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Mesenchymal stem/stromal cells 
(MSCs) are fibroblastoid cells 

capable of long-term expansion and skel-
etogenic differentiation. While MSCs 
are known to originate from neural crest 
and mesoderm, immediate mesodermal 
precursors that give rise to MSCs have 
not been characterized. Recently, using 
human embryonic stem cells (hESCs), 
we demonstrated that mesodermal 
MSCs arise from APLNR+ precursors 
with angiogenic potential, mesenchy-
moangioblasts, which can be identified 
by FGF2-dependent colony-forming 
assay in serum-free semisolid medium. 
In this overview we provide additional 
insights on cellular pathways leading 
to MSC establishment from mesoderm, 
with special emphasis on endothelial-
mesenchymal transition as a critical step 
in MSC formation. In addition, we high-
light an essential role of FGF2 in induc-
tion of angiogenic cells with potential to 
transform into MSCs (mesenchymoan-
gioblasts) or hematopoietic cells (heman-
gioblasts) from mesoderm, and discuss 
correlations of our in vitro findings with 
the course of angioblast development 
during embryogenesis.

Mesenchymal stem/stromal cells (MSCs) 
are defined as multipotent fibroblastoid 
cells that give rise to cells of the skeletal 
connective tissue including osteoblasts, 
chondrocytes and adipocytes.1-4 Although 
MSCs were described more than 40 years 
ago and are widely used for cellular thera-
pies, very little knowledge exists regarding 
the developmental origins of MSCs in the 
embryo, the hierarchy of MSC progeni-
tors or heterogeneity of MSCs within tis-
sues. It has been demonstrated that during 
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embryonic development, MSCs arise from 
a two major sources: neural crest and 
mesoderm.5-7 Using Cre-recombinase lin-
eage tracing experiments, Takashima et al. 
identified Sox1+ neuroepithelium as pre-
cursors of MSCs of neural crest origin. 
However, direct precursors of mesoderm-
derived MSCs were unknown. To identify 
these precursors, we employed human 
embryonic stem cells (hESCs) directed 
toward mesendodermal differentiation in 
coculture with mouse bone marrow stro-
mal cells OP9,8 using the experimental 
approach depicted in Figure 1. As shown 
in this differentiation system, mesoderm 
reminiscent of lateral plate/extraembry-
onic mesoderm in the embryo can be 
identified by expression of apelin recep-
tor (APLNR), otherwise known as angio-
tensin receptor like-1 receptor. Because 
we observed a positive selective effect of 
FGF2 on production of mesenchymal 
cells from hESCs in OP9 coculture, we 
decided to test whether FGF2 can induce 
the formation of colonies with mesenchy-
mal potential from APLNR+ mesodermal 
cells. Indeed, when we isolated APLNR+ 
cells from hESCs differentiated on OP9 
for 2 days and placed them in serum-free 
semisolid medium containing FGF2, we 
observed the formation of sharply-circum-
scribed spheroid colonies formed by tightly 
packed cells with a gene expression profile 
representative of embryonic mesenchyme 
originating from lateral plate/extraembry-
onic mesoderm and CD140a+CD146+C
D90+CD56+CD166+CD31-CD43-CD45- 
phenotype typical of mesenchymal 
cells. Based on cellular composition, 
we designated these colonies as mesen-
chymal (MS) colonies and cells form-
ing these colonies as MS colony-forming 
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hemangioblastic potential, i.e., generate 
both hematopoietic and endothelial cells. 
When MS colonies were picked from clo-
nogenic cultures and cultured on OP9, we 
found that the majority of cells differen-
tiated into CD146+CD31-CD43/CD45- 
mesenchymal cells as expected. However, 
we also discovered that MS colonies gave 
rise to CD31/VE-cadherin+CD43/45- 
endothelial cells, indicating that MS 
colonies similar to BL colonies possess 
endothelial potential. The endothelial 
potential of MS colonies was also con-
firmed by demonstration of tube forma-
tion by MS colonies grown on Matrigel. 
In contrast, MSC lines derived from MS 
colonies did not produce any endothelial 
cells after coculture with OP9 indicating 
a progressive restriction of differentia-
tion potential following MSC formation. 
Because single MS-CFC shows poten-
tial to form endothelium and MSCs, 

MS-CFC activity was developed prior to 
the expression of CD73 and CD105 MSC 
markers and upregulation of MSC-related 
genes, i.e., before onset of mesenchy-
mogenesis. APLNR+ cells isolated from 
hESC cultures differentiated for 3 days 
also formed colonies in response to FGF2; 
however, the vast majority of these colo-
nies were composed of blood cells and had 
a morphology similar to the previously 
described blast (BL) or hemangioblast col-
onies, which identify a common precursor 
for hematopoietic and endothelial cells.9,10

To fully evaluate the differentiation 
potential of MS colonies, we collected 
these colonies from semisolid cultures and 
placed them back on OP9 feeders, which 
are known to support development of a 
broad range of mesodermal lineage cells, 
including hematopoietic, vascular and 
cardiac.11-13 Using this approach, we con-
firmed that individual BL colonies possess 

cells (MS-CFCs). MS colony formation 
required serum-free medium and was 
solely dependent on FGF2 as a colony-
forming factor. MS colonies were sig-
nificantly enhanced by PDGF-BB, but 
suppressed by VEGF, TGFβ1 and Activin 
A. When transferred to the adherent cul-
tures in serum-free medium with FGF2, 
individual MS colonies gave rise to multi-
potential mesenchymal cell lines with typ-
ical phenotype (CD146+ CD105+ CD73+ 

CD31- CD43/45-), differentiation (chon-
dro-, osteo- and adipogenesis) and robust 
proliferation (>80 doublings) potentials. 
Using single cell deposition assay, chime-
ric hESC lines and time-lapse studies we 
demonstrated the clonality/single cell ori-
gin of MS colonies.

MS-CFCs could be detected only 
transiently, with a major peak on day 2 
of hESC differentiation and disappeared 
after 4 days of differentiation. Notably, 

Figure 1. Schematic diagram of the experimental approach used to identify precursors and cellular events leading to formation of mesoderm-derived 
MSCs. hESCs were committed to mesendodermal differentiation through coculture with OP9 for 2 days. APLNR+ mesodermal cells were selected using 
magnetic sorting. In serum-free semisolid medium, APLNR+ cells grew into FGF2-dependent compact spheroid colonies composed of mesenchymal 
cells. MS colonies were formed through establishment of tightly-packed single cell-derived cores (day 3 of clonogenic culture), which expanded into 
spheroid colonies (days 6 and 12 of clonogenic culture). To evaluate differentiation potential, MS colonies were collected at different stages of clono-
genic culture and placed on OP9. The presence of endothelial and mesenchymal cells after coculture of MS colonies with OP9 was evaluated by flow 
cytometry and immunofluorescence. In addition, colonies at core stage (day 3 of clonogenic culture) and mature colonies (day 12 of clonogenic cul-
tures) were collected for molecular profiling studies. To generate clonal MSC lines, individual mature colonies were plated on the collagen/fibronectin-
coated plastic and cultured in presence of FGF2.
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mesodermal MSCs proceed through the 
endothelial stage and likely included at 
least two successive cycles of cell transi-
tions. Initially APLNR+ mesoderm, which 
consists of fibroblast-like migratory cells, 
give rise to core structures composed of 
tightly packed endothelial cells in response 
to FGF2. Subsequently, endothelial cells 
forming cores undergo epithelial-mesen-
chymal transition, i.e., EndMT and form 
MSCs. The question remains how well 
this in vitro model reflects in vivo devel-
opment. Although only sparse data exist 
regarding MSC precursors in the embryo, 
development of angiogenic hematopoietic 
precursors, hemangioblasts was studied 
more extensively in mammals and birds, 
and therefore parallels between in vivo 
and in vitro studies can be drawn. As 
we demonstrated,8 APLNR+ mesodermal 
cells collected from hESCs differentiated 
on OP9 for 3 days formed disperse BL col-
onies that identify hemangioblasts in vivo 
and in vitro.9,26 Similar to MS colonies, 

When VEGF was added to MS clonogenic 
cultures, hESC-derived mesodermal cells 
were capable of forming angiogenic cores; 
however, these cores did not transform into 
mesenchymal cells, indicating that VEGF 
abrogates MS colony development at the 
core stage through inhibition of EndoMT. 
The schematic diagram demonstrating 
development of mesodermal MSCs is pre-
sented in Figure 2.

The close relationship between endo-
thelial and hematopoietic cell develop-
ment was recognized more than 130 years 
ago (reviewed by ref. 16) and confirmed 
in multiple modern studies.9,17-22 However, 
the association between endothelial pre-
cursors and MSCs during development was 
not well established, although cells with 
endothelial and mural cell potential were 
identified23 and the critical role of EndMT 
in the formation of endocardial cush-
ion24 and testicular cords25 in the embryo 
was acknowledged. Our hESC-based in 
vitro studies indicated that formation of 

we designated the MSC precursor iden-
tified by this colony-forming assay as 
mesenchymoangioblast.

To define more precisely the cellular 
events leading to establishing MSCs, we 
examined the formation of MS colonies 
using time-lapse cinematography and 
analyzed the kinetic of their angiogenic 
potential. As demonstrated by time-lapse 
studies, APLNR+ mesodermal cells placed 
in semisolid medium possessed a high 
motility, which was more pronounced 
before and during the first cell divi-
sion. Following several divisions, single 
APLNR+ cells formed a core, an immotile 
structure composed of a small number 
of tightly packed cells. While APLNR+ 
mesodermal cells lacked endothelial gene 
expression, molecular profiling of MS col-
onies at the core stage revealed that these 
cells acquired angioblastic gene expres-
sion profile as indicated by upregulation 
of FLT1, TEK, CDH5 (VE-cadherin), 
PECAM1 (CD31), FLI1, SELE (ELAM‑1) 
and ICAM2 endothelial genes. When we 
collected MS cores (day 3 of clonogenic 
culture) and placed them on OP9, they 
formed predominantly VE-cadherin+ 
endothelial clusters, strongly indicating 
the endothelial nature of the core-forming 
cells. Subsequently, cells at the periph-
ery of the core underwent endothelial- 
mesenchymal transition (EndMT) and 
formed a shell of tightly packed spindle-
like cells around the core. When we 
picked colonies at this stage (day 6 of col-
ony-forming culture) and placed them on 
OP9, most of the colonies (>70%) grew cell 
clusters composed of endothelial and mes-
enchymal cells. In contrast, mature MS 
colonies collected on day 12 of clonogenic 
culture formed predominantly clusters of 
mesenchymal cells, indicating a progres-
sive loss of endothelial potential following 
colony maturation. Although no CD31 
expression was detected in the mesenchy-
mal cells composing mature MS colonies, 
these cells retained several endothelial 
traits including surface expression of endo-
thelial tyrosine kinase (TEK  or  TIE2), 
FLT1 (VEGFR1) and endomucin. The 
critical role of EndMT in MS colony 
formation and MSC development was 
also congruous with our observation of 
the suppressive effect of VEGF, a known 
inhibitor of EndMT,14,15 on MS colonies. 

Figure 2. A model of mesoderm-derived MSC development from hESCs. Coculture with OP9 
stromal cells predominantly induces hESC differentiation toward APLNR+ mesoderm. APLNR+ 
population contains angiogenic mesodermal precursors with either mesenchymal (mesen-
chymoangioblast) or hematopoietic (hemangioblast) potentials. Mesenchymoangioblasts and 
hemangioblasts arise sequentially during differentiation and can be revealed by MS and BL colony 
formation in response to FGF2. Development of MS and BL colonies in semisolid media proceed 
through a core stage at which APLNR+ cells form clusters of tightly packed cells with angiogenic 
potential. Subsequently, core-forming cells undergo EndMT giving rise to mesenchymal cells, 
which form a shell around the core developing into a mature MS colony. VEGF, EndMT inhibitor, 
blocks MS colony-formation at core stage. The ability of MS-CFCs to generate mesenchymal and 
endothelial cells can be revealed by coculture of individual colonies with OP9. Similar to MS colo-
nies, BL colonies are formed through establishment of angiogenic core. However, hemangioblast 
core-forming cells undergo endothelial-hematopoietic transition and grew hematopoietic cells 
around the core.
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the development of BL colonies required 
FGF2 and proceeded through angiogenic 
core formation. However, in contrast 
to MS cores, BL cores transformed into 
blood cells, i.e., underwent endothelial-
hematopoietic transformation (see Fig. 2). 
Importantly, in vivo studies identified 
FGF2 as the essential factor in heman-
gioblast induction27 analogous to our in 
vitro observation. In chicken embryo, 
the activation of FGF signaling leads to 
aggregation of migrating mesodermal 
cells adjacent to the endoderm, upregu-
lation of VEGFR2 (KDR) expression, 
and subsequent formation of angioblasts 
and hemangioblasts.28-30 This sequence of 
events leading to hemangioblast develop-
ment in vivo considerably resembles what 
we observed in vitro, and highly suggests 
accurate recapitulation of embryonic 
development by our hESC differentia-
tion model. Therefore, searching for an in 
vivo equivalent of mesenchymonagioblast 
would be a reasonable next step.

In addition to embryonic develop-
ment, EndMT is also implicated in 
several pathologies including cancer pro-
gression and development of cardiac and 
renal fibrosis.31-34 Recently, Olsen group 
revealed that endothelial cells could be 
transformed directly into MSCs through 
overexpression of ALK2 or its activation by 
TGFβ2 or BMP4,15 indicating that endo-
thelial cells could be an important source 
of MSCs in postnatal life. Conversely, 
the transition from MSCs to endothelial 
cells, has been also described in reference 
35. Based on these observations, a cycle 
of cell-fate transition from endothelium 
to MSCs and back to endothelium was 
proposed as a circuit controlling stem 
cell state.36 Since multiple parallels could 
be drawn between EndMT described in 
adult tissues and during hESC differentia-
tion, one may wonder whether bipotential 
cells with endothelial and MSC potential 
similar to embryonic mesenchymoangio-
blasts are present and constitute an impor-
tant element of EndMT circuit in adults.

In conclusion, the identification of 
mesenchymoangioblast as a clonogenic 
precursor of mesoderm-derived MSCs is 
an important step toward defining path-
ways of MSC development and specifica-
tion. In addition, the demonstration of 
MSC formation from mesoderm through 


