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Abstract

Mesenchymal stem cells can give rise to several cell types, but variations depending on isolation
method and tissue source have led to controversies about their usefulness in clinical medicine.
Here we show that vascular endothelial cells can transform into multipotent stem-like cells by an
ALK?2 receptor-dependent mechanism. In lesions from patients with Fibrodysplasia Ossificans
Progressiva, a disease where heterotopic ossification occurs as a result of activating ALK2
mutations, or from a mutant ALK2 transgenic mouse model, chondrocytes and osteoblasts express
endothelial markers. Tie2-Cre lineage tracing also suggests an endothelial origin of these cells.
Expressing mutant ALK2 in endothelial cells, or treatment with the ALK2 ligands TGF-B2 or
BMP4, causes endothelial-mesenchymal transition and acquisition of a stem cell-like phenotype.
In selective media, these cells differentiate into osteoblasts, chondrocytes, or adipocytes. The
process is inhibited by ALK2-specific SiRNA. Conversion of endothelial cells to stem-like cells
may provide a novel approach to tissue engineering.
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INTRODUCTION

Epithelial and endothelial cell plasticity are critical for embryonic development and disease
progression. Transformation of epithelial cells into mesenchymal cells (epithelial-
mesenchymal transition, EMT) regulates gastrulation, neural crest and somite dissociation,
craniofacial development, wound healing, organ fibrosis, and tumor metastasis2™>. Similarly,
endothelial-mesenchymal transition (EndMT) is critical for endocardial cushion
formation®11 and recent studies show that EndMT in the tumor microenvironment generates
carcinoma-associated fibroblasts? and may be essential for cancer progressionl. Many
fibroblasts formed during cardiac!® and renal4-18 fibrosis are of endothelial origin. EndMT
is also implicated in atherosclerosis'?, pulmonary hypertension!8, and wound healing®.
However, whether mature endothelial cells can be induced to differentiate into a variety of
cell fates is unknown.

Patients with Fibrodysplasia Ossificans Progressiva (FOP), a disease in which acute
inflammation causes heterotopic ossification in soft tissues and formation of an ectopic
skeleton?0, carry a heterozygous activating mutation (R206H) in the gene encoding the
Transforming Growth Factor-beta (TGF-B)/Bone Morphogenetic Protein (BMP) type 1
receptor Activin-like kinase 2 (ALK2)21-23, Heterotopic ossification in FOP lesions begins
with a mesenchymal condensation, followed by chondrogenesis and endochondral
ossification20. The source of heterotopic cartilage and bone in FOP lesions is unknown.

We show that chondrocytes and osteoblasts from FOP lesions express endothelial markers
suggesting that they are derived from vascular endothelial cells. Lineage tracing of
heterotopic cartilage and bone also suggests an endothelial origin. Expressing the mutant
(R206H) ALK?2 in human endothelial cells causes EndMT and acquisition of a multipotent
stem cell-like phenotype. EndMT is promoted by treating cells with TGF-2 or BMP4, and
this is prevented by inhibitory ALK2-specific SiRNA.

RESULTS

Endothelial origin of heterotopic cartilage and bone

To determine whether formation of heterotopic bone and cartilage in FOP patients could be
caused by EndMT, we performed immunohistochemistry on lesional tissue from FOP
patients using antibodies specific for the endothelial markers TIE2 and von Willebrand
Factor (vWF) and specific for osteocalcin and SOX9 to detect osteoblasts and chondrocytes,
respectively. Cells in chondrogenic lesions showed co-expression of TIE2 and VWF with
SOX9, whereas osteogenic lesions showed strong co-expression of TIE2 and vVWF with
osteocalcin in cells lining the calcified tissue. Normal human bone and cartilage from the hip
joint showed no evidence of TIE2 or vVWF positive chondrocytes or osteoblasts (Fig. 1,
Supplementary Fig. 1a, b). In a mouse model of heterotopic ossification induced by a
constitutively active ALK2 (caALK?2) transgene (Fig. 1b), immunohistochemistry of
chondrogenic and osteogenic lesions showed Tie2 and VWF positive chondrocytes and
osteoblasts as indicated by co-staining for Tie2 and vVWF with Sox9 or Tie2 and vVWF with
osteocalcin, respectively, suggesting that they arise from endothelial cells. For comparison,
bone and cartilage from the knee joints of wild-type mice showed no evidence of Tie2 or
VWEF positive chondrocytes or osteoblasts (Fig. 1a, Supplementary Fig. 1c, d).

To confirm the endothelial origin of heterotopic cartilage and bone, we used IRG reporter
mice crossed with mice carrying a Tie2-Cre transgene for cell lineage tracing. In the
offspring, enhanced green fluorescent protein (EGFP) is expressed in cells of Tie2-positive
lineage. Staining of the heterotopic cartilage and bone, induced by injecting the ALK2
activating ligand BMP4 intramuscularly, with antibodies specific for Sox9 and osteocalcin,
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demonstrated that most of the chondrocytes and osteoblasts were EGFP positive.
Furthermore, these EGFP positive cells showed co-expression with the endothelial markers
VWEF, Tiel, and VE-cadherin (Fig. 1c).

Mutation in ALK2 causes endothelial-mesenchymal transition

Infecting human umbilical vein endothelial cells (HUVECS) and human cutaneous
microvascular endothelial cells (HCMECSs) with adenoviral constructs encoding wild-type or
mutant (R206H) ALK2 resulted in greatly increased levels of ALK2 (Fig. 2a).
Immunoblotting also showed that the mutation induced phosphorylation of ALK2, whereas
infection with constructs encoding wild-type ALK2 or vector did not (Fig. 2b). Mutant
ALK?2 expression caused a change in endothelial cell shape to a mesenchymal morphology
and induced co-expression of the mesenchymal marker FSP-1 and the endothelial marker
TIE2 (Fig. 2¢). EndMT was confirmed by immunoblotting showing that expression of
mutant ALK2 reduced levels of endothelial markers VVE-cadherin, CD31, and vVWF and
increased expression of mesenchymal markers FSP-1, a-SMA, and N-cadherin. TIE2
expression did not change (Fig. 2d). Increased expression of EndMT-associated
transcription factors?# Snail, Slug, ZEB-1, SIP-1, LEF-1, and Twist in cells expressing
mutant ALK2 was confirmed by ELISA (Supplementary Fig. 2a).

Heterotopic ossification begins with mesenchymal condensation prior to chondrogenesisZ°.
Our Tie2-Cre reporter mice showed EGFP positive mesenchymal cells (co-stained with
FSP-1 antibodies) in early lesions of BMP4-induced heterotopic ossification. These
mesenchymal cells also expressed endothelial markers VWF, Tiel, and VE-cadherin (Fig.
2e).

EndMT induces a stem cell-like phenotype

To find out whether endothelial cells expressing mutant ALK2 acquire a stem cell-like
phenotype, we performed flow cytometry of cells with antibodies specific for the endothelial
marker TIE2 and the mesenchymal stem cell marker STRO-1. Mutant ALK2 expressing
cells showed co-expression of the two proteins but no STRO-1 expression was found in
wild-type ALK2 or vector treated cells (Fig. 3a). Immunoblotting showed that lysates of
cells treated with adenoviral mutant ALK2 expressed the stem cell markers2> STRO-1,
CD10, CD44, CD71, CD90 and CD117. Lysates of bone marrow-derived mesenchymal
stem cells also showed positive expression of all these proteins, but adult human corneal
fibroblasts did not (Fig. 3b). In addition, when endothelial cells treated with adenoviral
mutant ALK2 were stained with antibodies specific for the His-tagged protein and separated
by fluorescence activated cell sorting, only the His-tag positive cell population expressed
mesenchymal (FSP-1) and stem cell (STRO-1, CD44, CD90) markers by immunoblotting
(Supplementary Fig. 3).

Since mesenchymal stem cells are multipotent, we assessed the differentiation capabilities of
endothelial cells that undergo EndMT. Endothelial cells were exposed to adenoviral
expression constructs for 48 h, and then grown in osteogenic, chondrogenic, or adipogenic
media. Immunoblotting using antibodies specific for osteoblast (osterix), chondrocyte
(SOX9), and adipocyte (PPARY2) markers showed that mutant ALK2 increased expression
of these markers when cells were grown in their respective differentiation medium (Fig. 3c).
Cultures treated with mutant ALK2 showed positive staining for alkaline phosphatase 7 d
after osteogenic medium was added, whereas wild-type ALK2 or vector treated cultures
showed none. Cells treated with mutant ALK2 and grown in osteogenic medium for 21 d
showed high levels of matrix calcification by alizarin red staining. Vector treated cells
showed no alizarin red staining. Similar results were found for cells grown in chondrogenic
medium for 14 d using the cartilage proteoglycan stain alcian blue, or in adipogenic medium
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for 7 d using oil red O staining (Fig. 3d). The differentiation potential of endothelial derived
mesenchymal stem-like cells was similar to that of bone marrow derived mesenchymal stem
cells. Human corneal fibroblasts did not exhibit differentiation activity under the same
conditions (Supplementary Fig. 4). We found that differentiation could also occur when
polylactic acid sponges, containing HUVECs or HCMECSs pretreated with the adenoviral
constructs, were implanted into immunodeficient nude mice, followed by local injection of
the respective differentiation medium every 72 h for 6 weeks (Fig. 3e).

Ligand-specific induction of EndMT

TGF-B2 and BMP4 are ligands known to activate ALK226: 27, We therefore examined
receptor phosphorylation in endothelial cells treated with these factors. Immunoprecipitation
assays using antibodies specific for ALK2, followed by immunoblotting with phospho-
tyrosine (P-Y) specific antibodies indicated that treatment with TGF-p2 or BMP4 for 15 min
induced receptor phosphorylation, but treatment with vehicle did not (Fig. 4a). HUVECs and
HCMECs treated with recombinant TGF-p2 or BMP4 for 48 h showed a distinct change
from cobblestone-like endothelial cell morphology to fibroblast-like morphology. When
cells were co-stained using antibodies specific for the endothelial marker TIE2 and the
mesenchymal marker FSP-1 and analyzed by flow cytometry, vehicle treated cells were
positive for TIE2, but showed no staining for FSP-1. TGF-p2 or BMP4 treated cells showed
staining for both (Fig. 4b). Immunoblotting showed that VE-cadherin, CD31, and VWF
levels were decreased in cells treated with TGF-B2 or BMP4, while FSP-1, a-SMA, and N-
cadherin levels increased. TIE-2 expression levels remained unchanged (Fig. 4c). ELISA
analysis of EndMT-associated transcription factors Snail, Slug, ZEB-1, SIP-1, LEF-1, and
Twist, revealed that expression of these proteins was much higher in cells treated with TGF-
2 or BMP4 than in control cells (Supplementary Fig. 2b).

To further assess acquisition of a stem cell-like phenotype, endothelial cells were co-stained
with antibodies specific for the endothelial marker TIE2 and the mesenchymal stem cell
marker STRO-1. Cells treated with TGF-p2 or BMP4 showed massive co-expression of both
markers, but vehicle treated cells showed no expression of STRO-1 (Fig. 5a).
Immunoblotting of lysates collected from cells treated under the same experimental
conditions showed that STRO-1 and other mesenchymal stem cell markers CD10, CD44,
CD71, CD90, and CD117 were not expressed in vehicle treated cells, but were strongly
expressed in cells treated with TGF-2 or BMP4 (Fig. 5b).

To assess differentiation potential, endothelial cells were treated with vehicle, TGF-f2, or
BMP4 for 48 h, followed by growth in osteogenic, chondrogenic or adipogenic culture
medium. Immunoblotting using lysates from endothelial cells treated with TGF-$2 or BMP4
and then grown in osteogenic medium for 7 d, chondrogenic medium for 14 d or adipogenic
medium for 7 d demonstrated increases in protein expression of the osteoblast marker
osterix, the chondrocyte marker SOX9, and the adipocyte marker PPARy2. Vehicle treated
cells did not express these markers (Fig. 5¢). Cultures treated with TGF-f2 or BMP4 and
stained for alkaline phosphatase after 7 d in osteogenic medium, with alizarin red after 21 d
in osteogenic medium, alcian blue after 14 d in chondrogenic medium, or oil red O after 7 d
in adipogenic medium, differentiated into other cell types, whereas those treated with
vehicle did not (Fig. 5d). Multipotency was confirmed in vivo by implanting polylactic acid
sponges containing endothelial cells pre-treated with vehicle, TGF-$2, or BMP4 into
immunodeficient nude mice, followed by local injection of differentiation medium every 72
h for 6 weeks. Only implants with cells treated with TGF-2 or BMP4 showed formation of
bone, cartilage, or fat (Fig. 5e). In further experiments, HUVECs and HCMECSs were pre-
labeled with fluorescent quantum dots prior to treatment and implantation. The labeled cells
treated with TGF-B2 or BMP4 showed expression of osteocalcin, SOX9, or adiponectin
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when exposed in vivo to osteogenic, chondrogenic or adipogenic medium, respectively,
while vehicle treated cells did not (Supplementary Fig. 5).

Receptor specificity in EndMT

Next we asked whether ALK2 is necessary for acquisition of the multipotent stem cell-like
phenotype in endothelial cells. Cells were transfected for 24 h with a sSiRNA duplex specific
for knockdown of ALK2. A scrambled non-specific siRNA duplex was used as a negative
control. Immunoblotting of cell lysates showed complete inhibition of ALK2 expression by
the ALK2-specific siRNA (Fig. 6a). Transfected cells were subsequently treated with
vehicle, TGF-p2, or BMP4 for 48 h, followed by lysis and immunoblotting for the
mesenchymal and stem cell markers FSP-1 and STRO-1. TGF-B2 or BMP4 treated cells
transfected with control siRNA had much higher expression of FSP-1 and STRO-1 than
vehicle-treated cells, whereas ALK2 siRNA treatment blocked these increases (Fig. 6b).
These results were confirmed by flow cytometry of cells stained in suspension with
antibodies specific for TIE2 and FSP-1. Vehicle treated cells transfected with control sSiRNA
or ALK2 siRNA showed no positive staining for FSP-1. TGF-2 or BMP4 treated cells
transfected with control siRNA showed most cells expressing FSP-1, while cultures
transfected with ALK2 siRNA showed very few cells expressing FSP-1 (Fig. 6¢). Treatment
with the ALK2 inhibitor dorsomorphin also blocked EndMT (Supplementary Fig. 6a).

When cells grown under the same experimental conditions were cultured in osteogenic
medium for 7 d, TGF-B2 or BMP4 treated cultures that were transfected with control SiRNA
showed positive staining for alkaline phosphatase, whereas vehicle treated cultures and cells
transfected with ALK2 siRNA showed none. Similar results were found for alizarin red
staining after 21 d of incubation in osteogenic medium, chondrocyte proteoglycans by alcian
blue staining after 14 d of incubation in chondrogenic medium, and adipocytes by oil red O
staining after 7 d of incubation in adipogenic medium (Fig. 6d).

Interestingly, while some ALK2 ligands (TGF-p2, BMP4) stimulate EndMT, BMP7 is an
ALK?2 activating ligand that inhibits EndMT13(Supplementary Fig. 6b). To determine the
differences in signaling induced by different ALK2 ligands, we assessed phosphorylation
levels of Smad2 and Smad5. Immunoblotting showed that 1-h of treatment with TGF-2 or
BMP4 promoted phosphorylation of both Smad2 and Smad5, whereas BMP7 stimulated
phosphorylation of only Smad5 (Supplementary Fig. 7a). Since ALK2 is commonly
associated with Smad5, but not Smad226, we probed for potential interaction of ALK2 with
ALKS5, which is known to induce phosphorylation of Smad22. Immunoblotting of lysates
immunoprecipitated with ALK2 antibodies showed the presence of ALKS in precipitates
from cells treated with TGF-2 or BMP4. No interaction of ALK2 and ALK5 was found in
vehicle or BMP7 treated cells (Supplementary Fig. 7b). We further confirmed this signaling
specificity in the case of the mutant (R206H) ALK2. Immunoprecipitation and
immunoblotting of lysates from endothelial cells expressing mutant ALK2 showed
interaction of ALK2 with ALK5 and phosphorylation of both Smad2 and Smad5, whereas
cells treated with wild-type ALK2 or vector did not (Supplementary Fig. 7c, d).

To further define the role of ALK receptors in EndMT, we performed expression
knockdown studies using ALK-specific sSiRNA for all ALK receptors. EndMT-associated
decrease in VE-cadherin and increase in CD44 expression induced by TGF-2 or BMP4
were inhibited by ALK2 siRNA or ALKS5 siRNA. Inhibition of ALK1, ALK3, ALK4,
ALKS, or ALK7 expression had no effect on EndMT (Supplementary Fig. 8). These data
suggest that both ALK2 with ALKS5 are necessary for EndMT.

Our experiments show that expression of endothelial markers VWF, TIE1, and VE-cadherin
is reduced yet still detectable throughout EndMT. TIE2 levels remain constant through 48 h
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of treatment with TGF-2 or BMP4, but a small decrease can be observed after 96 h of
treatment (Supplementary Fig. 9a). Therefore, we believe that all these markers can be used
to detect endothelial-derived cells that differentiate into other cell types via the endothelial
to stem-like cell mechanism. To confirm that osteoblasts, chondrocytes and adipocytes
derived from endothelial cells express these markers, we immunoblotted lysates collected
from HCMEC cultures treated with vehicle, TGF-p2 or BMP4 for 48 h and grown in
osteogenic medium for 7 d, chondrogenic medium for 14 days, or adipogenic medium for 7
d. Osteogenic medium induced expression of the osteoblast marker osteocalcin,
chondrogenic medium increased expression of the chondrocyte marker SOX9, and
adipogenic medium induced expression of the adipocyte marker PPARy2. Bone marrow-
derived mesenchymal stem cells (MSCs) grown in the same differentiation media showed
positive expression of these proteins as well, but cells grown in conventional growth
medium did not. Most importantly, MSCs and osteoblasts, chondrocytes, and adipocytes
derived from MSCs showed no detectable expression of the endothelial markers TIE2, VWF,
VE-cadherin, and TIEL. Primary human osteoblasts, chondrocytes, and adipocytes also
showed no expression of these markers. However, osteoblasts, chondrocytes, and adipocytes
derived from endothelial cells showed expression of these endothelial markers
(Supplementary Fig. 9b). In addition, while hematopoietic stem cells express TIE2 and low
levels of TIE1, they do not express the endothelial-specific markers vWF or VE-cadherin
(Supplementary Fig. 10).

DISCUSSION

Our findings provide novel insights into the mechanism and potential roles of EndMT. First,
the data demonstrate that EndMT results in generation of mesenchymal stem-like cells that
can differentiate into multiple cell lineages. The current view is that EndMT produces
fibroblastic cells that participate in specific developmental processes, in cancer progression
and organ fibrosis®, but the evidence for an endothelial derived stem-like cell broadens the
scope for the role of EndMT in normal development, tissue repair, and disease. For example,
the observation that chondrocytes and osteoblasts at sites of bone fracture repair stained
positive with antibodies specific for endothelial markers28, suggests that EndMT may
contribute to the physiological process of fracture repair. Studies of the sources of
chondrocytes and osteoblasts in fracture repair and the related process of distraction
osteogenesis2? should be of interest.

Second, our data indicate that activation/phosphorylation of ALK?2 is necessary and
sufficient for EndMT to occur in cells such as HUVECs and HCMECs under the in vitro
conditions used in this study. The finding that a major fraction of the chondrocytes and
osteoblasts in ectopic ossifying lesions of mice and humans with an activating mutation in
ALK?2 are likely derived from endothelial cells indicates that the process can occur also in
vivo. Our data demonstrate that TGF-B2 and BMP4 are stimulators of EndMT and confirm
that BMP7 and vascular endothelial growth factor (VEGF) are inhibitors of
EndMT13:30.31(Sypplementary Fig. 6b). The negative effect of VEGF on ALK2-mediated
EndMT may explain why endochondral and not direct (membranous) bone formation occurs
in the lesions of FOP patients. Chondrogenesis occurs in an anti-angiogenic, hypoxic
environment32 and this may be the condition that favors ALK2 mediated EndMT and
chondrogenesis at lesion sites since hypoxia occurs as a result of inflammation33, In
contrast, bone formation requires angiogenesis and osteoblasts produce VEGF34. Factors
that cause endothelial-derived cells to convert to chondrocytes in FOP are currently
unknown. However, it is likely that inflammatory cytokines play a critical role since the
ectopic ossifying lesions are triggered by inflammation20.
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Third, our data indicate that FOP, in which the hallmark is pathological bone formation, is a
vascular disease based on conversion of endothelial cells into mesenchymal stem-like cells.
Accumulation of mesenchymal cells is an early step in the formation of FOP lesions, and
this was previously thought to be a result of fibroblast proliferation23. Our data raise the
possibility that mesenchymal condensation prior to chondrogenesis is the result of EndMT
to stem-like cells that condense and differentiate into chondrocytes by a process that
mimicks early steps in skeletal development32, Our data show that the majority of the
chondrocytes and osteoblasts found in human FOP lesions, as well as in the lesions of
mouse models of FOP, express endothelial markers. The origin of the relatively small
fraction of cells that do not express these markers is unknown, but it is possible that these
cells arise from mesenchymal stem cells recruited from the bone marrow or surrounding
tissues.

METHODS

Cell culture

Human umbilical vein endothelial cells (HUVEC) and human cutaneous microvascular
endothelial cells (HCMEC) isolated as previously described3®. Cells were tested for purity
and found to express no markers for lymphatic endothelial cells or stromal cells (pericytes,
smooth muscle cells, etc.)36. This was reconfirmed by flow cytometry analysis
(Supplementary Fig. 11a). Clonal populations were isolated with PYREX 8x8 mm cloning
cylinders (Corning) and shown to respond in a manner identical to that of the cultures used
for our experiments (Supplementary Fig. 11b-d). Cells were grown in culture using EGM-2
medium (Cambrex), containing 10% FBS and 1% Penicillin/Streptomycin, followed by
human endothelial serum free medium (Gibco) 24 h prior to all experimental conditions.
Bone marrow derived mesenchymal stem cells (ScienCell Research Laboratories) were
grown in mesenchymal stem cell medium (ScienCell Research Laboratories). Bone marrow
derived hematopoietic stem cells (Lonza) were grown in HPGM medium (Lonza). Human
corneal fibroblasts, from a stock provided by Dr. Elizabeth Hay (Harvard Medical School),
were grown in RPMI medium, containing 10% FBS and 1% Penicillin/Streptomycin.
Primary human osteoblasts, chondrocytes, and adipocytes and their respective growth media
were obtained from Cell Applications, Inc. Recombinant TGF-32, BMP4, and BMP7
proteins (R&D Systems) were added to the serum free culture medium for all relevant
experiments at a concentration of 10 ng ml~1. Recombinant VEGF (R&D Systems) was
added to cultures at a concentration of 25 ng mI~1. Dorsomorphin (Sigma-Aldrich) was
added to cultures at a concentration of 5 uM. All experiments for this study were performed
at minimum in triplicate.

Plasmids and adenoviral constructs

Human ALK2 expression constructs were generated by insertion of full-length human ALK2
cDNA (GenBank NW_001105) into the pcDNA 3. 1 D V5-His-TOPO vector (Invitrogen).
The ALK2 R206H mutant construct was generated by site-directed mutagenesis of the
normal ALK2 sequence using the Gene Tailor Site-Directed Mutagenesis System
(Invitrogen). The oligonucleotides used to generate the mutant construct were: forward 5'-
GTACAAAGAACAGTGGCTCACCA GATTACACTG-3'; reverse 5'-
GTGAGCCACTGTTCTTTGTACCAGAAAAGGAAG-3'. Spel and Sphl sites were used to
generate the adenoviral vectors through the Clontech Adeno-X System (University of
Pennsylvania Vector Core). Expression from these constructs was confirmed by sequence
analysis and immunoblot analysis. Viral constructs were added to cultures at a concentration
of 20 pfu mI~1.

Nat Med. Author manuscript; available in PMC 2011 November 7.
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All procedures were reviewed and approved by the Institutional Animal Care and Use
Committee at the University of Pennsylvania. Floxed caALK2 transgenic mice37 were a gift
from Dr. Yuji Mishina (University of Michigan). To induce expression of caALK2, AV-Cre
(University of Pennsylvania Vector Core; 1 x 1011 particles per mouse) was injected into the
left hindlimbs of mice at one month of age. The contralateral limb was injected with empty
vector as a control. Heterotopic bone and cartilage were detected by X-ray (Senographe DS
technology, General Electric Medical Systems) at 14-21 d following A V-Cre injection.
Tie2-Cre and IRG reporter mice were obtained from the Jackson Laboratory. Heterotopic
ossification was induced in the offspring of crosses between the Tie2-Cre and IRG reporter
mice with BMP4 (provided by Genetics Institute; currently Pfizer) injected at a
concentration of 0.05 pg pl™1, intramuscularly in growth factor-reduced Matrigel (BD
Biosciences) Tissues were recovered at 7 and 14 d after implantation. Tissues were fixed in
isopentane (2-methylbutane) as previously described?® and cryosections were cut at 10 pm.
Counterstaining of sections from Tie2-Cre IRG reporter mice was performed using blue
(shown in red) fluorescent AlexaFluor secondary antibodies (Invitrogen). No leakage or
aberrant expression of the reporter was found in any tissues (Supplementary Fig. 12).

Human Tissues

All FOP patient samples were obtained with informed consent and protocols approved by
the Investigational Review Board of the University of Pennsylvania. All biopsies were
obtained prior to a diagnosis of FOP since tissue trauma in FOP frequently induces episodes
of heterotopic ossification. Normal human bone and cartilage tissue from the hip joint was
provided by the Department of Pathology at the Beth Israel Deaconess Medical Center and
samples were obtained with informed consent and protocols approved by the Investigational
Review Board.

Immunoblotting, immunoprecipitation, and immunofluorescence

Immunoassays were performed using the following antibodies at concentrations (and using
protocols) recommended by the respective manufacturers: FSP-1 (H00006275-M01;
Stressgen), phospho-Smad?2 (3101), Smad?2 (3122), phospho-Smad5 (9516), Smad5 (9517;
Cell Signaling Technology), ALK1 (sc-19547), ALK2 (sc-25449), ALK3 (sc-20736), ALK4
(sc-31297), ALKS (sc-398), ALKG (sc-25455), ALK?7 (sc-135001), phospho-tyrosine
(sc-7020), VE-cadherin (sc-6458), TIE1 (sc-342), TIE2 (sc-324, sc-9026), STRO-1
(sc-47733), CD10 (58939), CD44 (sc-71220), CD71 (sc-32272), CD90 (sc-9163), CD117
(sc-17806), osteocalcin (sc-74495, sc-23790), SOX9 (sc-20095), PPARy2 (sc-22022; Santa
Cruz Biotechnology), osterix (ab22552), adiponectin (ab22554), N-cadherin (ab76057),
NG2 (ab83508), vVWF (ab68545; Abcam); CD31 (IR610; Dako), His (A00174; GenScript);
a-SMA (A5228), B-actin (A1978; Sigma-Aldrich). Samples were run with Criterion precast
SDS-PAGE Gels (Bio-Rad). HRP-conjugated 1gG TrueBlot reagents (18-8814, 18-8816,
18-8817; eBioscience) were used at a dilution of 1:1000. TrueBlot 1gG beads (eBioscience)
were used for immunoprecipitation experiments. AlexaFluor secondary antibodies
(Invitrogen) were used at a dilution of 1:200. Images were acquired using a Nikon 80i
fluorescence microscope.

Flow cytometry

Endothelial cells were stained in suspension using antibodies specific for TIE2, FSP-1,
STRO-1, a-SMA, NG2, and His (described above) and the protocols provided by their
respective manufacturer. Flow cytometry was performed at the Harvard Medical School,
Department of Pathology flow cytometry core facility using a FACSDCalibur (BD
Biosciences) cell sorter isolating 30, 000 cells per sample.

Nat Med. Author manuscript; available in PMC 2011 November 7.
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Multiplex ELISA

LEF-1 (Cell Signaling Technology), VE-cadherin (sc-6458), CD44 (sc-71220), CD90
(sc-9163), Snail (sc-10433), ZEB-1 (sc-134159; Santa Cruz Biotechnology), FSP-1
(H00006275-M01; Stressgen), SIP-1 (AV33694; Sigma-Aldrich), Slug (ab27568), and
Twist (ab49254; Abcam) antibodies were conjugated to Bio-Plex carboxylated beads with
unique optical codes using the Bio-Plex Amine Coupling Kit (BioRad). p-actin antibody
(A1978; Sigma-Aldrich) was also conjugated to Bio-Plex carboxylated beads to be used as
an internal control. Samples were run on a Luminex 200 multiplex testing system (Luminex)
using the Universal Cell Signaling Assay Kit and protoco! (Millipore). Experimental values
were divided by the p-actin control values to provide normalized data.

CeH differentiation

Cells were grown in StemPro osteogenic, chondrogenic, or adipogenic culture medium
(Invitrogen). Alkaline phosphatase staining was performed using the alkaline phosphatase
kit and protocol (Sigma-Aldrich) on cultures grown in osteogenic medium for 7 d to detect
osteoblasts. Alizarin Red (Sigma-Aldrich) staining was performed for 30 min on cultures
grown in osteogenic medium for 21 d to detect matrix calcification. Alcian Blue (Sigma)
staining was used to stain chondrocyte proteoglycans for 5 minutes in cultures grown in
chondrogenic medium for 14 d. Oil Red O (Sigma-Aldrich) staining was performed for 15
min on cultures grown in adipogenic medium for 7 d. For in vivo analysis, endothelial cells
were labeled with fluorescent quantum dots using the Qtracker 525 CelT Labeling Kit
(Invitrogen). Cells were treated in culture to induce EndMT then absorbed into OPLA
polylactic acid scaffolds (BD Biosciences). Scaffolds were surgically implanted
subcutaneously into immunodeficient nude mice (Nu/Nu strain; Charles River Laboratories).
Local injection of StemPro differentiation medium (described above) was performed in the
area of the implants every 72 h for 6 weeks. Scaffolds were cryosectioned and stained with
Alizarin Red, Alcian Blue, or Qil Red O as described above. All procedures were reviewed
and approved by the Institutional Animal Care and Use Committee at Harvard Medical
School.

RNA interference

SiRNA gene expression knockdown studies were performed using the TriFECTa RNA. kit
(Integrated DNA Technologies) and corresponding protocoL Each 27mer siRNA duplex
was transfected into cells using X-tremeGene siRNA transfection reagent (Roche) following
the manufacturer’s guidelines. sSiRNA was synthesized (Integrated DNA Technologies) with
the following sequences: ALK1: 5-CUGGGCUAUUGAAUCACUUUAGGCUUC-3;
ALK2: 5'-GCAACACUGUCCAUUCUUCUUAACCAG-3’; ALK3: 5'-
CAUCUCAUGAAUUCCAAGACAGUAUUA-3'; ALK4: 5'-
AUGAGGGAUCUUCCAUGUCCAGUCUCU-3'; ALK5: 5'-
CUCAGAAUGUUCUUUAGCUACCACCUC-3'; ALK®6: 5'-
AUCUGAAUCUGCUUAGCUAUAGUCCUU-3'; ALKT: 5'-
ACUUAAAUACUGUACUGUCUUAUCUUU-3'; negative control: 5'-
UCACAAGGGAGAGAAAGAGAGGAAGGA-3.

Statistical analyses

One-way analysis of variance (ANOVA) was performed and confirmed with two-tailed
paired student’s t test using GraphPad Prism 4 software. P values less than 0. 05 were
considered significant.
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ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Endothelial ceIl differentiation in heterotopic ossification. (a) Immunohistochemistry of
chondrogenic (first and third columns from left) and osteogenic (second and forth columns
from left) lesions from Fibrodysplasia Ossificans Progressiva (FOP) patients with activating
ALK2 mutations and from Cre-dependent constitutively active ALK2 (caALK?2) transgenic
mice. Chondrogenic lesions show co-expression of the endothelial markers TIE2 and vWF
with the chondrocyte marker SOX9. Osteogenic lesions show co-expression of TIE2 and
VWF with the osteoblast marker osteocalcin. Normal cartilage and bone from human hip
joint (top row) or wild-type (WT) mouse knee joint (third row) show no evidence of TIE2-
or VWF-positive chondrocytes or osteoblasts. Scale bar, 40 um. (b) X-ray image of
heterotopic ossification (red circle) in a Cre-induced caALK2 transgenic mouse. (c)
Immunohistochemistry of BMP4-induced heterotopic cartilage and bone in Tie2-Cre
reporter mice showing EGFP positive chondrocytes (top row) and osteoblasts (bottom row).
These EGFP positive cells show expression of endothelial markers vWF, Tiel, and VE-
cadherin. Scale bar, 20 um.
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Figure 2.

Constitutively active ALK2 promotes endothelial-mesenchymal transition. (a)
Immunoblotting showing positive expression of the His-Tag on wild-type (WT) and mutant
(Mut) ALK2 in infected endothelial cells, as well as increased expression of total ALK2. -
actin was used as an internal control. (b) Immunoprecipitation demonstrating constitutive
tyrosine phosphorylation (P-Y) of the mutant ALK2 receptor. (¢) DIC imaging (top row)
showing a change in cell morphology in endothelial cells expressing mutant ALK2. Flow
cytometry analysis (bottom row) demonstrating co-expression of TIE2 and FSP-1 in cells
containing the mutant ALK2 construct. Scale bar, 10 um. (d) Immunoblotting showing
deceased expression of the endothelial markers VE-cadherin, CD31, and VWF and increased
expression of the mesenchymal markers FSP-1, a-SMA, and N-cadherin in endothelial cells
expressing mutant ALK2 but not in cells infected with vector or wild-type ALK2 adenoviral
constructs. TIE2 levels remained constant. B-actin was used as an internal control. (e)
Immunohistochemistry of early stage BMP4-induced lesions of heterotopic ossification in
Tie2-Cre reporter mice showing EGFP positive mesenchymal cells. Most of these EGFP
positive cells also show expression of the endothelial markers VWF, Tiel, and VE-cadherin.
Scale bar, 20 um.
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Figure 3.

Formation of endothelial derived multipotent stem-like cells induced by constitutively active
ALK?2. (a) Flow cytometry analysis showing co-expression of TIE2 and STRO-1 in
endothelial cells expressing mutant ALK2. (b) Immunoblotting showing expression of the
mesenchymal stem cell markers STRO-1, CD10, CD44, CD71, CD90, and CD117 in
endothelial cells expressing mutant ALK2. Human bone marrow derived mesenchymal stem
cells (MSC) express these markers, but human corneal fibroblasts (HCF) do not. -actin was
used as an internal control. (c) Immunoblotting showing increased expression of osteoblast
(osterix), chondrocyte (SOX9), or adipocyte (PPARYy2) markers in cells treated with mutant
ALK?2 for 48 h followed by exposure to osteogenic, chondrogenic, or adipogenic culture
medium. (d) Positive staining of osteoblast (alkaline phosphatase and alizarin red),
chondrocyte (alcian blue), or adipocyte (oil red O) products in endothelial cell cultures
treated with mutant ALK2, but not with vector or wild-type ALK2, for 48 h followed by
growth in osteogenic, chondrogenic, or adipogenic culture medium, respectively. Scale bar,
100 pm. (e) Positive staining of osteoblast (alizarin red), chondrocyte (alcian blue), or
adipocyte (oil red O) products in polylactic acid scaffolds containing endothelial cells
transformed by mutant ALK2 implanted into nude mice, followed by local injection of
osteogenic, chondrogenic, or adipogenic medium every 72 h for 6 weeks. Scale bar, 100 pm.
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TGF-B2 and BMP4 activate ALK2 and induce endothelial-mesenchymal transition. (a)
Immunoblotting of immunoprecipitates confirming phosphorylation of ALK2 by 15 min of
TGF-B2 or BMP4 stimulation. (b) DIC imaging, immunocytochemistry and flow cytometry
showing a change in cell morphology and co-expression of TIE2 and FSP-1 in endothelial
cells treated with TGF-p2 or BMP4 for 48 h. Scale bar, 20 um. (c) Immunoblotting
confirming EndMT with decreased expression of VE-cadherin, CD31, and vVWF and
increased expression of FSP-1, a-SMA, and N-cadherin in cells treated with TGF-p2 or
BMP4. TIE2 levels remained constant.
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Figure 5.

Endothelial cells transformed by treatment with TGF-B2 or BMP4 express mesenchymal
stem cell markers and exhibit multipotency. (a) Flow cytometry showing co-expression of
TIE2 and STRO-1 in endothelial cells treated with TGF-p2 or BMP4 for 48 h. (b)
Immunoblotting confirming increased protein expression of mesenchymal stem cell markers
STRO-1, CD10, CD44, CD71, CD90, and CD117 in cells treated with TGF-B2 or BMP4. B-
actin was used as an internal control. (c) Immunoblotting showing increased expression of
osteoblast (osterix), chondrocyte (SOX9), or adipocyte (PPARy2) markers in cells treated
with TGF-f2 or BMP4 for 48 h followed by exposure to osteogenic, chondrogenic, or
adipogenic culture medium, respectively. (d) Positive staining of osteoblast (alkaline
phosphatase and alizarin red), chondrocyte (alcian blue), or adipocyte (oil red O) products in
endothelial cell cultures treated with TGF-2 or BMP4 for 48 h followed by growth in
osteogenic, chondrogenic, or adipogenic culture medium. Scale bar, 100 um. (e) Positive
staining of osteoblast (alizarin red), chondrocyte (alcian blue), or adipocyte (oil red O)
products in polylactic acid scaffolds containing endothelial cells transformed by TGF-B2 or
BMP4 subcutaneously implanted into nude mice, followed by local injection of osteogenic,
chondrogenic, or adipogenic medium every 72 h for 6 weeks. Scale bar, 100 um.
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Figure 6.

ALK?2 is necessary for EndMT. (a) Immunoblotting confirming knockdown of ALK2
expression by ALK2 siRNA in HUVEC and HCMEC cultures. (b) Immunoblotting showing
increased expression of FSP-1 and STRO-1 in TGF-f2 or BMP4 treated endothelial cells
transfected with negative control siRNA, but inhibition of this expression in cells transfected
with ALK2 siRNA. B-actin was used as an internal control. (c) Flow cytometry analysis
confirming increased numbers of endothelial cells expressing FSP-1 when treated with TGF-
B2 or BMP4, and inhibition of such expression in cells treated with ALK2 siRNA. (d)
Positive staining of osteoblast (alkaline phosphatase [AP] and alizarin red [AR]),
chondrocyte (alcian blue [AB]), or adipocyte (oil red O [OR]) products in cultures
transfected with negative control siRNA and treated with TGF-2 or BMP4 for 48 h,
followed by growth in osteogenic, chondrogenic, or adipogenic culture medium. In contrast,
expression of ALK2 siRNA prevented the differentiation of these cells. Scale bar, 100 um.
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