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Abstract. In general, intravascular thrombus formation in the 
pulmonary arteries is considered to be the most common cause 
of chronic thromboembolic pulmonary hypertension (CTEPH). 
The current mainstay of therapy for patients with CTEPH is 
pulmonary endarterectomy (PEA). Recently, the existence of 
myofibroblast-like cells in endarterectomized tissues has been 
demonstrated. At the 2nd passage of these myofibroblast-like 
cells, a pleomorphic cell type was isolated. Pulmonary intimal 
sarcoma is a very uncommon neoplastic tumor thought to 
originate from subendothelial-mesenchymal cells of the pulmo-
nary vascular wall. Because these pleomorphic cells were 
isolated from the pulmonary vascular beds, it is believed that 
the analysis of these cells may contribute to the understanding 
of pulmonary intimal sarcoma. We isolated cells from the 
endarterectomized tissue from patients with CTEPH and iden-
tified one type as sarcoma-like cells (SCLs). The SCLs were 
characterized as hyperproliferative, anchorage-independent, 
invasive and serum-independent. Moreover, C.B-17/lcr-scid/
scidJcl mice injected subcutaneously with SCLs developed 
solid, undifferentiated tumors at the site of injection, and those 
injected intravenously with SCLs via the tail vein developed 
tumors which grew along the intimal surface of the pulmonary 
vessels, thus, demonstrating the high tumorigenic potential of 
these cells. The behavior of SCLs indicated that these cells may 
have a vascular cell-like potential which can affiliate them with 

the intimal surface of the pulmonary artery, and which may be 
shared with pulmonary intimal sarcoma. A further investigation 
of this mouse model with SCLs may elucidate the mechanism(s) 
underlying the development of pulmonary intimal sarcoma.

Introduction

In general, pulmonary emboli originating from deep vein throm-
bosis are thought to have an important role in the development 
of chronic thromboembolic pulmonary hypertension (CTEPH) 
(1,2). Organized and incorporated fibrous thrombi promote the 
complete obliteration of the pulmonary arteries, thus resulting 
in an increase in pulmonary vascular resistance. Therefore, the 
current mainstay of therapy for patients with CTEPH is pulmo-
nary endarterectomy (PEA) (3).

Recently, the existence of not only myofibroblast-like cells, 
but also endothelial-like cells, in the endarterectomized tissues 
from patients with CTEPH has been demonstrated  (4-6). 
Moreover, our recent study suggested that these myofibro-
blast-like cells might release substances that promote the 
endothelial-mesenchymal transition (EnMT) and/or induce 
EC dysfunction (7). Indeed, there were transitional cells which 
co-expressed both endothelial (CD31) and SM [α-smooth 
muscle actin (SMA)] markers in these tissues from patients 
with CTEPH (7). At the 2nd passage of the myofibroblast-like 
cells, a pleomorphic cell type that varied in size and shape, and 
was characterized by a large nucleus, was isolated from the 
endarterectomized tissues of patients with CTEPH. Because 
these cells seemed to be hyperproliferative and anti-apoptotic, 
they were defined as sarcoma-like cells (SCL) (preliminary 
data). Pulmonary intimal sarcoma is a very uncommon 
neoplastic tumor of the cardiovascular system, and only about 
125 cases have been reported in the literature (8). This tumor 
is thought to originate from subendothelial-mesenchymal cells 
of the pulmonary vascular wall  (9). Immunohistochemical 
examinations of intimal sarcoma demonstrated that these 
tumors undergo endothelial, fibroblastic, or myofibroblastic 
differentiation  (10). Some studies have demonstrated that 
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intimal sarcomas have positive staining for α-SMA (11), while 
others have indicated that they are only positive for vimentin, 
but not for desmin or α-SMA (12). The pathobiology of pulmo-
nary intimal sarcoma remains largely unknown because of its 
rarity.

Because the SCL were isolated from endarterectomized 
tissues, i.e., the pulmonary vascular beds, of patients with 
CTEPH, it was hypothesized that the analysis of these cells may 
contribute to our understanding of pulmonary intimal sarcoma, 
which was defined as a neoplasm arising in the tunica intima of 
the pulmonary arteries. The aim of this study was to investigate 
the characteristics of SCL in vivo and in vitro.

Materials and methods

Cell isolation. Endarterectomized tissues from patients with 
CTEPH were obtained following PEA performed by M.M. at 
the Chiba Medical Center, Japan. The details of the cell isola-
tion techniques have been described previously (4). The study 
was approved by the Research Ethics Committee of Chiba 
University School of Medicine, and written informed consent 
was given by all subjects.

Cell lines and reagents. Normal human lung fibroblasts 
(NHLF) and human pulmonary microvascular endothelial cells 
(HPMVEC) were purchased from Lonza Inc. (Allendale, NJ, 
USA) and cultured using EGM and fibroblast growth medium 
(FGM) supplemented with 5% fetal bovine serum (Lonza 
Inc.). A549 (lung cancer cell line) cells and HT1080 (fibrosar-
coma cell line) cells were obtained from Takara Biomedical 
(Othsu, Shiga, Japan) and cultured in RPMI‑1640 medium 
supplemented with 5% fetal bovine serum (Lonza Inc.). The 
following Ab were used for the analyses: mouse anti-vimentin 
(1:200, Dako, Carpinteria, CA, USA), mouse anti-human 
desmin (1:100, Dako), mouse anti-α-SM-actin (αSMA) 
(1:1,000, Sigma-Aldrich, St. Louis, MO, USA), mouse anti-
human Ki-67 (1:100, BD Biosciences Pharmingen, San Diego, 
CA, USA), anti-mouse IgG conjugated with Rhodamine dye 
(1:500, Molecular Probes, Eugene, OR, USA), rabbit anti-von 
Willebrand factor (factor VIII) (1:1,000, Dako), and an anti-
rabbit IgG conjugated with Alexa-488 fluorescent dye (1:500, 
Molecular Probes). The Bromodeoxyuridine (BrdU) Flow 
Kit and the BD BioCoat™ FluoroBlok™ Invasion System 
(24-multiwells) were purchased from BD Biosciences.

Immunofluorescent staining. The cells were fixed in a 1:1 
mixture of methanol and acetone and incubated with the 
primary antibodies, followed by incubation with the secondary 
antibodies. Additional details about the method used for immu-
nofluorescent staining have been described previously (4).

BrdU-7-amino-actinomycin D binding assay. The BrdU Flow 
Kit was used to detect the rate of DNA synthesis. The details of 
this assay technique have been described previously (4).

Colony-forming assay. Six-well flat-bottomed plates with a two-
layer soft agar system including a total of 1x104 cells/well in a 
volume of 1.5 ml/well in the upper layer were adapted for the 
colony-forming assay. Additional details on the method used for 
this assay have been described previously (4).

Cell invasion and migration assay. The BD BioCoat FluoroBlok 
Invasion System (24-multiwell) was used for the cell migration 
assays. The details of the cell invasion and migration assay 
techniques have been previously described (4).

Serum starvation. The cells at passage 4 were seeded at 1x105 
in 25-cm2 flasks and were incubated with serum-free medium 
for the indicated incubation periods. The details of the serum 
starvation assay techniques have been described previously (4).

Tumorigenicity studies. Adult male C.B-17/lcr-scid/scidJcl 
(SCID) mice were purchased from a commercial vendor. Tumors 
were generated by subcutaneous injection of SCL and intrave-
nous tail vein injection of SCL and A549 into SCID mice (n=10 
per group, 20±2.5 g) under Nembutal anesthesia (50 mg/ml). 
At a subcutaneous inoculation concentration of 1x106 cells per 
mouse, the SCL consistently produced subcutaneous tumors. At 
an intravenous injection concentration of 2x106 cells per mouse, 
the SCL and A549 cells consistently produced intravenous and 
lung tumors. The mice were sacrificed, and the tumors and the 
organs were quickly isolated and excised on the appropriate 
days after intravenous injection. After that, they were fixed in 
10% formalin for 48 h, and embedded in paraffin. These tissues 
were sectioned and prepared for the histological analysis. The 
animal protocol was approved by the Animal Care and Use 
Committee of Chiba University School of Medicine.

Labeling of SCL with PKH-26. The lipophilic fluorescent PKH 
dye, PKH-26 (Sigma-Aldrich), was used to label the SCL. The 
PKH26 dye was diluted at the recommended concentration and 
mixed with the SLC for 5 min, according to manufacturer's 
instructions. These cells were injected intravenously via the tail 
vein of SCID mice and, on day 21, the mice were sacrificed, and 
their lungs were quickly isolated and excised. The existence of 
PKH positive SCL with DAPI staining was confirmed under 
fluorescent microscopy.

PCR array analysis. RT2 Profiler™ PCR Arrays (SABio-
sciences, Frederick, MD, USA) were used to analyze the 
expression of a focused panel of genes involved in various 
biological processes. The 96-well plate extracellular matrix 
and adhesion molecules PCR array (PAHS-013) which profiles 
the expression of 84 key genes involved in the formation of the 
extracellular matrix and adhesion molecules, were selected to 
detect the differential expression of genes between SCL and 
A549. Additional details on the method used for this analysis 
have been described previously (7).

Statistical analysis. The statistical analyses were performed 
using data from at least three independent experiments. The 
results are expressed as the means ± SEM. The data were 
analyzed using Student's t-test, as appropriate. A value of p<0.05 
was considered to be significant for all tests.

Results

The cellular composition of endarterectomized tissue from 
CTEPH patients. As shown previously, a few different cell 
types were isolated from the endarterectomized tissues in each 
of the 15 patients with CTEPH (4). One of them was determined 
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morphologically to be the myofibroblast-like cells (spindle-
shape with cytoplasmic extensions) (4). At the 2nd passage of 
the myofibroblast-like cells, another cell type that varied in size 
and shape and was characterized by a large nucleus, was isolated 
from one patient described in a previous study (4). These cells 
had the morphology of SCL (Fig. 1A). The cells outgrown from 
the thrombotic material were further characterized by immu-
nohistochemical staining for desmin, vimentin, factor VIII and 
αSMA. The SCL were factor VIII, desmin and αSMA negative, 
and vimentin positive (Fig. 1B).

Proliferative activity of SCL. The SCL grew without cell-cell 
contact inhibition and started piling up and forming foci in 
human fibronectin coated culture dishes (6 cm in diameter) 
(Fig. 1C). In order to confirm their proliferative activity, the 
number of proliferating cells which had synthesized DNA was 
assessed by flow cytometry by immunofluorescent staining of 
the incorporated BrdU. The number of BrdU positive cells was 
increased in the SCL, but there was no increase in the incorpo-

ration of BrdU by the HPMVEC and NHLF which were used 
as controls (Fig. 1D).

Anchorage-independent growth of the SCL. Because the growth 
of the SCL without cell-cell contact inhibition suggested that 
they would exhibit anchorage-independent growth, we investi-
gated the ability of these cells to form colonies in soft agar. The 
SCL showed anchorage-independence in the soft agar colony 
formation assays (Fig. 1E). The colony formation was particu-
larly prominent in the SCL compared with the HPMVEC and 
NHLF (Fig. 1F).

Invasive and migratory activity of the SCL. Because the SCL 
exhibited hyperproliferative potential and the ability to undergo 
anchorage-independent growth, which reflected cancer-related 
properties (13), we assessed the invasion and migration of the 
SCL. Using the BD BioCoat FluoroBlok Invasion assay, the 
SCL, an invasive lung cancer cell line (A549), an invasive fibro-
sarcoma cell line (HT1080), and the NHLF were allowed to 

Figure 1. Characterization of the sarcoma-like cells (SCL) from endarterectomized tissue. (A) The SCL from endarterectomized tissue were microscopically 
assessed. The magnification was x100. Scale bar, 100 µm. (B) SCL derived from endarterectomized tissue were assessed by immunofluorescent staining for 
desmin, vimentin, factor VIII and α-SMA to confirm the phenotypes of the cells. DAPI staining is shown in blue. The magnification was x200. Scale bar, 50 µm. 
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Figure 1. Continued. (C) Light microscopic examination of the SCL at the 3rd passage. The magnification was x100. Scale bar, 100 µm. (D) Quantification of the 
proliferating SCL at the 4th passage. The individual cells that had synthesized DNA were determined by the immunofluorescent staining of incorporated bromode-
oxyuridine (BrdU). The incorporated BrdU was stained with specific anti-BrdU fluorescent antibodies. The levels of cell-associated BrdU were measured by flow 
cytometry; error bars represent the ± SD from experiments done in triplicate. *p<0.05. (E) The results of the colony-forming assay. SCL at the 4th passage were 
trypsinized and replated on soft agar. Microphotographs show the colonies grown in soft agar for 2 weeks. The magnification was x40. Scale bar, 100 µm. (F) The 
numbers of colonies per microscopic field were counted; error bars represent the ± SD from experiments done in triplicate. *p<0.05. (G) The results from the cell 
invasion and migration assay in SCL. For the BD BioCoat FluoroBlok Invasion assay, NHLF, an invasive fibrosarcoma cell line (HT1080), an invasive lung cancer 
cell line (A549) and the SCL were allowed to invade for 16 h; error bars represent the ± SD from experiments done in triplicate. *p<0.05. (H) Serum starvation. 
A comparison of the growth of HPMVEC, NHLF and SCL in the absence of serum. Cells at passage 4 were seeded at 1x105 in 25-cm2 flasks on day 0 and were 
incubated with serum-free medium for the indicated incubation periods. On each indicated day, a flask was trypsinized, and the cells counted. The average values 
of three experiments are shown. SCL, sarcoma-like cells; HPMVEC, human pulmonary microvascular endothelial cells; NHLF, normal human lung fibroblasts.
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Figure 2. The tumorigenicity of subcutaneously injected SCL. (A) Microphotographs of tumors from a male C.B-17/lcr-scid/scidJcl (SCID) mouse injected subcu-
taneously with sarcoma-like cells (1x106 cells per mouse). (B) Hematoxylin/eosin and silver staining of a tumor derived from sarcoma-like cells. Hematoxylin/eosin 
and silver staining revealed the presence of pleomorphic cells and immature blood vessels (sarcomatous vessels lacking endothelial cells) which favored the escape of 
tumor metastatic cells and were characterized by reduced collagen production (see Fig. 3B). The magnification was x100. Scale bar, 100 µm. (C) Immunofluorescent 
staining for factor VIII, αSMA, desmin, vimentin and Ki67 of a tumor derived from sarcoma-like cells. The magnification was x200. Scale bar, 50 µm. *The cells 
stained positively were smooth muscle cells in a SCID mouse.
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invade for 16 h. The SCL showed high invasive and migratory 
activity, similar to the HT1080 and A549 cells in comparison 
to the NHLF (Fig. 1G). These findings suggested that the SCL 
might share an in vitro invasive potential with sarcomas and 
cancer cell lines.

Serum-independent growth of SCL. In the absence of serum, the 
HPMVEC could not survive, and rapidly underwent apoptosis. 
Likewise, the NHLF stopped proliferating and gradually died 
(Fig. 1H). However, the SCL survived indefinitely in the absence 
of serum and kept proliferating (Fig. 1H).

Subcutaneous tumorigenicity of SCL. In order to test whether 
these proliferating cells displayed tumorigenic potential, the 
SCL were injected subcutaneously into SCID mice. Within 
4 weeks after s.c. injection (i.e., when tumors had reached a 
diameter of about 2 cm), 8/8 animals injected with the SCL had 
developed solid, differentiated tumors at the site of the injection 

(Fig. 2A), thus demonstrating the high tumorigenic potential of 
the sarcoma-like cells.

Hematoxylin/eosin (H&E) and silver staining of the sections 
of a tumor revealed the presence of pleomorphic cells and 
immature blood vessels (sarcomatous vessels lacking endothe-
lial cells) which favored the escape of tumor metastatic cells and 
were characterized by reduced collagen production (Fig. 2B). 
Immunofluorescent staining demonstrated that the cells within 
the tumors were of mesenchymal origin, neither EC nor SMC, 
since they were stained negatively for factor VIII, αSMA, 
and desmin (the cells stained positively were SMC in a SCID 
mouse) and positively for vimentin (Fig. 2C). The pleomorphic 
cells were hyperproliferative, as indicated by their expression of 
the proliferation marker, Ki67 (Fig. 2C).

Tumorigenicity of intravenously injected SCL and A549 cells. 
In order to test whether the SCL can grow along the intimal 
surface of the pulmonary artery in a sheet-like form and result in 

Figure 3. The tumorigenicity of intravenously injected SCL. (A and B) Hematoxylin/eosin staining of lung tumors from a male C.B-17/lcr-scid/scidJcl (SCID) mouse 
injected intravenously with SCL (2x106 cells per mouse). Hematoxylin/eosin staining suggested the presence of pleomorphic cells in the pulmonary vessels that 
increased and migrated in a time-dependent manner. (A) The magnification was x40. Scale bar, 100 µm. (B) The magnification was x100. Scale bar, 50 µm. 
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Figure 3. Continued. (C) Hematoxylin/eosin staining of lung tumors from a male C.B-17/lcr-scid/scidJcl (SCID) mouse injected intravenously with A549 cells 
(2x106 cells per mouse). Hematoxylin/eosin staining revealed the presence of pleomorphic cells within the lung parenchyma. Left: the magnification was x40, scale 
bar, 100 µm. Right: the magnification was x100, scale bar, 50 µm. (D) Hematoxylin/eosin staining of the liver and pericardial tumors from a male C.B-17/lcr-scid/
scidJcl (SCID) mouse injected intravenously with A549 cells (2x106 cells per mouse). Hematoxylin/eosin staining revealed the presence of pleomorphic cells in the 
liver and pericardium. Left: the magnification was x40, scale bar, 100 µm. Right: the magnification was x100, scale bar, 50 µm. (E) Immunohistochemical staining 
with an anti-human vimentin antibody, double immunofluorescent detection of PKH26 and DAPI, and hematoxylin/eosin staining of lung tumors from a male 
C.B-17/lcr-scid/scidJcl (SCID) mouse injected intravenously with SCL (2x106 cells per mouse). These findings indicated that pleomorphic cells originated from the 
SCL which were injected intravenously via a tail vein. The magnification was x100, scale bar, 50 µm.



JUJO et al:  SARCOMA-LIKE CELLS DERIVED FROM ENDARTERECTOMIZED TISSUES708

artery occlusion, we investigated the time course of cell growth 
within the pulmonary artery in comparison to A549 cells.

Hematoxylin/eosin staining of the sections of a lung 
revealed the presence of pleomorphic cells within the peripheral 
vessels on day 1, thus suggesting that they were trapped in the 
pulmonary arteries after intravenous injection [Fig. 3A (small 
magnification) and B (large magnification)]. The cells spread 
in a time-dependent manner, and were detected in more distal 
pulmonary arteries on day 7, grew along the intimal surface 
of the pulmonary artery in a sheet-like form on day 14, and 
resulted in artery occlusion on day 21 (Fig. 3A and B). To our 
surprise, there were no other microscopically visible lesions in 
any other organs on day 28 after intravenous injection (data not 
shown).

Hematoxylin/eosin stain demonstrated that there were no 
pleomorphic cells within the pulmonary vessels on day 21 after 
intravenous injection of A549 cells. However, these cells devel-
oped tumor-like lesions within the lung parenchyma (Fig. 3C). 

Moreover, there were visible tumor-like lesions within not only 
the lungs, but also the liver and pericardium (Fig. 3D).

The origin of pleomorphic cells in the pulmonary vessels. To 
determine the origin of these pleomorphic cells, immunohisto-
chemical staining with an anti-human vimentin antibody and 
double immunofluorescent detection of PKH26 and DAPI using 
fluorescence microscopy were performed. The H&E staining 
of the sections of a lung indicated the presence of pleomorphic 
cells in the pulmonary vessels (Fig. 3E). These occlusive lesions 
were composed of some anti-human vimentin positive cells and 
some PKH26 positive cells (Fig. 3E), thus indicating that these 
pleomorphic cells could originate from the SCL which were 
injected intravenously via a tail vein.

The gene expression of extracellular matrix and adhesion mole-
cules by the SCL and A549 cells as determined by a PCR array. 
The different growth patterns between the SCL and A549 cells 

Table I. Human extracellular matrix and adhesion molecules PCR array.

Biological process description	 Gene name	 Gene symbol	 Public ID	 P-value

Extracellular matrix proteins:
collagens & ECM structural constituents	 Collagen, type IV, alpha 2	 COL4A2	 NM_001846	 0.049403
Extracellular matrix proteins:
collagens & ECM structural constituents	 Collagen, type VI, alpha 1	 COL6A1	 NM_001848	 0.003689
Cell adhesion molecules:
cell-cell adhesion	 Collagen, type VI, alpha 2	 COL6A2	 NM_001849	 0.031248
Extracellular matrix proteins:
collagens & ECM structural constituents	 Fibronectin 1	 FN1	 NM_002026	 0.005507
Cell adhesion molecules:	 Integrin, alpha 2 (CD49B, alpha 2
transmembrane molecules	 subunit of VLA-2 receptor)	 ITGA2	 NM_002203	 0.004663
Cell adhesion molecules:	 Integrin, alpha 3 (antigen CD49C,
transmembrane molecules	 alpha 3 subunit of VLA-3 receptor)	 ITGA3	 NM_002204	 0.037106
Cell adhesion molecules:	 Integrin, alpha 4 (antigen CD49D,
transmembrane molecules	 alpha 4 subunit of VLA-4 receptor)	 ITGA4	 NM_000885	 0.005012
Cell adhesion molecules:	 Integrin, alpha 5 (fibronectin
transmembrane molecules	 receptor, alpha polypeptide)	 ITGA5	 NM_002205	 0.048419
Extracellular matrix proteins:
ECM proteases inhibitors	 Kallmann syndrome 1 sequence	 KAL1	 NM_000216	 0.005779
Extracellular matrix proteins:
basement membrane constituents	 Laminin, alpha 1	 LAMA1	 NM_005559	 0.014549
Extracellular matrix proteins:
basement membrane constituents	 Laminin, beta 3	 LAMB3	 NM_000228	 0.009781
Cell adhesion molecules:	 Matrix metallopeptidase 14
transmembrane molecules	 (membrane-inserted)	 MMP14	 NM_004995	 0.049414
Extracellular matrix proteins:
ECM proteases
Extracellular matrix proteins:	 Secreted protein, acidic,
basement membrane constituents	 cysteine-rich (osteonectin)	 SPARC	 NM_003118	 0.029498
Extracellular matrix proteins:
ECM proteases inhibitors	 TIMP metallopeptidase inhibitor 2	 TIMP2	 NM_003255	 0.026376
Extracellular matrix proteins:
other ECM molecules	 Tenascin C	 TNC	 NM_002160	 0.014765

Functional classification of highly expressed genes in SCLs in comparison to A549.
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after intravenous injection suggested that the cells have different 
pathophigiological behaviors, which may reflect a difference 
between epithelial and mescenchymal tumors. Therefore, an 
extracellular matrix and adhesion molecules PCR array was 
performed to further characterize the SCL.

The array demonstrated that there were increases in the 
expression of 15 genes and decreases in the expression of 9 genes 
in the SCL in comparison to the expression in A549 cells (Fig. 4A 
and  B). The 15 increased genes were COL4A2, COL6A1, 
COL6A2, FN1, ITGA2, ITGA3, ITGA4, ITGA5, KAL1, 
LAMA1, LAMB3, MMP14, SPARC, TIMP2, and TNC (Table I).

The 9 genes with an decreased expression were CNTN1, 
COL12A1, COL1A1, VCAN, ITGA1, ITGA6, MMP7, SPP1, and 
TGFBI (Table II).

Discussion

In this study, we reported the characterization of cells derived 
from endarterectomized thrombotic tissues obtained from 
patients with CTEPH. These cells were defined by their 
morphology and immunohistochemical staining as SCL 
(Fig. 1A‑C). The SCL were isolated from passaged myofibro-

Table II. Human extracellular matrix and adhesion molecules PCR array.

Biological process description	 Gene name	 Gene symbol	 Public ID	 P-value

Cell adhesion molecules:
other adhesion molecules	 Contactin 1	 CNTN1	 NM_001843	 0.004029
Cell adhesion molecules:
other adhesion molecules	 Collagen, type XII, alpha 1	 COL12A1	 NM_004370	 0.014824
Cell adhesion molecules:
cell-cell adhesion	 Collagen, type I, alpha 1	 COL1A1	 NM_000088	 0.039601
Cell adhesion molecules:
other adhesion molecules	 Versican	 VCAN	 NM_004385	 0.014957
Cell adhesion molecules:
transmembrane molecules	 Integrin, alpha 1	 ITGA1	 NM_181501	 0.015272
Cell-matrix adhesion:
cell adhesion molecules	 Integrin, alpha 6	 ITGA6	 NM_000210	 0.01777
Transmembrane molecules
cell-matrix adhesion
Extracellular matrix proteins:	 Matrix metallopeptidase 7
ECM proteases	 (matrilysin, uterine)	 MMP7	 NM_002423	 0.002811
Cell adhesion molecules:
cell-matrix adhesion	 Secreted phosphoprotein 1	 SPP1	 NM_000582	 0.000198
Extracellular matrix proteins:	 Transforming growth factor,
other ECM molecules	 beta-induced, 68 kDa	 TGFBI	 NM_000358	 0.003123

Functional classification of low expressed genes in SCLs in comparison to A549.

Figure 4. The results of the extracellular matrix and adhesion molecule PCR array. (A) The genes that were more highly expressed in SCL in comparison to A549 
cells. There were increases in the expression of 15 extracellular matrix and adhesion molecule-related genes in SCL in comparison to A549 cells (P<0.05; n=3). See 
Table I for definitions of the abbreviations. (B) The genes that were less expressed in the SCL in comparison to A549 cells. There were decreases in the expression of 
9 extracellular matrix and adhesion molecule-related genes in the SCL in comparison to the A549 cells (P<0.05; n=3). See Table II for definitions of the abbreviations.
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blast-like cells which had lost their αSMA expression (Fig. 1B) 
and had morphologically changed from spindle-shaped cells 
to pleomorphic cells characterized by large nuclei (Fig. 1A). 
In vitro, these SCL displayed anchorage-independent growth 
and hyperproliferative, invasive and tumorigenic behavior 
(Fig. 1D-H), raising the question whether pulmonary vessel wall 
cell transdifferentiation, dedifferentiation, and/or transformation 
play a role in the development of pulmonary intimal sarcoma.

Angiogenesis, evasion of apoptosis, self-sufficiency in 
growth signals, insensitivity to anti-growth signals and tissue 
invasion are considered the features that characterize a malig-
nant cell, and were described in the landmark paper entitled 
‘Hallmarks of Cancer’ by Hanahan and Weinberg (13). We 
herein demonstrated that SCL from endarterectomized tissue 
were hyperproliferative (Fig.  1D), anchorage-independent 
(Fig. 1E and F), invasive (Fig. 1G) and could grow serum-
independently (Fig. 1H). All of these traits displayed in vitro 
assays reflect cancer-defining mechanisms, thus suggesting 
that, as the SCL, intimal sarcoma cells might originate from 
pluripotent mesenchymal-like cells residing in the conduit 
vessel endothelium.

The tumorigenic potential of the SCL that were isolated 
from the myofibroblast-like cells was further demonstrated 
in SCID mice (Fig. 2A-C). However, these cells were isolated 
from a single patient. Therefore, it remained unclear whether the 
ex vivo conditions, i.e., factors contained in the culture medium, 
allowed or induced this transformation or transdifferentiation. 
Whether there is indeed only one cell type which has the high 
tumorigenic potential also remains unclear, however, there may 
be at least two possible sources of the tumorgenic SCL: i) a 
resident stem-like fibroblast which grows after intimal injury, 
and ii) a bone marrow-derived precursor cell which migrates to 
injured arteries during or after thrombus formation.

We reviewed the mechanistic basis of the vascular lesions 
in PAH, comparing them with each of the cancer-defining 
mechanisms (13-15). Given this quasi-neoplastic lung vascular 
cell growth and the cancer-defining mechanisms demonstrated 
in the cells in this study, it raises the question whether the cells 
contained in the endarterectomized tissue of the patients with 
CTEPH possess a latent malignant potential. However, the SCL 
were isolated from specimens obtained from only one PEA 
subject, and the SCID mice injected with sarcoma-like cells 
developed tumors only from the cells isolated from this patient. 
The conduit vessel endothelium in CTEPH does not exhibit 
quasi-neoplastic potential, and CTEPH is completely different 
from neoplastic disease.

Mesenchymal stem cells (MSCs) have the capacity for limit-
less replicative potential as malignant cells, and could transform 
themselves from a normal phenotype into a malignant pheno-
type after in vitro passages (16). After intravenous injection 
of MSCs into the tail veins of mice, these cells could expand 
rapidly within the lung parenchyma, forming osteosarcoma-like 
lesions (17). In this study, the bone marrow-derived MSCs which 
migrate to injured arteries during or after thrombus formation 
may have developed into the SCL under in vitro conditions. 
However, the SCL could grow along the intimal surface of the 
pulmonary artery in a sheet-like form and result in the occlu-
sion of the artery (Fig. 3A, B and D), suggesting that the SCL 
were different from MSCs in terms of their behavior and tumor 
progression. This indicates that the SCL may themselves have 

vascular cell-like potential which leads to their affiliation with 
the intimal surface of the pulmonary artery, and may be shared 
with pulmonary intimal sarcoma. This is the reason why our 
investigation into the characteristics of the SCL may elucidate 
the mechanism of pathogenesis of pulmonary arterial intimal 
sarcoma.

Although the SCL grew along the intimal surface of the 
pulmonary artery, the A549 cells expanded rapidly within the 
lung parenchyma, forming lung cancer-like lesions (Fig. 3C), 
and resulted in the formation of metastatic lesions in other 
organs (Fig. 3D). The differences between the mesenchymal 
cells and epithelial cells may be not sufficient to explain the 
observed differences between the SCL and A549 cells in 
tumorigenicity, because MSCs injected intravenously have the 
potential to develop into tumor-like lesions within the lung 
parenchyma, similar to A549 cells. Alterations in the expression 
of extracellular matrix and adhesion molecule genes (Fig. 4A 
and B) may explain the differences in tumorigenicity between 
the SCL and A549 cells.

Cell adhesion molecules, including integrins, are receptors 
located on the cell surface, through which cells can receive 
important signals from their surroundings, i.e., the basement 
membrane and extracellular matrix. Laminin is one of the base-
ment membrane proteins, signals from which are transduced 
through integrin α3β1 to activate the Akt signaling pathway. 
This activated pathway induces anti-apoptotic effects on these 
cells (18). The increase in the expression of laminin and integrin 
α1 genes in the SCL in comparison to A549 cells (Fig. 4A) 
(Table I) suggests that there was activation of the Akt pathway 
in the SCL, which may be related to the different cell behaviors 
between the SCL and A549 cells.

Matrix metalloproteinase (MMP)-7 exhibits proteolytic 
activity against components of the extracellular matrix (ECM). 
MMP-7 is frequently overexpressed in invasive cancers of various 
organs, such as the colon (19), liver (20), lungs (21), and breast (22). 
Indeed, MMP-7 induces cancer cell invasion under in  vitro 
conditions (19,20,23). The observed decrease in the expression 
of MMP-7 mRNA (Fig. 4B) (Table II) supports our finding that 
there were no microscopically visible lesions in any other organs 
after intravenous injection of SCL, although there were metastatic 
lesions after intravenous injection of A549 cells (Fig. 3D).

This is, to the best of our knowledge, the first description 
and investigation of cells with in vitro and in vivo tumorigenic 
potential that were isolated from the surgically removed throm-
botic material of a patient with CTEPH. Whether, and by what 
mechanism, these cells with a tumorigenic potential contribute 
to the development of pulmonary intimal sarcoma remains 
speculative. However, a further investigation of the affinity of 
SCL for vascular surfaces in this mouse model may elucidate the 
mechanism underlying the development of pulmonary arterial 
intimal sarcoma.
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