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mation in vivo. Importantly, Flk-1 +  cells retained their po-
tential to proliferate and could be continuously expanded, 
while the ability of contact inhibition was preserved. Thus, 
maGSCs may provide a useful source of endothelial-like cells 
to study the basic mechanisms of vasculogenesis or endo-
thelial differentiation.  Copyright © 2012 S. Karger AG, Basel 

 Introduction 

 Endothelial injury or dysfunction plays a critical role 
in the development and progression of vascular disease 
states including thrombosis, atherosclerosis or ischemia. 
The limited availability and low proliferation potential of 
mature endothelial cells (ECs) constitutes a major obsta-
cle in restoring dysfunctional endothelium or repairing 
ischemic tissues by transplantation of mature ECs  [1] . Pre-
vious studies have shown that endothelial progenitor cells 
(EPCs), which may be isolated from peripheral human 
blood and represent approximately 0.004% of mononucle-
ar cells, can be cultivated to generate proliferating ECs  [2] . 
However, since cardiovascular risk factors including dia-
betes  [3]  and obesity  [4]  have been shown to impair the 
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 Abstract 

 Pluripotent stem cells hold great promise for the treatment 
of cardiovascular disease. We previously described multipo-
tent adult germline stem cells (maGSCs) from mouse testis 
with differentiation potential similar to embryonic stem 
cells. The aim of this work was to differentiate maGSCs into 
functional endothelial cells and to study their potential for 
vasculogenesis. MaGSCs were cocultivated with OP9 stromal 
cells to induce differentiation into cardiovascular progeni-
tors, i.e. fetal liver kinase 1-positive (Flk-1 + ) cells. Five days 
later, Flk-1 +  cells were separated using fluorescence-activat-
ed cell sorting, followed by cultivation on collagen type IV 
under endothelial differentiation conditions. At different 
time points, maGSC-derived endothelial-like cells were char-
acterized using RT-PCR, flow cytometry, immunofluores-
cence and functional assays. Cultivation of Flk-1 +  cells re-
sulted in the progressive upregulation of endothelial cell 
markers, including VE-cadherin, von Willebrand factor and 
endothelial nitric oxide synthase. Moreover, Flk-1 +  maGSC-
derived endothelial-like cells were able to branch and form 
networks in vitro and promoted functional blood vessel for-
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functional capacities of EPCs, their application and au-
tologous transplantation for the regeneration of dysfunc-
tional endothelium may be limited. Embryonic stem cells 
(ESCs) are a promising source of EPCs due to their capac-
ity for self-renewal and pluripotency  [5] , and endothelial 
differentiation of ESCs has been demonstrated in vitro 
and in vivo  [6, 7] . Despite the potential of ESCs as a cel-
lular source in tissue regeneration, ethical and immuno-
logical problems still limit their therapeutic application.

  We have previously shown that spermatogonial stem 
cells (SSCs) isolated from adult mouse testis are able to 
acquire ESC properties under in vitro culture conditions 
 [8] . These so-called multipotent adult germline stem cells 
(maGSCs) have the potential to give rise to different cell 
types of all 3 germ layers. However, a sufficient degree of 
differentiation has to be present in order to achieve effec-
tive tissue regeneration using stem cells, and protocols 
have yet to be developed to establish lineage selection for 
the use of pluripotent stem cells in organ regeneration 
strategies. So far, maGSCs have been shown to further 
differentiate into functional cardiomyocytes  [9] , neurons 
 [10, 11] , and male germ cells  [12] , whereas the generation 
of ECs from maGSCs has not been systematically studied. 
Fetal liver kinase (Flk)-1 is one of the earliest differentia-
tion marker for ECs  [13] , and its expression has previ-
ously been used to identify the mesoderm-restricted po-
tential of ESCs  [14] . Moreover, Flk-1-positive (Flk-1 + ) cells 
derived from ESCs have been identified as cardiovascular 
progenitor cells and studied in endothelial differentiation 
 [15–17] . In this study, we described a cultivation protocol 
to isolate and expand Flk-1 +  cells from maGSCs, and ex-
amined their potential to morphologically and function-
ally differentiate into the endothelial lineage and to in-
duce vasculogenesis.

  Methods 

 Cell Culture 
 The mouse maGSC lines SSC5 and SSC15 used in this study 

were derived from Stra8-enhanced green fluorescent protein 
(EGFP)/Rosa26 double transgenic mice  [18] . Undifferentiated 
SSC5 cells can be detected based on their GFP expression under 
control of the spermatogonia-specific promoter Stra8, whereas 
undifferentiated SSC15 cells are negative for GFP. The murine in-
duced pluripotent stem cell line NE4O1, derived by overexpres-
sion of Oct4 in SSCs (unpubl. data), was used to test biological 
replication. maGSCs were initially grown on mitomycin-C-inac-
tivated mouse embryonic fibroblast feeder cells, isolated from 
mouse embryo on day 14.5 and cultured in Dulbecco’s modified 
Eagle’s medium (DMEM; Invitrogen) in the presence of leukemia 
inhibitory factor (10 3  units/ml), as previously described  [8, 9] . In 
some experiments, murine endothelial cells (line SVEC4–10), 

cultivated in DMEM containing 10% FBS and 4 m M   L -glutamine, 
were used as a positive control. Human arterial smooth muscle 
cells (HASMC; Promocell), cultivated in SMC growth medium-2 
(Promocell) containing 10% FCS, 0.5 ng/ml epidermal growth 
factor, 2 ng/ml basic fibroblast growth factor and 5  � g/ml insulin, 
were used as a negative control.

  Generation and Isolation of Flk-1-Positive Cells 
 To induce differentiation, 3  !  10 4  maGSCs ( ! 30 passages) per 

100-mm plate were cultured onto mitomycin-C-inactivated OP9 
stromal cells in differentiation medium (Iscove’s modified Dul-
becco’s medium (IMDM; Invitrogen) containing 20% FCS, 1 !  
nonessential amino acid (Invitrogen) and 450  � mol/l monothio-
glycerol (Sigma) for 5 days, with half of the medium changed on 
day 3. To obtain Flk-1 +  progenitors, cells were harvested by brief 
incubation in 0.1% trypsin (w/v)/0.01% EDTA (w/v). After pre-
plating on 0.1% gelatin-coated dishes for 1 h to remove adherent 
OP9 cells, floating cells were collected and subjected to staining 
with PE-conjugated monoclonal anti-Flk-1 antibodies (dilution 
1:   100; BD Biosciences) for 30 min on ice, followed by fluores-
cence-activated cell sorting (FACS) and further cultivation as de-
scribed below. Alternatively, and to establish the optimal extra-
cellular matrix (ECM)-coating of culture dishes to support the 
growth and endothelial differentiation of the Flk-1 +  progenitors, 
cells (1  !  10 5 ) were seeded on 60-mm culture plates coated with 
either fibronectin (FN; concentration, 1.4  � g/cm 2 ; Harbor Bio), 
collagen type IV (COLIV; concentration, 2.8  � g/cm 2 ; Sigma), or 
growth-factor-reduced Matrigel (concentration, 11.6  � g/cm 2 ; BD 
Biosciences), in differentiation medium with or without the addi-
tion of recombinant human vascular endothelial growth factor 
(VEGF 165 ; concentration, 10 ng/ml; Peprotech) for up to 15 days.

  Endothelial Differentiation of FACS-Sorted Flk-1 +  Cells 
 To induce EC differentiation, 5  !  10 4  of FACS-sorted Flk-1 +  

cells were cultured on COLIV-coated 6-well plates in endothelial 
differentiation medium, i.e. endothelial growth medium (EGM-2; 
PromoCell) supplemented with VEGF (50 ng/ml) with the me-
dium being changed every 3 days. To expand maGSC-derived en-
dothelial-like cells (maGSC-ECs), cells were grown to 80% con-
fluence on days 12–13 and then subcultured (ratio 1:   3) every 5 
days.

  Reverse Transcription Polymerase Chain Reaction 
 RNA was extracted using the SV Total RNA isolation kit (Pro-

mega). Reverse-transcription (RT) reactions were performed us-
ing the Transcriptor High Fidelity cDNA synthesis kit (Roche). A 
total of 200 ng DNase-treated RNA was used for each RT reaction 
together with random hexamer primers (Roche). Polymerase 
chain reaction (PCR) analysis was performed with GoTaq Poly-
merase (Promega) using 1  � l of the RT product per reaction. 
Primer sequences and conditions are shown in  table 1  and had 
been established previously  [18] . Of note, the number of PCR cy-
cles for each set of primers was verified to be in the linear range 
of the amplification. Products were analyzed on 1.5% agarose gels 
and visualized by ethidium bromide.

  Real-Time Quantitative PCR 
 Messenger RNA expression was quantified using 2  � l of the 

RT reaction and the SYBR Green PCR master mix (Applied Bio-
systems). Quantitative analysis was achieved using GAPDH as an 
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internal standard. Experiments were performed in triplicate in 
ABI PRISM �  7900HT real-time PCR system. The specificity of 
the amplification was verified by melting curve analyses, and re-
sults were analyzed by the comparative C t  method  [19] .

  Flow Cytometry 
 Cells were washed in PBS and fixed using either 4% parafor-

maldehyde in PBS for 20 min at room temperature (for VE-cad-
herin visualization) or methanol:acetone (7:   3 ratio) for 10 min at 
–20   °   C. After washing with PBS, cells were resuspended in 0.5% 
BSA (fraction V) in PBS at a concentration of 1  !  10 6  cells/ml and 
incubated with polyclonal rabbit anti-mouse antibodies against 
platelet/EC adhesion molecule-1 (PECAM-1; dilution 1:   20; Santa-
Cruz Biotechnology), von Willebrand Factor (vWF; dilution 1:   20; 
Dako), monoclonal rat anti-mouse antibodies against VE-cad-
herin (VE-cad; dilution 1:   100; eBioscience), or monoclonal mouse 
anti-mouse antibodies against alpha smooth muscle cell actin ( � -
SMA; dilution 1:   2,000; Sigma) for 45 min on ice, followed by in-
cubation with Cy3- or   MFP555 - conjugated anti-rabbit, anti-rat 
or anti-mouse secondary antibodies (dilution 1:   200; Molecular 
Probes) for 30 min in the dark. Each analysis included 10,000 to-
tal events.

  Immunocytochemistry 
 For the costaining of Flk-1 and Oct4, cells were fixed with 4% 

paraformaldehyde in PBS for 20 min at room temperature. After 
washing 3 times with PBS, cells were permeabilized with 0.1% of 
Triton X-100 in 4% BSA and blocked with 4% BSA for 30 min. 
Cells were incubated with both goat anti-mouse Oct4 (dilution 
1:   50; R&D Systems) and rat anti-mouse Flk-1 (dilution 1:   100; BD 
555307) at 37   °   C for 1 h. After washing with PBS, cells were stained 
with fluorescein-isothiocyanate (FITC)-labeled anti-goat (dilu-
tion 1:   200; Dianova) and Cy3-labeled anti-rat (dilution 1:   200; 
Dianova), respectively.

  For the staining of vascular cell markers, maGSC-ECs were 
seeded on COLIV-coated glass coverslips and fixed as described 
above. After washing with PBS, unspecific binding sites were 
blocked with 4% BSA at 4   °   C overnight. Then, cells were incubat-
ed with either monoclonal rat anti-mouse VE-cad (dilution 
1:   100), polyclonal rabbit anti-mouse vWF (dilution 1:   100), mono-
clonal or mouse anti-mouse  � -SMA (dilution 1:   12,000) antibod-
ies for 1 h at 37   °   C, washed in PBS, followed by incubation with 
FITC-labeled anti-rat or anti-rabbit, or Cy3-labeled anti-mouse 
secondary antibodies (dilution 1:   300, Jackson ImmunoResearch), 
respectively, for 40 min at 37   °   C. Cell nuclei were visualized using 

Table 1.  Primer sequences and PCR conditions

Gene Primer sequence (5� to 3�) Size, bp Annealing
temperature, ° C

Cycles
n

Brachyury F:
R:

GCTGTGACTGCCTACCAGAAT
GAGAGAGAGCGAGCCTCCAAA

231 52 33

eNOS F:
R:

CCTTCCGCTACCAGCCAGA
CAGAGACCTTCACTGCATTGG

105 60 35

Flk-1 F:
R:

CCTACCCCACACATTACATGG
TTTTCCTGGGCACCTTCTATT

201 55 35

GAPDH F:
R:

GCAGTGGCAAAGTGGAGATT
TCTCCATGGTGGTGAAGACA

250 56 31

Isl-1 F:
R:

ACGTCTGATTTCCCTGTGTGTTGG
TCGATGTGGTACACCTTAGAGCGG

275 63 34

Mash-1 F:
R:

CTCGTCCTCTCCGGAACTGATG
CGACAGGACGCCGCGCTGAAAG

301 64 38

Nkx-2.5 F:
R:

CAGTGGAGCTGGACAAAGCC
TAGCGACGGTTCTGGAACCA

217 65 35

PECAM-1 F:
R:

GTCATGGCCGTCGAGTA
CTCCTCGGCATCTTGCTGAA

261 55 35

SMA F:
R:

CTACTGCCGAGCGTGAGATT
GTAGACAGCGAAGCCAAGATG

449 60 31

Sox-1 F:
R:

CCTCGGATCTCTGGTCAAGT
TACAGAGCCGGCAGTCATAC

593 51.5 40

Tie-2 F:
R:

GTGAAGCCAGATGGGACAGT
TTGGCAGGAGACTGAGACCT

499 60 32

VE-cad F:
R:

CCTTCTGCAGGGGACTATCGA
CATCTCATGCACCAGGGTCAC

282 60 35

vWF F:
R:

TGGTGGGCATGATGGAGAGGTTA
GCAAGGTCACAGAGGTAGCTGACT

485 65 38
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4,6 � -diamidino-2-phenylindole dihydrochloride (DAPI; 5  � g/ml; 
Sigma).

  For the analysis of acLDL uptake and lectin binding, cells were 
incubated with 2.5  � g/ml DiI-labeled acLDL (Molecular Probes) 
for 1 h at 37   °   C, washed with PBS and fixed with 2% paraformal-
dehyde for 10 min. They were then incubated with 10  � g/ml 
FITC-conjugated  Griffonia   (Bandeiraea) simplicifolia  lectin (Vec-
tor; FL-1101), followed by nuclear staining with DAPI and analy-
sis on a fluorescence microscope (Zeiss Axiovert 200).

  Proliferation Assay 
 EC proliferation was measured using the CellTiter 96 �  AQue-

ous One Solution Cell Proliferation Assay (MTS; Promega). Briefly, 
cells were plated at a density of 2  !  10 3  cells (in 100  � l medium) per 
well of a COLIV-coated 96-well plate. After cultivation for 24, 48, 
72 or 96 h, respectively, 20  � l of CellTiter 96 �  AQueous One Solu-
tion Reagent were added and incubated for an additional 2 h at 
37   °   C, and the spectral properties of the sample measured at 490 nm.

  Contact Inhibition Assay 
 HUVECs or maGSC-ECs (9  !  10 4  or 12  !  10 4  cells/well) were 

seeded on COLIV-coated coverslips in a 24-well plate and cul-
tured for 24 h in cell type-dependent culture medium. BrdU label-
ing reagent (Zymed) was diluted 1:   100 with culture medium and 
added to the cells. After incubation for an additional 2 h at 37   °   C, 
cells were fixed with 70% ethanol for 20 min at 4   °   C. BrdU incor-
poration was visualized using biotinylated, monoclonal antibod-
ies against BrdU, followed by streptavidin peroxidase-conjugate 
and diaminobenzidine as chromogen, according to the manufac-
turer’s protocol (BrdU staining kit; Zymed). The number of BrdU-
positive cells was counted in 5 random microscope fields, and 
expressed as a percentage of total cells (out of approximately 500 
total nuclei).

  Matrigel Angiogenesis Assay 
 The angiogenic potential of FACS-sorted Flk-1 + , Flk-1 low/– /

GFP –  and Flk-1 – /GFP +  cells or maGSC-ECs was examined by plat-
ing 1  !  10 4  cells in 96-well plates, precoated with 50  � l ECMa-
trix TM  (Chemicon), as previously described  [20] . FACS-sorted 
cells were incubated at 37   °   C for up to 15 days; maGSC-ECs were 
examined 8 h after cell seeding. The ability to form tubes, branch 
and develop vascular-like networks was manually determined in 
5 randomly selected microscope fields (at  ! 100).

  Spheroid Angiogenesis Assay 
 To generate spheroids, a total of 4  !  10 4  FACS-sorted cells 

were resuspended in 10 ml medium containing 20% methylcel-
lulose solution and incubated in round-bottom 96-well plates (100 
 � l/well) at 37   °   C for 24 h. Type I rat-tail collagen (BD Biosciences) 
was diluted 1:   1 with 0.1% acetic acid, mixed with 10  !  M199 me-
dium (in a ratio of 9:   1), and neutralized with 0.2  N  NaOH imme-
diately before use. Spheroids were harvested in methylcellulose 
solution supplemented with 20% FCS and gently diluted (1:   1) with 
collagen working solution. Spheroid suspensions were distributed 
in duplicate into prewarmed 24-well plates by adding 1 ml (con-
taining about 40 spheroids) to each well and incubating at 37   °   C 
for 30 min. After solidification of the collagen, 100  � l of medium 
were added to each well and incubated at 37   °   C. Pictures of 20 
spheroids at random microscope fields ( ! 200) were taken and 
evaluated using Zeiss AxioVision 3.1 software.

  In vivo Matrigel Plug Assay 
 The assay was essentially performed as described in  [21] . Brief-

ly, 300  � l liquid Matrigel (BD Biosciences) were mixed at 4   °   C with 
300  � l of a methocel/fibrinogen/EC basal medium (1:   1:1) mixture 
containing 5  !  10 5  CM-DiI-fluorescent-labeled cells (containing 
approximately 1,000 spheroids). VEGF and basic fibroblast 
growth factor (100 ng/ml of each) were added and the mixture 
subcutaneously injected under the left or right dorsal flanks of 
anesthetized female CD1 mice. Per mouse, two plugs containing 
either maGSC-ECs, or negative (i.e. no cells or OP9 cells) or posi-
tive (i.e. SVEC4-10 cells) control cells, respectively, were injected. 
After 3 weeks, mice were anesthetized and carefully perfused 
with FITC-labeled lectin (70  � l in 200  � l PBS) through the jugu-
lar vein in order to demonstrate that newly formed vessels had 
connected to the host vasculature. Plugs were removed 15 min 
later and processed for histological analysis. Paraffin sections (30 
 � m thick) were counterstained with DAPI and analyzed under a 
fluorescence microscope. Quantitative analysis was performed by 
Image-Pro Plus (Media Cybernetics).

  Statistical Analysis 
 Results are presented as mean  8  standard deviation (SD). The 

number of independent experiments performed is indicated in 
the text. Differences between groups were compared using 1-way 
ANOVA followed by Bonferroni’s multiple comparison tests us-
ing GraphPad Prism software, version 4.01. A p value  ! 0.05 was 
considered statistically significant.

  Results 

 The experimental setup explaining the strategy em-
ployed to obtain Flk-1 +  cardiovascular progenitors from 
maGSCs and to differentiate these cells into functional 
ECs is depicted in  figure 1 a. MaGSCs were cocultivated 
with stromal cells (OP9) to induce differentiation into car-
diovascular progenitors, i.e. Flk-1 +  cells. In preliminary ex-
periments, the Stra8-GFP +  maGSC line SSC5 was used to 
establish the coculture system. These experiments re-
vealed that about 85% of the cells were positive for GFP, 
indicating their undifferentiated state as explained in the 
Methods section, and 6.3% were positive for Flk-1 before 
initiation of the coculture (day 0). The distribution of 3 
separate cell populations, i.e. Flk-1 + , Flk-1 low/– /GFP –  and 
Flk-1 – /GFP +  cells, was examined using antibodies against 
Flk-1 and flow cytometry ( fig. 1 b). Time course analysis 
revealed that cocultivation of maGSCs on OP9 stromal 
cells for 5 days yielded the highest amount of Flk-1 +  cells 
(39%), compared to cocultivation for either 4 (27%; p  !  
0.05) or 6 (26%; p  !  0.05) days, respectively ( fig. 1 c). More-
over, the percentage of Flk-1 low/– /GFP +  decreased from 55% 
on day 4 to 25% on day 6. Of note, only a small subpopula-
tion of Flk-1 +  cells was found to also be positive for GFP 
(9.7  8  4.1% of the Flk-1 +  population and 3.5  8  1.5% of the 
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total cell population, respectively). Immunocytochemical 
analysis using cells derived from the maGSC line SSC15 
confirmed that the majority of Flk-1 +  cells were negative 
for the pluripotency marker Oct4 ( fig. 1 d). Thus, maGSCs 
were cocultivated on OP9 stromal cells for 5 days in all 
subsequent experiments. Following pre-differentiation of 

maGSCs on OP9 cells for 5 days, cells were separated by 
FACS based on their Flk-1 expression and immediately 
used for further characterization. Of note, the purity of the 
cells after sorting was 98.2  8  0.7% for Flk-1 +  cells, 96.3  8  
2.6% for Flk-1 low/– /GFP –  and 97.7  8  1.2% for Flk-1 – /GFP +  
cells. RT-PCR analysis of RNA isolated from cells imme-
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  Fig. 1.  Generation of Flk-1 +  cells from maGSCs.  a  Schematic draw-
ing depicting the strategy of Flk-1 +  cell generation. Flk-1 +  cells 
were separated using FACS after cultivation of maGSCs on OP9 
cells for 5 days (d5), followed by endothelial differentiation in en-
dothelial differentiation medium (EDM). At different time points, 
the EC character was examined as indicated.  b  Representative dot 
plots of cell suspensions after coculture on OP9 stromal cells for 
5 days and staining with either isotype control (left) or anti-Flk-1 

antibodies (right).  c  Results of the quantitative analysis of 3 dif-
ferent cell populations detected, based on the level of Flk-1 or GFP 
expression, are shown. d = Day; P = passage.  *  p  !  0.05,  *  *  p  !  0.01. 
 d  Immunocytochemical detection of Flk-1 (red signal, left panel) 
and the stem cell marker Oct4 (green signal, middle panel; merge, 
right panel). Cell nuclei were visualized using DAPI (blue). For 
colors, see online version 
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diately after FACS separation confirmed that Flk-1 +  cells 
(but neither Flk-1 low/– /GFP –  nor Flk-1 – /GFP +  cells), express 
mRNA for Flk-1 or other endothelial or cardiac progenitor 
cell markers, such as the receptor for angiopoietin (Tie-2), 
as well as brachyury, Isl-1 or Nkx-2.5 ( fig. 2 a). Since Flk-1 
is also expressed in neural progenitor cells  [22] , the neural 
progenitor markers Mash-1 and Sox-1 were also examined, 
revealing low Mash-1 and Sox-1 mRNA levels within the 
Flk-1 +  cell population. Moreover, analysis of their angio-

genic properties in vitro revealed that Flk-1 +  cells exhibited 
the highest capacity to form cord-like structures and net-
works after being seeded on Matrigel (p  !  0.001 vs. Flk-
1 low/– /GFP –  or GFP +  cells;  fig.  2 b). Similarly, only Flk-1 +  
cells were able to sprout when cultured in type I collagen 
(p  !  0.001 vs. Flk-1 low/– /GFP –  and GFP +  cells;  fig. 2 c). Based 
on these findings, maGSCs-derived, FACS-sorted Flk-1 +  
progenitor cells were used for further endothelial differen-
tiation.
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  Fig. 2.  Characterization of FACS-separat-
ed Flk-1 +  cells.  a  RNA was isolated from 
Flk-1 + , Flk-1 low/– /GFP –  and GFP +  cells im-
mediately after FACS separation and used 
to determine the expression of mesoderm 
lineage markers Flk-1, Tie-2, brachyury, 
Isl-1, Nkx-2.5, the neural progenitor mark-
ers Mash-1 and Sox-1, as well as the house-
keeping gene GAPDH. Day 0 (d0) undif-
ferentiated maGSCs and OP9 stromal cells 
served as a negative control. The angio-
genic potential of Flk-1 + , Flk-1 low/– /GFP –  
and GFP +  cells was analyzed using the 
Matrigel ( b ) as well as the spheroid ( c ) an-
giogenesis assay. Findings in Flk-1 +  cells as 
well as the quantitative analysis of 3 in-
dependent experiments are represented. 
 ###  p  !  0.001. 
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  Before initiating endothelial differentiation of the 
FACS-sorted Flk-1 +  cells, the effect of coating culture 
dishes with either COLIV, FN or growth-factor-reduced 
Matrigel was compared, with regard to their ability to 
support growth and endothelial lineage differentiation. 
As shown in online supplementary figure I (see www.
karger.com/doi/10.1159/000332910 for all online suppl. 
figures), the cultivation of cells for an additional 5 days 
without VEGF supplementation was associated with a 
significant reduction of the number of Flk-1 +  cells, al-
though to a lesser extent if cells had been grown on CO-
LIV. If cells had been grown on COLIV in the presence of 
VEGF (10 ng/ml), 36  8  3.3% of them were positive for 
Flk-1, i.e. a percentage similar to the initial Flk-1 +  popula-
tion. Furthermore, real-time quantitative PCR revealed 
that cells grown on COLIV in the presence of VEGF ex-
pressed significantly higher amounts of Tie-2 and the en-
dothelial marker VE-cad in comparison to cells grown on 
FN or growth-factor-reduced Matrigel (online suppl. fig. 
IIA–C). Although vWF mRNA expression was similar in 
cells grown on different ECM proteins (online suppl. fig. 
IID), vWF immunopositive tube-like structures were 
only observed in cells cultured on either FN or COLIV 
(online suppl. fig. IIIA). Finally, cells grown on COLIV-
coated culture dishes exhibited the highest ability to 
sprout, as assessed using the spheroid angiogenesis assay 
(online suppl. fig. IIIB). Thus, FACS-separated Flk-1 +  
cells were seeded on COLIV-coated culture dishes and 
cultivated in the presence of VEGF to induce endothelial 
differentiation.

  At different time points after cultivation, cells were 
collected for RNA isolation followed by RT-PCR analysis 
(n = 3 independent experiments;  fig. 3 a and online suppl. 
fig. IV). These analyses revealed that with prolonged du-
ration of culture (up to passage 6), mRNA expression of 
mature EC markers, i.e. vWF, VE-cad and eNOS, contin-
ued to increase, particularly in the Flk-1 +  cells, whereas 
mRNA expression of markers for vascular smooth mus-
cle cells (e.g.  � -SMA) decreased. Compared to Flk-1 low/–

 GFP –  and GFP +  cell populations, higher expression of 
Tie-2, PECAM-1, VE-cad, eNOS, and vWF mRNA was 
observed in Flk-1 +  cells. Similarly, the morphology of Flk-
1 +  cells changed from ‘spindle-shaped’ on day 1 after re-
plating (day 5 + 1;  fig. 3 b, left panel) to a ‘cobblestone-like’ 
EC morphology after longer culture, i.e. after being pas-
saged ( fig. 3 b, middle and right panel). Also, cells retained 
their ability to proliferate, as shown by the increasing 
density of colonies (a typical example is shown in  fig. 3 b, 
right panel) as well as in the MTS assay ( fig. 3 c). On the 
other hand, contact inhibition of growth also could be 

observed on confluent maGSC-ECs, similar to HUVEC 
(used as positive control;  fig. 3 d). These ‘cobblestone-like’ 
cells were thus termed maGSC-ECs.

  To further characterize maGSC-ECs after being culti-
vated for up to 6 passages, flow cytometry was performed 
using antibodies against markers expressed by mature 
ECs, i.e. VE-cad and vWF ( fig. 4 a). Approximately 53 and 
66% of cells were found to express VE-cad or vWF, re-
spectively, whereas less than 15% of cells were positive for 
 � -SMA. Immunostaining of cells confirmed expression 
of VE-cad at adherent junctions between ECs, whereas 
vWF antigen was detected predominantly in the perinu-
clear cytoplasm ( fig. 4 b, left column). Of note, OP9 feed-
er-layer cells examined in parallel were found to be nega-
tive in these analyses ( fig. 4 b,   right column). Moreover, 
cells were able to endocytose acLDL and to bind mouse 
EC-specific lectin ( fig.  5 a). To analyze their functional 
capacities, the spheroid and Matrigel angiogenesis assays 
were employed. These analyses revealed that cells were 
able to form cord-like structures and networks within 8 
h after being plated on Matrigel ( fig. 5 b) or to sprout with-
in 48 h after being mixed with collagen type I, similar to 
the murine EC line SVEC4–10 ( fig. 5 c).

  To examine the functionality of culture-derived 
maGSC-ECs in vivo, CM-DiI-fluorescent labeled cells 
were mixed with Matrigel and injected subcutaneously 
under the dorsal skinfold of CD1 mice. As shown in  fig-
ure 6 a, only a few FITC-lectin-positive cells could be de-
tected in both negative control groups, i.e. Matrigel only 
(without cells) and Matrigel/OP9 stromal cells, 3 weeks 
after injection, whereas numerous FITC-lectin-positive 
blood vessels (thus demonstrating their connection with 
the host vasculature) were detectable in Matrigel plugs 
mixed with murine endothelial SVEC4–10 cells or 
maGSC-ECs, respectively. Quantitative evaluation con-
firmed that the addition of maGSC-ECs to the Matrigel 
plug was associated with enhanced neovascularization 
( fig. 6 b).

  Discussion 

 In this study, we established a protocol for the isola-
tion and differentiation of endothelial-like cells from 
maGSCs. We show that a 5-day coculture of undifferenti-
ated maGSCs on the bone marrow stromal cell line OP9, 
followed by FACS-mediated selection of Flk-1 +  cells and 
cultivation on COLIV under VEGF-mediated lineage in-
duction, reproducibly yielded functional and proliferat-
ing ECs. The endothelial phenotype of the culture-de-
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  Fig. 3.  Differentiation of maGSC-derived Flk-1 +  cells into endo-
thelial-like cells.  a  The mRNA expression profile of endothelial 
lineage markers at different time points after cultivation was de-
termined by RT-PCR. Flk-1 +  cells differentiated into endothelial-
like cells after long-term culture (i.e. passage 6) as suggested by 
the upregulation of the endothelial-specific markers VE-cad, 
vWF or eNOS. The quantitative analysis of these findings is 
shown in online supplementary figure IV.                b  Phase contrast mi-
croscopy revealed a ‘spindle-shaped’ appearance of Flk-1   +  cells 1 

day after culture in endothelial differentiation medium (EDM; 
left panel) and cobblestone-like cell clusters at passage 1 (middle 
panel), whereas Flk-1 +  cells formed larger clusters after long-term 
culture (right panel).  c  The ability of maGSC-ECs at passage 6 to 
proliferate was examined using the MTS assay.  d  The ability of 
maGSC-ECs or HUVEC to undergo contact inhibition was inves-
tigated after analysis of BrdU incorporation 24 h after being seed-
ed on COLIV-coated culture slides at 2 different cell densities. 
 *  p  !  0.05 versus 9  !  10 4  cells. 
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  Fig. 4.  Vascular cell marker expression by maGSC-ECs.    a  Flow 
cytometry indicated that approximately 53 or 66% of cultured 
maGSC-ECs at passage 6 were positive for VE-cad or vWF, re-
spectively, whereas 15% of the cells expressed the smooth muscle 
cell marker  � -SMA.                  b  Immunocytochemical staining of maGSC-

EC monolayers at passage 6 revealed VE-cad expression at cell 
junctions, whereas vWF was detected in the perinuclear cyto-
plasm and  � -SMA in the cytoskeleton. See insets for higher mag-
nification. OP9 cells served as a negative control.                   
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  Fig. 5.  Functional characterization of 
maGSC-ECs in vitro.    a  MaGSC-ECs (pas-
sage 6) were able to uptake fluorescence-
labeled acLDL (red) and to bind mouse en-
dothelium-specific lectin (green). DAPI-
positive cell nuclei appear blue.  b  The 
Matrigel angiogenesis assay revealed that 
maGSC-ECs, but not OP9 stromal cells or 
HASMCs, possess the ability to form net-
works.  c  The spheroid angiogenesis assays 
showed that maGSC-ECs, and to a lesser 
extent also HASMC, have the ability to 
sprout. The mouse EC line SVEC4–10 was 
used as positive control and OP9 cells as 
negative control. For colors, see online ver-
sion.                                         
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rived cells was demonstrated by their typical ‘cobble-
stone’ morphology, the expression of endothelial lineage 
markers, as well as the ability to sprout, branch and form 
vascular-like networks in vitro. Analysis of the kinetics 
of endothelial marker expression revealed successive 
maturation steps towards the EC lineage, with increasing 
levels of markers expressed on committed angioblasts 
(e.g. VE-cad) or mature ECs (e.g. vWF and eNOS). Im-
portantly, endothelial-like cells derived from Flk-1 +  cells 
could be stably propagated for at least 6 passages, ex-
pressed vWF and VE-cad, and supported new blood ves-
sel formation in mice, although maGSC-ECs were only 
detected in close proximity, but not to directly incorpo-
rate into murine vascular structures.

  The generation of adequate quantities of proliferat-
ing and functional ECs is an important prerequisite for 
cell-based therapies to improve blood flow and induce 
revascularization of ischemic tissues. Previous studies 
have shown that circulating EPCs isolated from human 
peripheral blood may differentiate into ECs and pro-
mote neovascularization in animal models  [23, 24]  or 

humans  [25] . However, since the functional capacities of 
EPCs from subjects with diabetes  [3] , obesity  [4] , other 
cardiovascular risk factors and those with coronary ar-
tery disease  [26]  are often impaired, the feasibility of 
EPC for cell-based therapeutic strategies may be limit-
ed. Functional ECs may also be generated from human 
 [27]  and mouse pluripotent ESCs  [6] ; however, their ap-
plication for regenerative therapies is restricted due to 
ethical and legal concerns or immunological problems. 
MaGSCs, which can be generated from murine testis 
and show pluripotency similar to mouse ESCs  [18] , may 
provide an interesting alternative if the technique could 
be also applied in humans. Moreover, transplantation of 
pluripotent cells for vascular repair can only be thera-
peutic if a sufficient degree of spontaneous vascular dif-
ferentiation occurs. In this regard, only a few cells dif-
ferentiated into vascular endothelial or smooth muscle 
cells were detected 4 weeks after the transplantation of 
undifferentiated maGSCs into the heart of immune-
suppressed mice  [9] . Therefore, protocols must be devel-
oped to establish efficient lineage selection before the 
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  Fig. 6.  Effect of maGSC-ECs on new blood vessel formation 
in vivo.    a  Distinct FITC-lectin-positive, i.e. perfused tube-like 
structures, could be observed in maGSC-ECs/Matrigel and posi-
tive control SVEC4–10/Matrigel plugs. Injection of plugs with 
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trol.  b  Quantitative analysis confirmed that maGSC-ECs were 
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use of pluripotent stem cells in organ regeneration strat-
egies.

  The receptor tyrosine kinase Flk-1 (VEGFR2) is one 
of the receptors for VEGF and has been widely used as 
marker for the selection of mesoderm-restricted progen-
itor cells. Several studies have shown that Flk-1 +  cells de-
rived from mouse ESCs may serve as cardiovascular pro-
genitors and further differentiate into vascular endothe-
lial and smooth muscle cells  [7, 15, 28] . Our findings 
extend those previous studies by demonstrating that Flk-
1 +  cells may also be obtained from maGSCs and can be 
induced to differentiate into proliferating endothelial-
like cells. We show that Flk-1 +  cells differentiated into 
morphological and functional endothelial-like cells in 
vitro and that the expression of endothelial lineage mark-
ers further increased during long-term cultivation of 
maGSC-ECs. Notably,  � -SMA mRNA and protein also 
were detected, consistent with the ability of Flk-1 +  pro-
genitors to differentiate into both endothelial and smooth 
muscle cells  [29] . Previous studies have shown that VEGF 
supplementation promotes endothelial and PDGF in-
duces smooth muscle cell differentiation  [7] , respective-
ly. In our study,  � -SMA mRNA expression progressively 
decreased with further differentiation, suggesting that 
longer cultivation periods or higher concentrations of 
VEGF might be required to increase the purity of ECs. 
VEGF sup plementation was also found to increase the 
number of Flk-1 + /PECAM-1 +  cells, as determined by the 
comparison of maGSC on day 5 of predifferentiation on 
OP9 cells and maGSC-ECs after passage 3 (online suppl. 
fig. V). On the other hand, cooperation of both ECs and 
mural cells may be necessary for blood vessel formation 
 [30] .

  Existing protocols for the generation of vascular cells 
from ESCs in culture either employ the formation of em-
bryoid bodies or differentiation on COLIV matrix or 
stromal cells, such as OP9  [31–33] , and comparison of 
both strategies suggested that the OP9 system may better 
support the maturation of ECs  [34] . In line with these 
previous findings, an increased expression of Flk-1 and 
Tie-2 could be observed after 5 days coculture on OP9 
cells. In addition, we demonstrated that a FACS-mediat-
ed selection of Flk-1 +  cells further enhanced the enrich-
ment of endothelial-lineage committed cells. Although 
the upregulated expression of EC-related genes occurred 
in the absence of VEGF supplementation, secretion of 
factors promoting endothelial differentiation from the 
OP9 feeder layer might also have played a role. In addition 
to soluble mediators, components of the ECM may have 
influenced the differentiation potential of pluripotent 

stem cells. For example, COLIV is known to support both 
human  [35]  and mouse  [7, 36]  ESC differentiation into 
mesodermal cell lineage, and FN has been shown to pro-
mote the differentiation of CD34-positive human pro-
genitors into ECs  [37] . The comparison of different ECM 
proteins with respect to their ability to promote EC dif-
ferentiation in this study revealed that cultivation on 
COLIV-coated plates yielded the highest amount of cells 
positive for Flk-1 and that cells grown on COLIV exhib-
ited the highest angiogenic potential.

  Regarding the potential of Flk-1 –  cells to differentiate 
into ECs, as suggested previously  [38] , Flk-1 low/–  and to a 
lesser extent also GFP +  cells were found to express Tie-2 
and vWF mRNA, at least at early time points of cultiva-
tion. A possible cause for this observation includes the 
secondary expression of Flk-1 by initially Flk-1 –  cells  [15] . 
Of note, only Flk-1 + , but neither Flk-1 low/–  and GFP + , nor 
OP9 cells were found to express Flk-1 immediately after 
the FACS-mediated selection and they were also negative 
for Tie-2. Also, functional analyses in vitro revealed that 
only Flk-1 +  cells were able to sprout or to form cord-like 
networks. Of note, a minority of Flk-1 +  cells also expressed 
GFP immediately after sorting. On the other hand, im-
munostaining analysis confirmed that Flk-1 +  cells were 
negative for the pluripotency marker Oct4. In agreement 
with previous reports, in which hemangioblast and angio-
blast were found to express Flk-1 as well as Oct3/4  [39] , the 
Flk-1 + /GFP +  cell population could thus also represent en-
dothelial precursors. Nevertheless, the possibility of GFP +  
undifferentiated cells exists and future studies will have 
to carefully evaluate these cells with regard to the possibil-
ity of teratoma formation. Of note, the significant reduc-
tion of BrdU incorporation and thus cell proliferation in 
confluent maGSC-ECs suggested that the capacity of con-
tact growth inhibition is preserved.

  Our results also show that mouse maGSCs are similar 
to mouse ESCs. When cocultured with OP9 cells for 5 
days, they differentiated into Flk-1 +  cells (35%) with an 
efficiency similar to that seen in ESCs (41.6%)  [40] . The 
efficiency is also comparable to studies showing that 
mouse ESCs or induced pluripotent stem cells cultured 
on COLIV-coated dishes differentiate into Flk-1 +  cells 
with an efficiency of 24 and 27%, respectively  [41, 42] . 
The finding that FACS-sorted Flk-1 +  cells expressed the 
cardiovascular progenitor markers Isl-1, Nkx-2.5 and the 
early mesodermal marker brachyury (in line with a previ-
ous report  [42] ), and differentiate into beating cardiomy-
ocytes during cultivation on OP9 cells (not shown), fur-
ther supports that Flk-1 +  cells derived from maGSCs are 
cardiovascular progenitors. On the other hand, markers 
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