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The pathological hallmark lesions in idiopathic pulmonary fibrosis
are the fibroblastic foci, in which fibroblasts are thought to be
involved in the tissue remodeling, matrix deposition, and cross-talk
with alveolar epithelium. Recent evidence indicates that some
fibroblasts in fibrosis may be derived from bone marrow progenitors
as well as from epithelial cells through epithelial–mesenchymal
transition. To evaluate whether endothelial cells could represent
an additional source for fibroblasts, bleomycin-induced lung fibrosis
was established in Tie2-Cre/CAG-CAT-LacZ double-transgenic mice,
in which LacZ was stably expressed in pan-endothelial cells. Com-
bined X-gal staining and immunocytochemical staining for type I
collagen and a-smooth muscle actin revealed the presence of X-gal–
positive cells in lung fibroblast cultures from bleomycin-treated
mice. To explore the underlying mechanisms, by which loss of
endothelial-specific markers and gain of mesenchymal phenotypes
could be involved in microvascular endothelial cells, the effects of
activated Ras and TGF-b on the microvascular endothelial cell line
MS1 were analyzed. Combined treatment with activated Ras and
TGF-b caused a significant loss of endothelial-specific markers, while
inducing de novo mesenchymal phenotypes. The altered expression
of these markers in MS1 cells with activated Ras persisted after
withdrawal of TGF-b in vitro and in vivo. These findings are the first to
showthat lungcapillaryendothelial cells couldgive rise to significant
numbers of fibroblasts through an endothelial–mesenchymal tran-
sition in bleomycin-induced lung fibrosis model.
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Idiopathic pulmonary fibrosis (IPF) is a devastating disease
without effective therapy (1). The hallmark lesions are the
fibroblastic foci representing focal areas of active fibrogenesis
featuring vigorous fibroblast replication and exuberant extra-
cellular matrix deposition, which may lead to obliteration of the
distal air space. Fibroblasts represent the key source of in-
terstitial collagens, but fibroblasts isolated from IPF lungs have
heterogenous phenotypes and properties different from that of
normal lung fibroblasts (2). While it has been assumed that they
arise only from intrapulmonary mesenchymal cells, one poten-

tial explanation for this heterogeneity is that fibroblasts may be
derived from multiple cell origins under pathological conditions
such as IPF. Recent mounting evidence suggests that bone
marrow (BM)-derived fibroblasts may be recruited to various
injured tissue sites and play an important role in the estab-
lishment of fibrosis at those sites (3, 4). Another potential
explanation for their heterogeneity is the possible emergence
during pulmonary fibrosis of alveolar epithelial cells (AECs)-
derived fibroblasts through epithelial–mesenchymal transition
(epithelial-MT) (5, 6).

Epithelial-MT, in which persistent loss of epithelial markers
and de novo expression of mesenchymal markers are involved,
is assumed to have a critical role in not only tissue development
during embryogenesis but also pathological condition (7, 8).
One central feature of epithelial-MT is the co-operation of
TGF-b signaling with receptor tyrosine kinase (RTK) signaling,
which activates Ras/ERK/MAPK pathway, resulting in the
establishment of epithelial-MT, not ‘‘scattering’’, in which the
phenotype changes are fully reversible after removal of scat-
tering-inducing factor, such as fibroblast growth factor (FGF),
hepatocyte growth factor (HGF), or TGF-b alone (7).

Endothelial cells in the lung vasculature represent one of
main cellular components of structural cells in the lung (9). In
animal models of various lung diseases, they have been shown
to function not only as a mere barrier between the blood
compartment and the interstitial and air spaces, but also be
involved in new vessel formation (10). Although a few in vitro
studies reported the possibility of endothelial cells as a source of
a-smooth muscle actin (a-SMA)–expressing mesenchymal cells
or that of type I collagen (Col I)–producing cells (11, 12), it has
not fully been determined whether endothelial cells could give
rise to another population of fibroblasts under certain patho-
logical conditions such as lung fibrosis.

These previous findings led us to investigate whether lung
capillary endothelial cells could represent an additional source
of fibroblasts, possibly through endothelial–mesenchymal tran-
sition (endothelial-MT), in an experimental lung fibrosis model,
and if so, to elucidate the underlying mechanism, that is,
whether combined signaling with activated Ras and TGF-b
could induce endothelial-MT.

We generated Tie2-Cre/CAG-CAT-LacZ double-transgenic
mice (CAG mice), in which de novo LacZ expression will stably
label the Tie2 promoter-activated cells after Cre-mediated

CLINICAL RELEVANCE

This study is the first to show that lung endothelial cells
could give rise to significant numbers of fibroblasts in lung
fibrosis model. The underlying mechanism might be sug-
gested by the findings that combined treatment with
activated Ras and TGF-b could cause endothelial–
mesenchymal transition in endothelial cells.
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recombination. In vivo studies using the bleomycin (BLM)-
induced lung fibrosis model with these mice successfully dem-
onstrated that lung capillary endothelial cells could represent
another potential source of fibroblasts/myofibroblasts, possibly
through an endothelial-MT. The results of the study in vitro
showed that combined treatment with activated Ras and TGF-b
could induce endothelial-MT in microvascular endothelial cells.

MATERIALS AND METHODS

Mice and Mouse Fibrosis Model

To obtain CAG mice, Tie2-Cre Tg mice were bred with CAG-
CAT-LacZ Tg mice (13). Pulmonary fibrosis was induced by endotra-
cheal BLM injection as before (4). All animal studies were reviewed
and approved by the University Committee on Use and Care of
Animals at Nagoya Graduate School of Medicine.

Collection of Lung Samples and Lung Fibroblasts

from BLM-Treated Mice

At Day 28 after BLM injection, both lungs from treated mice were
lavaged with PBS and then frozen in OCT compound (Miles, Elkhart,
IN). Mouse lung fibroblasts were also isolated from lung tissues at Day
28 as before (14).

X-Gal Staining

For detection of b-galactosidase activity, cultured cells and lung tissues
were incubated in an X-gal solution at 378C overnight. Nuclei were
stained with Hoechst 33342 for cultured fibroblasts or hematoxylin for
lung tissues, respectively.

Cell Treatments and Analysis of Phenotype Changes In Vitro

The mouse microvascular endothelial cell line MS1 and activated Ras
transduced MS1 (SVR) were maintained as before (15). After TGF-b
treatment at 10 ng/ml for 24 hours, MS1 and SVR were harvested for
assessment of targeted genes by real-time PCR, or endothelial-specific
markers expression by FACS. For immunocytochemical determination
of a-SMA, cultured cells in an 8-well Lab-Tek (Nalge Nunc Interna-
tional, Naperville, IL) Chamber Slide were also treated with 10 ng/ml
TGF-b for 24 hours. To distinguish endothelial-MT in vitro from
‘‘scattering,’’ these cells were cultured for another 24 hours after TGF-
b removal, followed by phenotype analysis. To evaluate whether the cells
can retain the phenotype changes, SVR were also re-plated into the new
culture dish after TGF-b treatment and then analyzed as above.

In Vitro Analysis of Phenotype Alteration in Endothelial Cell

Line by FACS

After treatment, the harvested cells were stained with appropriate
dilutions of biotin-conjugated rat anti-mouse CD31 antibody, PE-
conjugated rat anti-mouse CD34 antibody, biotin-conjugated rat anti-
mouse Tie2 antibody, purified rat anti-mouse VE-cadherin antibody, or
the appropriate isotype-matched controls, and then detected by sub-
sequent staining with SAv-Cy-chrome for CD 31 and Tie2, and SAv-
488-conjugated anti rat antibody for VE-cadherin, respectively. Dead
cells were excluded from flow cytometry analysis by appropriate gating
(4), and a total of 2 3 104 living cells were collected for each analysis on
a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA). The
results are presented as overlaid histograms and the relative mean
fluorescence intensity (MFI). The relative MFI was calculated by
dividing the MFI units of CD31, CD34, Tie2, or VE-cadherin staining
by the MFI units of isotype control staining in each sample (16).

Endothelial Cell Line Transplantation In Vivo and Isolation

of Activated Ras-Transduced Endothelial Cells Ex Vivo

A million MS1 or SVR cells were inoculated subcutaneously into the
flank of nude mice (17). At Day 28 after inoculation, ex vivo SVR cells
from the resulting nodule were isolated as before (14). To eliminate
host-derived cells such as fibroblasts, cultured cells were selected with
neomycin. Isolated ex vivo SVR cells were treated with 10 ng/ml TGF-
b and then harvested for the analysis as above. To evaluate lung

metastasis in treated mice, H&E staining was performed for the lungs
resected at Day 28.

Immunofluorescent Staining

Immunofluorescent stainings were performed for the collected samples
as before (18). The slides were incubated with appropriate dilutions of
primary antibodies, and then visualized by fluorescent reagents.

PCR Analysis for Expression of Targeted Genes

Real-time PCR was performed using a TaqMan ABI 7300 Sequence
Detection System (PE Applied Biosystems, Foster City, CA). Fibro-
nectin, Col I, Snail, and Twist mRNA were detected, using mixture
reagents from TaqMan Gene Expression Assays (Applied Biosystems,
Foster City, CA). The mRNA levels were normalized to glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) mRNA signal using Taq-
Man rodent GAPDH control reagents from Applied Biosystems (19).
RT-PCR analysis for mRNA of TGFbR I (GenBank accession no.
NM_009370) and II (GenBank accession no. NM_009371 for variant1
and NM_029575 for variant2), and GAPDH was performed with
platinum Taq.

Statistical Analysis

The results were analyzed using the Mann-Whitney test for comparison
between any two groups, and by nonparametric equivalents of
ANOVA for multiple comparisons. P , 0.05 was considered to
indicate statistical significance.

RESULTS

Generation of CAG Mice and Endothelial-MT in BLM-Induced

Pulmonary Fibrosis

We investigated whether endogenous endothelial cells could
represent a significant source of lung fibroblasts in an animal
model of pulmonary fibrosis in vivo. To enable the tracking of
fibroblasts derived from endothelial cell lineage in vivo, CAG
mice were generated so that de novo irreversible LacZ expres-
sion by Tie2 promoter/enhancer–driven Cre-mediated recom-
bination could be used as a marker for cells of endothelial cell
origin (Figure 1A). As the primers used for amplification of
CAG, designed on CAG promoter and the LacZ gene, can
detect only the recombined allele of the CAG-CAT-LacZ
target gene (13), the results of genotyping analysis revealed
that the CAG mice carrying both Tie2-Cre gene and CAG-
CAT-LacZ gene could express the de novo CAG promoter
driven LacZ gene after Tie2 promoter/enhancer–driven Cre-
mediated excision of the loxP-flanked chloramphenicol acetyl-
transferase (CAT) gene located between the CAG promoter
and the LacZ gene, while littermates carrying either the Tie2-
Cre or CAG-CAT-LacZ gene alone could not (Figure 1A).
To evaluate the distribution of the cells with b-galactosidase
activity in the lungs, X-gal staining was performed for the lung
tissues from saline- or BLM-treated CAG mice at Day 28.
Lungs from saline-treated CAG mice showed essentially normal
lung architecture with expected blue staining of capillary
endothelial cells (Figure 1B). Morphological evaluation for
lungs from BLM-treated CAG mice revealed severe pulmonary
fibrosis, characterized by loss of normal alveolar architecture,
prominent disorganized thickening of the alveolar septa, and
collapse of the alveolar space with organizing inflammatory
infiltrate and fibroblasts (Figure 1C). These histological changes
of lungs from BLM-treated CAG mice were comparable to
those in BLM-treated wild type B6 mice (data not shown). In
cellular fibrotic areas, large numbers of X-gal–positive cells
were evident (Figure 1C), indicating that significant numbers of
the cells in active fibrotic lesions were of endothelial origin. To
further evaluate the distribution of these cells in fibrotic lungs
of BLM-treated CAG mice, double immunofluorescent stain-
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ing for CD31 (Figure 1D and 1E, green), a representative
endothelial maker, and Col I (Figure 1D and 1E, red), a marker
for fibroblasts, was performed (Figures 1D and 1E, and Figures
E1E and E1F in the online supplement). Although the immu-
nostaining for the lungs of saline-treated CAG mice exhibited that
Col I expression was observed either in CD31-expressing endo-
thelial cells or in accordance with alveolar architecture (Figures
E1A–E1D), the findings for the lungs of BLM-treated CAG mice
showed that Col I–expressing cells were observed in a significant
number of the cells in fibrotic lesions, in which scattered CD31–
co-expressing cells could be identified. These findings suggested
that endothelial-MT could be mediating the emergence of these
cells at an intermediate stage between complete acquisition of
mesenchymal phenotype and loss of endothelial markers.

Characterization of Lung Fibroblasts Derived

from BLM-Treated CAG Mice

To directly prove the existence of endothelial-derived fibroblasts
in BLM-induced lung fibrosis, lung fibroblasts from treated mice

were evaluated for further studies. Lung fibroblasts from both
saline- (SLF) and BLM-treated (BLF) mice were isolated, which
in culture displayed the usual, primarily spindle-shaped fibro-
blast-like morphology. Upon X-gal staining, a few (3.1%)
positive cells were identifiable in SLF cultures, while BLF
cultures showed 16.2% to be positive (Figures 2A and 2B,
respectively). To verify the fibroblastic nature or phenotype of
the X-gal–positive fibroblast-like cells, BLFs were subjected to
X-gal staining and sequentially followed by double immunocy-
tochemical staining for Col I (Figure 2D, red) and a-SMA (Figure
2D, green). The results showed that the X-gal–positive BLFs
consisted of two subpopulations: one that was both a-SMA–
and Col I–positive (i.e., myofibroblastic), comprising 14.8% of
X-gal–positive fibroblasts, and the other being a-SMA–negative
but Col I–positive, comprising 85.2% of X-gal–positive fibro-
blasts (Figures 2C and 2D). It should be noted that X-gal–
negative fibroblasts expressing a-SMA were also present,
indicative of myofibroblasts not derived from endothelial cells.
X-gal staining, followed by double immunostaining, for SLFs
demonstrated that no or little a-SMA expression might be
observed in X-gal–positive and –negative SLFs, although both
SLFs exhibited Col I expression (Figures E2A and E2B). Both
SLFs and BLFs were negative for CD31, indicating absence of
contamination by endothelial cells in these cultured fibroblasts,
or that all endothelial cell–derived fibroblasts had completely
transitioned (data not shown). Thus significant numbers of
fibroblasts from fibrotic lung were derived from endothelial
cells, consistent with the occurrence of endothelial-MT in this
model of pulmonary fibrosis.

A recent study showed that tissue endothelial cells might be
derived from endothelial progenitor cells (EPC) in bone marrow
(BM) (20), thus suggesting that not all endothelial cell–derived
fibroblasts necessarily arise from local lung capillary endothelial
cells. To evaluate the contribution of Tie2-expressing BM cells
(versus local lung capillary endothelial cells) to X-gal–positive
BLFs, BM chimeras were prepared by injection of BM cells
collected from CAG mice or B6 mice into lethally irradiated
CAG or B6 recipient mice. After stable engraftment was
established, BLM-induced lung fibrosis was induced in the
chimera mice. BLFs from CAG mice with the BM cells from
B6 mice (B6 to CAG mice) showed 15.3% to be X-gal–positive
(% of X-gal–positive cells; 15.3 6 0.92 in BLFs from B6 to CAG
mice). On the other hands, BLFs from B6 mice with BM from
CAG mice (CAG to B6 mice) showed only 0.8% of X-gal–
positive cells (% of X-gal–positive cells; 0.82 6 0.15 in BLFs
from B6 to CAG mice). SLFs from B6 to CAG mice or CAG to
B6 mice yielded no or little of X-gal–positive fibroblasts (data
not shown). Together, these findings demonstrated that the
contribution of EPC in BM to endothelial cell–derived BLFs
was minor, and that the predominant source appeared to be
endogenous lung capillary endothelial cells via endothelial-MT.

Altered Expression of Endothelial-Specific Markers

on Endothelial Cells by Combined Treatment

with Activated Ras and TGF-b

To illuminate the underlying mechanism by which microvascu-
lar endothelial cells can undergo endothelial-MT in vivo, mi-
crovascular endothelial MS1 cells and the cells transduced with
activated Ras gene (SVR cells) were used, since a previous
report indicates that the combination of activated Ras and
TGF-b treatment induces repression of epithelial phenotype
such as E-cadherin expression in epithelial cells (21). These cells
also allow us to eliminate the possibility of contribution by
contaminating fibroblasts to the observations from further
experiments, since these were derived from a single cell (22).

Figure 1. Generation of Tie2-Cre/CAG-CAT-LacZ double-transgenic

mice (CAG mice) and bleomycin (BLM)-induced lung fibrosis model.
To obtain CAG mice, Tie2-Cre Tg mice were bred with CAG-CAT-LacZ

Tg mice. (A) Top: Schematic description of gene constructs in CAG

mice. Bottom: Genotyping analyses. Genotyping analyses were per-

formed for off spring of CAG mice. The representative electrophero-
gram of Cre (left top), LacZ (left middle), and CAG (left bottom) were

shown for a set of five offsprings. The results were summarized (right

panel ). X-gal staining was performed for the lung tissues from (B)

saline- or (C) BLM- treated CAG mice at Day 28 (3400 magnification).
Double immunostaining for CD31 (green) and Col I (red) was

performed for the lung tissues from BLM mice (D, 3200 magnification;

E, 3400 magnification). Scale bars in B–D indicate 50 mm.
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RT-PCR revealed that these endothelial cell lines expressed
mRNAs for TGF-b receptor I and II (Figure 3A), thus
suggesting that these cells would respond to TGF-b treatment.
To evaluate the effect of these signals on endothelial cells, we
examined the expression of endothelial-specific markers in
response to combined treatment with activated Ras and TGF-
b by FACS. Figures 3B and 3C showed that activated Ras
signaling significantly repressed the expression of CD31, while
TGF-b slightly inhibited expression, which was not statistically
significant. However TGF-b caused significant repression of
CD31 in the cells with activated Ras. On the other hand,
Figures 3D and 3E showed that both activated Ras and TGF-
b significantly repressed CD34 expression, although the effect
of TGF-b was lower in magnitude relative to that of activated
Ras alone. Nevertheless, combined treatment by these two
agents significantly repressed the MFI for CD34 to 23% of that
with vehicle treatment. Similar to the inhibitory pattern of
CD31 expression, only the combination of activated Ras and
TGF-b treatment caused significant repression of Tie2 expres-
sion (Figures 3F and E3A). TGF-b treatment of cells with
activated Ras showed a significant repression of VE-cadherin
expression, while activated Ras signaling slightly stimulated
expression of VE-cadherin (Figures 3G and E3B). These data
showed that although activated Ras alone caused significant
repression of endothelial phenotype with the exception of VE-
cadherin expression, combined treatment with TGF-b in vitro

caused an additive steady repression of endothelial markers
consistent with epithelial-MT (23).

Persistence of Altered Endothelial Phenotype

in Ras-Activated Endothelial Cells after Withdrawal

of TGF-b In Vitro

Epithelial-MT can be distinguished from ‘‘scattering,’’ in which
the phenotype changes are fully reversible after factor removal
(21). In MS1 cells, the small but significant TGF-b–induced
reduction in CD34 expression in the absence of activated Ras
returned to normal levels upon TGF-b removal (Figures 4A and
4B). In contrast, the more robust TGF-b–induced suppression of
CD34 expression in SVR cells with activated Ras, was persistent
even up to 24 hours after TGF-b removal (Figures 4C and 4D).
These findings would argue against the phenomena of scattering
and instead would be consistent with endothelial-MT occurring
in the cells exposed to activated Ras and TGF-b treatment.

De Novo Expression of Mesenchymal Phenotypes

in Endothelial Cells by Combined Treatment

with Activated Ras and TGF-b

Next, we evaluated whether combined treatment with acti-
vated Ras and TGF-b could yield gain of mesenchymal
markers in endothelial cells. Fibronectin mRNA expression
in endothelial cells treated with either TGF-b or activated Ras

Figure 2. Characteriza-

tion of BLM-induced
lung fibroblasts derived

from CAG mice. Saline-

treated lung fibroblasts

(SLF) or BLM-treated
lung fibroblasts (BLF)

derived from CAG mice

were isolated and then
stained with X-gal (SLF

in A and BLF in B, re-

spectively). The percen-

tage of X-gal–positive
cells among total

counted cells, based on

Hoechst 33342 nucleus

staining, were shown in
inset in A. Data shown

in inset represent the

means 6 SEM from at

least four samples (4 for
SLF and 8 for BLF,

respectively) in three

independent experi-
ments. Combined stain-

ing with X-gal and

sequential immucyto-

chemistry for Col I
(red) and a-SMA (green)

were performed for BLF

derived from CAG mice

(C, X-gal staining; D,
immunocytochemistry

for Col I and a-SMA,

respectively). Arrows in-
dicate X-gal (1)/Col I

(1)/a-SMA (1) myofi-

broblasts. Arrowheads indicate X-gal (1)/Col I (1)/a-SMA (2) fibroblasts. A representative example of at least three independent experiments is

shown. All images were photographed at 3200 magnification.
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alone was significantly increased relative to that in untreated
cells by 7.1-fold and 9.1-fold, respectively (Figure 5A). Treat-
ment with both TGF-b and activated Ras caused a more
dramatic induction of up to 20-fold increase over that of
untreated cells (Figure 5A). Although an induction of Col I
expression was observed upon treatment with TGF-b, consti-
tutive activated Ras alone failed to significantly induce Col I

expression. Combined treatment with both TGF-b and acti-
vated Ras yielded a more dramatic induction of up to 10-fold
increase over that of untreated cells (Figure 5B). Next, we
evaluated a-SMA expression in treated endothelial cells as an
indicator of myofibroblast transdifferentiation. As expected,
untreated endothelial cells did not express a-SMA, and
neither did cells treated with either TGF-b or activated Ras

Figure 3. Altered ex-

pression of endothelial-
specific markers by

combined treatment

with activated Ras and

TGF-b. In A, the results
of RT-PCR analysis for

TGF-bRI, TGF-bRII vari-

ant1 (v1), variant2 (v2),
and GAPDH are shown.

Data shown are repre-

sentative electrophero-

grams of the indicated
products using RNA

samples from: MS1

(lane a) and SVR (lane

b). These are repre-
sentative of three inde-

pendent experiments.

CD31 in B and CD34
in D on endothelial

MS1 and SVR treated

with vehicle or TGF-b

at 10 ng/ml for 24
hours were shown as

overlaid histogram by

FACS. The relative

mean fluorescence in-
tensity (MFI) for CD31

in C, for CD34 in E, for

Tie2 in F, and for VE-
cadherin in G were cal-

culated as described in

the online supplement.

Data shown represent
the means 6 SEM from

at least three indepen-

dent experiments. Aster-

isks signify statistically
significant difference

(P , 0.05) in compari-

son with the relative

MFI for each endothe-
lial marker on MS1 with

vehicle.
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alone (Figures 5C–5E). In contrast, TGF-b treatment of cells
with activated Ras induced significant morphological change
and yielded cells exhibiting remarkable de novo a-SMA
expression consistent with myofibroblast transdifferentiation
(Figure 5F). Since the cells used in these experiments were
derived from a single endothelial cell, a contribution to
expression of these phenotypic markers from contaminating
fibroblasts could be excluded. Interestingly, TGF-b treatment
on the cells with activated Ras in vitro also caused significant
induction of Snail and Twist, epithelial-MT–related transcrip-
tion factors (Figures 5G and 5H).

Persistence of Endothelial-MT Phenotype in Ras-Activated

Endothelial Cells after Withdrawal of TGF-b

After treatment of SVR cells with TGF-b to induce endothelial-
MT, they were detached and replated in new dishes for culture
in the absence of TGF-b. After 24 hours without TGF-b, the
cells appeared to maintain their morphology and organized in
a monolayer with occasional compact circular aggregates. TGF-
b treatment of cells with activated Ras did not induce apoptosis
(data not shown). To confirm that these complete endothelial-
MT (cEMT) cells could maintain this endothelial-MT pheno-
type even after withdrawal of TGF-b, they were assessed by
FACS for expression of endothelial markers. Compared with
the basal expression of endothelial cells markers (Figures 3B,
3D, E3A, and E3B), the results showed that culturing in the
absence of TGF-b did not reverse the endothelial-MT–associated
significant reduction in expression of the endothelial markers
CD31, Tie2, and VE-cadherin, although CD34 expression on
a few cEMT cells appeared to revert back to the basal level
(Figures 6A–6D). However, re-treatment with TGF-b signifi-
cantly and stably repressed CD34 expression on cEMT cells

(MFI in cEMT cells; 10.3, MFI in cEMT cell with TGF-b; 6.3,
respectively). Thus, once activated Ras-transduced endothelial
cells were treated with TGF-b, loss of endothelial phenotype was
persistent even after withdrawal of exogenous TGF-b stimula-
tion.

In contrast analysis of mesenchymal cell markers revealed
that the TGF-b induction of fibronectin and Col I expression in
cEMT cells was reversible (Figures 6E and 6F). Thus, when
cultured in TGF-b–free media, the fibronectin and Col I mRNA
levels in cEMT cells reverted back to levels seen in SVR cells
before TGF-b stimulation (Figures 5A and 5B). However, when
these cEMT cells were re-stimulated with TGF-b, the mRNA
levels of both fibronectin and Col I were markedly induced to
levels (Figures 6E and 6F) that were more than 2-fold higher
than the levels achieved by the initial treatment with TGF-b
(Figures 5A and 5B). These data suggested that cEMT cells had
stably acquired a potential to produce abundant extracellular
matrix (ECM) constituents such as fibronectin and Col I in
response to TGF-b stimulation, a property that would be
consistent with a fibroblast phenotype. cEMT cells maintained
high levels of Snail and Twist expression, which could be
further stimulated by re-treatment with TGF-b (Figures 6G
and 6H).

In Vivo Acquisition of Endothelial-MT Phenotype

in Ras-Activated Endothelial Cells

To evaluate whether endothelial cells could acquire endothelial-
MT phenotype in vivo, MS1 or SVR cells were inoculated into
the flank of nude mice with BALB/C background. At Day 28
after inoculation, primary tumors were established only in the
group of SVR-treated nude mice, while only local hemangioma
was detected in the group of MS1-treated nude mice even as

Figure 4. Persistence of altered endothelial phenotype

in Ras-activated endothelial cells after withdrawal of

TGF-b in vitro. Endothelial MS1 and SVR treated with
vehicle or TGF-b at 10 ng/ml for 24 hours were

cultured in complete medium after TGF-b removal

for another 24 hours. CD34 expression on (A) MS1

cells and (C ) SVR cells was shown as overlaid histogram
by FACS. The relative MFI for CD34 in (B) MS1 cells

and (D) SVR cells was calculated as described in the

online supplement. Data shown represent the means 6

SEM from at least three independent experiments.
Asterisks signify statistically significant difference (P ,

0.05) in comparison with the relative MFI for CD34 on

MS1 or SVR with vehicle.
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long as 3 months after inoculation (data not shown). Gross
morphological analysis of H&E-stained lung tissue sections
showed that lung metastasis was observed only in SVR-treated
nude mice (Figure 7A). The SVR cells from primary tumor
tissue were isolated using selection with neomycin. In pre-
liminary experiments, we confirmed that cultured naı̈ve fibro-
blasts from skin and lung tissues were completely eliminated
with the neomycin selection at the concentration of 400 mg/ml
within the 14-day culture period. Immunocytochemistry con-
firmed that isolated cells were positive for H-2Kb, consistent
with original derivation of the MS1 and SVR cells from C57BL/
6 mice (data not shown). Evaluation of endothelial markers by
FACS revealed that most of the isolated ex vivo SVR cells did
not expresss CD31 (93.5%), VE-cadherin (87.1%), or CD34
(65.4%) (Figures 7B–7E). This is in contrast to the original MS1
and SVR cells, which were mostly positive for all three markers.
Evaluation of mesenchymal phenotypes by real-time PCR
revealed significant expression of both fibronectin and Col I

by ex vivo SVR cells, which was significantly stimulated by more
than 2-fold upon treatment with TGF-b (Figures 7F and 7G).
Furthermore, ex vivo SVR cells also maintained high levels of
Snail and Twist expression, which could be further stimulated
by re-treatment with TGF-b (data not shown). These findings
suggested that the implanted cells had undergone endothelial-
MT in vivo that is consistent with the behavior of these cells
in vitro.

DISCUSSION

Classification of idiopathic interstitial pneumonias (IIPs) based
on histopathological patterns has had a significant impact on the
prediction of clinical course of patients with the various IIPs,
when supported by other parameters such as demographic,
physiologic, and radiologic assessment (24). Nevertheless, the
outcome of treatment for IIPs, especially for IPF, remains
unsatisfactory. An explanation for poor response to anti-

Figure 5. De novo induced expression of mesenchymal-
specific markers in endothelial cells by combined

treatment with activated Ras and TGF-b. Mesenchymal

markers expression in MS1 and SVR treated with
vehicle or TGF-b at 10 ng/ml for 24 hours were

evaluated. Fibronectin mRNA in A and Col I mRNA in

B were analyzed using real-time PCR. Data shown

represent the means 6 SEM from three independent
experiments. Cultured cells in an 8-well Lab-Tek

Chamber Slide were also treated with vehicle or

10 ng/ml TGF-b in medium without FCS for 24 hours

for immunocytochemistry for a-SMA. (C–F ) Treated
cells were stained with FITC-conjugated mouse anti-

a-SMA antibody. (C) MS1 with vehicle. (D) MS1 with

TGF-b. (E) SVR with vehicle. (F) SVR with TGF-b.
Magnification: 3200. The insets in C–E shows the light

microscopic appearance of treated cells treated with

each condition. Inset in F shows the cells stained with

isotype-matched control IgG for a-SMA. A representa-
tive example of at least three independent experi-

ments is shown. Snail mRNA in G and Twist mRNA in H

were also analyzed using real-time PCR. Data shown

represent the means 6 SEM from three independent
experiments. Asterisks signify statistically significant

difference (P , 0.05) in comparison with the quanti-

tative value of targeted mRNA in MS1 with vehicle.
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inflammatory therapies for IPF is that extensive accumulation
and/or proliferation of heterogeneous fibroblast populations
may be a more important pathogenetic factor than the much
lower level of inflammation seen in affected lung tissue (25).
We have previously described the presence of BM-derived
fibroblast-like cells, but not myofibroblasts, in injured lungs
undergoing pulmonary fibrosis (4). In this present study, the
possibility that lung capillary endothelial cells could serve as
another source for fibroblasts in BLM-induced pulmonary
fibrosis was examined. While there is no completely satisfactory

animal model of human IPF, the BLM-induced model is
relatively well-characterized and does exhibit certain features
found in the human disease (26). Elucidation of the cellular
origin of fibroblast in the context of remodeling/fibrosis on the
one hand, and the biology of the various fibroblast subpopula-
tions on the other, has the potential to revolutionize the
treatment of patients with lung disorders such as IPF, emphy-
sema, and other fibrotic lung diseases (27). It is assumed that
combined stimulations for epithelial-MT might induce the
persistent repression of the promoter activity of epithelial

Figure 6. Persistence of endo-

thelial-MT phenotype in Ras-
activated endothelial cells after

withdrawal of TGF-b. SVR

treated with TGF-b were re-

plated into the new culture
dish and cultured with com-

plete medium. The collected

cells were called as cEMT cells.

To evaluate whether cEMT
cells can retain endothelial-

MT phenotype or not, CD31

in A, CD34 in B, Tie-2 in C, and
VE-cadherin expression in D

on cEMT cells were shown as

overlaid histogram by FACS. A

representative example of at
least three independent exper-

iments is shown. Mesenchy-

mal markers expressions in

cEMT cells were also evalu-
ated. Fibronectin mRNA in E,

Col I mRNA in F, Snail mRNA

in G, and Twist mRNA in H
were analyzed using real-time

PCR. Data shown represent

the means 6 SEM from three

independent experiments. As-
terisks signify statistically sig-

nificant difference (P , 0.05)

in comparison with the quan-

titative value of targeted
mRNA in MS1.
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markers, rather than its activation, resulting in persistent loss of
epithelial markers (7, 8). Together with these reviews (7, 8), our
present findings in vitro indicate that these stimulations for
endothelial-MT might yield the repression of the promoter
activity of endothelial markers and sequentially the vanishing
endothelial markers expression in fibrosis model in vivo. There-
fore, to confirm that endogenous endothelial cells in vivo could
significantly contribute to the fibroblast population in lung
fibrosis, we generated CAG mice, in which the activation of Cre
recombinase under the control of the Tie2 promoter/enhancer
induced the deletion of the CAT gene and consequently de
novo irreversible LacZ gene expression in pan-endothelial cells,
independent of the status of Tie2 promoter activity (28). X-gal
staining of lungs from these double transgenic mice not only
exhibited the expected distribution of Cre-mediated de novo
LacZ expression in lung capillary endothelial cells under
physiologic conditions, but also enable us to trace LacZ
expressing endothelial-derived fibroblasts in the lungs of these
mice under normal and/or pathological conditions. In control

saline-treated mice, the distribution of LacZ expression in
pulmonary capillary endothelial cells was clearly evident,
similar to that seen in other studies of lung endothelial cells
using Tie2-LacZ transgenic mice (29) as well as the distribution
of Tie2 receptor in a study of idiopathic pulmonary hyperten-
sion (30). Thus our data indicated that Cre-mediated recombi-
nation in the lung occurred only in the intended cell type,
namely the endothelial cell, with no detectable activity in other
cell types, as other studies demonstrated using Tie2-Cre/
ROSA26R mice (28, 31, 32). In contrast to the control lungs,
those from BLM-injured CAG mice exhibited distorted mor-
phology with extensive remodeling and vastly increased num-
bers of both X-gal–positive and –negative cells, virtually all
densely clustered in areas undergoing active fibrosis. The
extravascular and interstitial localization of some of these cells,
and their morphology were consistent with interstitial mesen-
chymal cells, such as fibroblasts. As recent study with a surfac-
tant protein C–driven Cre/loxP reporter system suggested that
there were some epithelial cells with mesenchymal nature

Figure 7. In vivo acquisition of endothelial-MT

phenotype in Ras-activated endothelial cells. A

quantity of 1 3 106 cells of MS1 or SVR were

inoculated subcutaneously into the flank of
nude mice. (A) The lungs from MS1-treated

mice (upper row; n 5 5) and SVR-treated mice

(lower row; n 5 5) were collected at Day 28 to

evaluate lung metastasis. Collected primary
tumors of SVR were digested and selected with

neomycin. Selected ex vivo SVR cells, which we

called in vivo EMT cells, were analyzed for the
expression of endothelial-specific markers by

FACS. (B) We defined the population of cells

in M2 gate as marker-negative cells. The per-

centage of marker-negative cells for (C ) CD31,
(D) VE-cadherin, and (E) CD34 are shown. Data

shown represent the means 6 SEM from three

independent experiments. Fibronectin mRNA in

F and Col I mRNA in G were analyzed using real-
time PCR. Data shown represent the means 6

SEM from three independent experiments. As-

terisks signify statistically significant difference

(P , 0.05) in comparison with the quantitative
value of targeted endothelial markers and

mRNA in MS1.
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as early epithelial-MT stage in lung fibrosis (6), our double
immunostaining for CD31 and Col I showed that fibrotic lesions
involved substantial numbers of fibroblast-like cells positive for
Col I, some of which expressed CD31, indicating to be under
intermediate state of endothelial-MT. Since it was difficult, if
not impossible, in lung tissue sections to distinguish X-gal–
positive endothelial-derived fibroblasts from X-gal–positive
endothelial cells amid the distorted architecture of the remod-
eling lung tissue with collapse of the alveolar space, lung
fibroblasts were isolated for further studies. Cultured fibroblasts
from the lungs of BLM-treated CAG mice revealed mostly
typical spindle-shaped fibroblast morphology similar to pre-
viously cultured primary murine lung fibroblasts (14). X-gal
staining of fibroblast cultures from BLM-treated mice revealed
that 16.2% of cells were LacZ-positive, which also expressed
Col I and have typical fibroblast morphology. Of this LacZ-
positive population, less than 15% of them expressed a-SMA,
indicating that only a small minority of endothelial cell–derived
cells was able to differentiate to myofibroblasts. A much smaller
(3.1%) proportion were LacZ-positive in cells isolated from
saline-treated animals, probably due to basal contribution of
endothelial-derived fibroblasts under physiological condition.
The finding that both SLFs and BLFs were negative for CD31 in
our fibroblasts culture system might be supported by the pre-
vious study (33) and also explained by the manufacturer’s
recommendations that many kinds of growth factors are usually
needed to keep primary cultured endothelial cells in vitro (34).
Recent lineage tracking analysis in combination with a Tie2-
driven Cre/loxP reporter system suggested that only 1–5% of
the endothelium in liver may be derived from BM-derived EPC
(35). Furthermore, Zeisberg and coworkers also evaluated
a lesser contribution by BM-derived cells in endothelial-derived
fibroblasts in cardiac fibrosis using the Tie1-driven Cre/loxP
reporter system (36). Our finding that BM-derived cells did not
substantially contribute to the X-gal–positive BLFs in our lung
fibrosis model was compatible with these previous studies (35,
36). These novel findings for the first time directly demonstrated
that lung endothelial cells in BLM-induced fibrotic lungs could
give rise to significant numbers of fibroblasts, while possible
existence of nonendothelial resident lung Tie-2–positive pro-
genitors could not be completely excluded.

To illuminate the underlying mechanism, by which ‘‘micro’’-
vascular endothelial cells can undergo endothelial-MT in vivo,
we used the ‘‘micro’’-vascular endothelial cell line MS1 cells and
SVR cells, derived as a single cell clone using different drug
selections, respectively (22). Although there are clear limita-
tions to these ‘‘micro’’-vascular endothelial cell lines in terms of
tissue derivation from pancreatic islets, they remain useful for
tracking endothelial-MT in vitro, since it allows us to eliminate
the possibility of contribution by contaminating fibroblasts to
the observations from experiments using these cells derived
from a single clone. A recent review by Thiery and Sleeman
suggested that the exact mechanisms remain unclear, although
complex network of multiple signaling pathways organizes
epithelial-MT process in epithelial lineages (8). In this study
we showed that the combination of activated Ras and TGF-b
treatment in vitro induced stable repression of endothelial
markers reminiscent of endothelial-MT. Although the inability
of TGF-b treatment alone to repress CD31 expression is also
noted in aortic valve endothelial cells in vitro (37), a study using
a hepatocyte cell line suggests that the expression of the
junctional proteins remained unaffected or little changed during
the first 24 hours, but progressively decreased after prolonged
TGF-b treatment (38). Our finding that endothelial phenotypic
changes in MS1 cells without an activated Ras gene were
resistant to repressive effect of TGF-b treatment alone on

endothelial markers (aside from CD34 expression), was com-
patible with these previous studies (37, 38). In our latter
experiment, loss of endothelial phenotypes such as CD31,
CD34, VE-Cadherin, and Tie2 was observed in endothelial cells
after the completion of endothelial-MT (referred to as cEMT).
These findings suggested that more rapid repression of CD34
expression than that of CD31 expression might depend on the
differential response to combined signaling with activated Ras
and TGF-b.

Growth factors such as FGF, HGF, or TGF-b alone are
known to have scattering factor activity, which is reversible (i.e.,
upon their removal the growth factor-induced phenotype
changes are fully reversible) (21). Our findings in endothelial
cells are consistent with this report in that TGF-b treatment
alone induced only the reversible ‘‘scattering’’ phenotype
without any morphological change. In contrast, TGF-b treat-
ment in combination with activated Ras gave rise to persistent
repression of endothelial markers even after TGF-b removal.

Another essential characteristic of epithelial-MT is gain or
de novo expression of mesenchymal markers (39). Fibronectin
and Col I are the most critical ECM constituents in lung fi-
brosis. Fibronectin expression was increased 20-fold in SVR
cells treated with TGF-b, compared with untreated endothelial
(MS1) cells in our study. Although untreated MS1 cells
exhibited no or little expression of Col I mRNA, the de novo
expression of Col I was markedly induced in TGF-b–treated
endothelial cells with activated Ras, up to 10-fold increase over
that of untreated cells. A marker of myofibroblast differentia-
tion that is often used is a-SMA expression (40). Our previous
report showed the unexpected finding that BM-derived fibro-
blasts do not give rise to a-SMA–expressing myofibroblasts,
even after in vitro TGF-b stimulation, indicating that the BM is
not a significant source of progenitor cells for myofibroblasts in
injured lung undergoing fibrosis (4). Previous reports indicate
that de novo a-SMA expression could be induced in ‘‘macro’’-
vascular endothelial cells by prolonged (from 6–28 d) treatment
with TGF-b alone (37, 41), but interestingly, not in ‘‘micro’’-
vascular endothelial cells (41). In our study, only the combina-
tion of activated Ras and TGF-b treatment could induce de
novo a-SMA expression in ‘‘micro’’-vascular endothelial cells,
while neither activated Ras nor TGF-b alone was able to induce
a-SMA expression. Triggering epithelial-MT is known to result
in the activation of transcriptional regulators such as Snail and
Twist, which regulate the changes in gene expression patterns
that underlie epithelial-MT (8). In our study, substantial in-
duction of Snail and Twist in endothelial cells treated with
activated Ras and TGF-b seemed to be compatible with these
findings, consistent with their importance during endothelial-
MT as well.

Loss of endothelial phenotype after the completion of
endothelial-MT (we called cEMT) appeared stable and irre-
versible since cessation of exogenous TGF-b treatment did not
cause reversion to the endothelial phenotype. In addition, upon
re-treatment with TGF-b, cEMT cells exhibited the potential
for significantly higher levels of ECM expression compared with
that in cells responding to initial treatment with TGF-b. These
findings were supported with significantly increasing Snail and
Twist expression in cEMT cells, compared with those observed
in endothelial cells.

As previously reported (22), SVR with activated Ras, but not
MS1 cells, caused tumors in the flank of nude mice. All nude
mice with primary tumors of SVR endothelial cells also
exhibited gross lung metastasis. There is accumulating evidence
to indicate that epithelial-MT may be involved in tumor
metastasis (8). In our study, neomycin-selected ex vivo SVR
cells exhibited evidence of undergoing endothelial-MT in vivo,
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probably due to stimulation by endogenous TGF-b derived
from tumor-associated cells or fibroblasts (42), and subse-
quently caused or promoted the distant metastasis observed in
the lung. Although several studies suggest the possibility of
myofibroblast-like cells being derived from primary ‘‘macro’’-
vascular endothelial cells (12, 43), our comprehensive evalua-
tion for altered phenotypes in the endothelial cells derived from
a single cell is the first to directly show that ‘‘micro’’-vascular
endothelial cells could undergo endothelial-MT in vitro by
combination of activated Ras and TGF-b treatment. These
findings using microvascular endothelial cell line in vitro allow
us to speculate that the underlying mechanism by which
capillary endothelial cell in BLM-treated lungs could yield
another population of fibroblasts might be an endothelial-MT
process, most likely under the influence of both TGF-b and
growth factors capable of activating the Ras/MAPK pathway,
which are known to be elaborated by both recruited and
resident cells in fibrotic lesions (44).

Our previous study using GFP BM chimera mice demon-
strated that a-SMA–expressing myofibroblasts appeared not to
be of BM origin, and more likely originating from peribronchial
and perivascular adventitial fibroblasts or other intrapulmonary
precursor cells (4, 45). Our present finding suggested the
endothelial cell as one of the candidate intrapulmonary pre-
cursor cell for the myofibroblast in lung fibrosis. The histopa-
thology of IPF indicates increased capillary density around
fibroblastic foci with evidence of vascular regression in the
center of these foci (46). One interpretation for this vascular
heterogeneity may be due to an inability to form new vessels in
areas of established fibrosis and inhibition of angiogenesis (46,
47). Our evidence of transition of endothelial cells into fibro-
blasts through endothelial-MT in BLM-induced lung fibrosis
provides an alternative explanation by suggesting that the basis
for the vascular regression may be the loss of endothelial cells
via endothelial-MT to contribute to the fibroblastic elements in
these foci. Pulmonary vascular remodeling in IPF-associated
pulmonary hypertension (PH), as one of the most critical
complications, represents not only pathological and biological
endothelial loss but also the neointima formation with a-SMA–
expressing mesenchymal cells and ECM beneath a dysfunctional
endothelial layer, both of which are assumed to be common
features in idiopathic pulmonary hypertension and atherosclero-
sis (48, 49). Futhermore, the question of their potential myofi-
broblastic nature has been suggested from comprehensive
analysis for a-SMA–expressing mesenchymal cells in atheroscle-
rosis, although smooth muscle cells (SMCs) originating from
media have been assumed to contribute to a-SMA–expressing
mesenchymal cells in neointima (40, 48). Sumioka and coworkers
as well as Zeisberg and colleagues suggested the possibility of
endothelial-derived fibroblasts in cardiac, kidney, and eye fibrosis
(36, 50, 51) and carcinoma as well (52). Further investigation into
endothelial-derived fibroblasts/myofibroblasts in the pathogene-
sis of not only pulmonary vascular remodeling in IPF-associated
PH, but also neointima formation in atherosclerosis, is warranted.

In summary, we confirmed that endogenous lung endothelial
cells in intact animals could also give rise to significant numbers
of fibroblasts in a murine model of bleomycin-induced lung
injury and fibrosis. The underlying mechanism was suggested by
in vitro studies showing that endothelial-MT could occur in
endothelial cell lines when treated with TGF-b in combination
with activation of Ras signaling. Furthermore, this same cell line
could undergo a similar transition to fibroblasts in vivo when
implanted in nude mice.
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