18 These sequential events were confirmed in the sup-

plement- or rhBMP-2-treated MT-9 cells. These experiments

show that MT-9 cells are capable of differentiating into

osteoblasts.

4.4. Myofibrogenic differentiation

The addition of TGF-b1 increased the number of a-SMA-posi-

tive cells in MT-9, and the addition of ant-TGF-b1 antibody de-

creased the number. Myofibrobastic cells are capable of

producing extracellular matrix such as fibronectin.22 Western

blot analyses revealed that besides a-SMA protein, vimentin

and fibronectin protein levels were increased in MT-9

cells treated with TGF-b1, and the levels were reduced by
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anti-TGF-b1 antibody. These findings indicated that MT-9 cells

underwent myofibrogenesis after TGF-b1 treatment.

4.5. Distribution of A3-immunopositive cells in rat normal
tissues, and the possible origin of MFH cells

In foetuses and neonates, immature mesenchymal cells

around bronchi and hair follicles, as well as interstitial cells

in the muscles, intestinal mucosa, kidneys and perinurium

were positive for A3. Additionally, spindle cells around arteri-

oles in the subcutis, lungs and kidneys showed a strong posi-

tive reaction to A3. Previously, Iwasaki et al. generated two

monoclonal antibodies using human MFH cells as antigens,

and these antibodies produced intense immunolabelling of

mesenchymal cells around arteries or arterioles in human

connective tissues.34 During embyrogenesis, primitive mes-

enchymal cells concentrated in organs/sites are an ancestral

to all the cells of loose connective tissue.19 It has been re-

cently reported that perivascular cells underwent osteogenic

or chondrocytic differentiation in vitro.35 Although the biolog-

ical functions of antigens recognised by A3 are under study,

embryonal mesenchymal cells, perivascular cells and MFH

cells have common antigens that are recognised by A3.

Importantly, mesenchymal marrow cells in adult rats

strongly reacted to A3. Judging from the distribution and cel-

lular shape, the A3-positive cells were considered to be stro-

mal stem cells in the bone marrow. Bone marrow or tissue

stem cells specifically express KIT.26,36,37 By the RT-PCR meth-

od, mRNA expression of c-kit was seen in tissues from bone

marrows and MT-9 cells. These findings suggest that MFH

cells and bone marrow stem cells possess common origins.

Recent studies on the regenerative therapy have high-

lighted the potential role of perivascular stem cells as a

source of undifferentiating mesenchymal cells.35,36 Their role

is to replenish multiple mature differentiated cell types and

thereby achieve long-time reconstitution.36 Perivascular stem

cells present in various organs and sites are recruited from

bone marrow stem cells.26,36 Therefore, the progenitors of

MFH are primarily derived from bone marrow stem cells,

and MFH cells are in the developing lineage of marrow stem

cells with mesenchymal differentiations. Bone marrow-de-

rived stem cells have the capacity to differentiate not only

into various kinds of mesenchymal cells, but also into cells

with visceral mesoderm, neuroectoderm and endoderm char-

acteristics.26 Thus, it is not surprising that MFH-like tumours

arise at various sites and in many organs, and that MFH-like

histological phenotypes exist in parts of well-differentiated

mesenchymal tumours as areas of de-differentiation. It has

been reported that MFH cells produced inflammatory factors

such as IL-6 and TGF-b.38,39 Various factors released by neo-

plastic cells might be attributable to cellular differentiation.38

Therefore, phenotypes of MFH cells are altered easily by

microenvironmental conditions evoked by cell–cell or cell–

matrix interaction.

In conclusion, this study has showed that MFH cells can

undergo adipogenic, osteogenic or myofibrogenic differentia-

tion under appropriate conditions. Furthermore, based on the

distribution of cells labelled with the rat MFH-specific anti-

body (A3) in rat tissues, it was found that the progenitor of

MFH may be involved in the lineage of marrow stem cells
capable of differentiating into mesenchymal cells. Spontane-

ously occurring MFHs have rarely been detected in rats,9 and

to our knowledge, there are no cell lines derived from sponta-

neous MFHs in F344 rats. MT-9 should provide a valuable tool

for investigating the pathobiology of MFHs and the mesen-

chymal differentiation.
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13. Damoiseaux JG, Döpp EA, Calame W, Chao D, MacPherson GG,
Dijkstra CD. Rat macrophage lysosomal membrane antigen
recognized by monoclonal antibody ED1. Immunology
1994;83:140–7.

14. Polfliet MM, Fabriek BO, Daniëls WP, Dijkstra CD, van den Berg
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