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Abstract

White mature adipocytes give rise to multipotent cells, so-called de-differentiated fat (DFAT)
cells, when losing their fat in culture. The objective of this study was to examine the ability of
DFAT cells to give rise to endothelial cells (ECs) in vitro and vivo. We demonstrate that mouse
and human DFAT cells, derived from adipose tissue and lipospirate, respectively, initially lack
expression of CD34, CD31, CD146, CD45 and pericyte markers, distinguishing them from
progenitor cells previously identified in adipose stroma. The DFAT cells spontaneously
differentiate into vascular ECs in vitro, as determined by real-time PCR, fluorescence activated
cell sorting, immunostaining, and formation of tube structures. Treatment with bone
morphogenetic protein (BMP)4 and BMP9, important in regulating angiogenesis, significantly
enhance the EC differentiation. Furthermore, adipocyte-derived cells from Green Fluorescent
Protein-transgenic mice were detected in the vasculature of infarcted myocardium up to 6 weeks
after ligation of the left anterior descending artery in mice. We conclude that adipocyte-derived
multipotent cells are able to spontaneously give rise to ECs, a process that is promoted by BMPs
and may be important in cardiovascular regeneration and in physiological and pathological
changes in fat and other tissues.
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1. INTRODUCTION

White mature adipocytes give rise to so-called de-differentiated fat (DFAT) cells when
losing their fat in culture [1]. Mouse DFAT cells have been shown to be highly proliferative
and differentiate into multiple mesenchymal lineages including fat, bone, cartilage, skeletal
muscle and electrically active, beating cardiomyocytes [1-3]. Transplantation of DFAT cells
into infarcted myocardium in rats was shown to promote capillary density in the infarcted
area [4], suggesting that DFAT cells may support neoangiogenesis by contributing
endothelial cells (ECs) or angiogenic factors. Indeed, previous studies have suggested a
close relationship between adipocytes and ECs. Planat-Bernard et al. [5] demonstrated that
adipocytes and ECs have common progenitor cells, Tang et al. [6] reported that adipocyte
progenitor cells reside in the mural cell compartment of the adipose vasculature, and Gupta
et al. [7] showed that preadipocytes exist as a subset of both pericytes and capillary ECs.
Such progenitors may include microvascular pericytes, known to have many characteristics
in common with mesenchymal stem cells [8]. However, it is not yet clear whether
adipocytes or DFAT cells are able to give rise to ECs.

The importance of bone morphogenetic proteins (BMPS) in vascular development is
increasingly being recognized. BMP4 promotes vascular networks and induces the activin-
like kinase receptor (ALK)1 [9-11], which is activated by BMP9, a circulating BMP [12].
The activation of ALK1 is central in angiogenesis and EC differentiation [12], and absence
of ALK1 causes embryonic lethality. BMP signaling also helps balance formation of
vasculature versus organ-specific elements, as demonstrated in the lungs of mice lacking
matrix Gla protein (MGP), a BMP inhibitor [13]. Thus, BMP signaling may be instrumental
in directing EC differentiation in progenitor cells.

In this study, we provide evidence for a link between adipocytes and ECs. We demonstrate
that DFAT cells derived from mouse and human adipocytes give rise to multipotent cells
that initially lack expression of CD34, CD31, CD146, CD45 and pericyte markers,
distinguishing them from progenitor cells previously identified in adipose stroma [14].
These DFAT cells spontaneously undergo mesenchymal-endothelial transitions, which is
enhanced by treatment with BMP4 and BMP9. Finally we demonstrate that adipocyte-
derived cells can be incorporated in the vasculature in infarcted myocardium in mice.

Together, our results support that adipocytes are able to give rise to ECs through DFAT
cells, a process that is promoted by BMP4 and BMP9 and may be of central importance in
cardiovascular regeneration and in physiological and pathological changes in fat and other
tissue.

2. METHODS

2.1. Mice and human samples

AP2-Cre**;LacZ ROSA (R26R)*/* double transgenic mice that expressed B-galactosidase
(B-Gal) under the control of the aP2 promoter were generated as previously described [15],
using aP2-Cre+/+ (strain B6.Cg-Tg(Fabp4-cre) 1Rev/J) mice and LacZ ROSA26+/+ (R26R)
(strain B6.129S4-Gt(ROSA)26Sortm1Sor) reporter mice obtained from the Jackson
Laboratory. For collection of mouse adipose tissue for cell isolation, transgenic or wild type
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C57BL6/J mice were euthanized at 8-10 weeks of age by inhalation of isoflurane (5-30%)
and adipose tissues were collected postmortem.

Ligation of the left anterior descending artery in wild type C57BL6/J male mice was
performed as previously described [16]. After LAD ligation, the mouse was closely
monitored. Once the heart rate stabilized (approximately 15 minutes), a cocktail of 500,000
DFAT cells in alpha-minimum essential medium (MEM) supplemented with 1% ES cell
qualified fetal bovine serum (Invitrogen) and 1% Methylcellulose (Sigma-Aldrich) was
injected into the infarct zone. Green Fluorescent Protein (GFP)-expressing DFAT cells used
for injection were prepared from transgenic mice that expressed GFP under the control of
the human ubiquitin C promoter (strain C57BL/6-Tg(UBC-GFP)30Scha/J) obtained from
the Jackson Laboratory. The cells were previously unpassaged and used approximately 10
days after adipocyte isolation. The chest was closed after the cell injection. The mice were
sacrificed 2, 3, or 6 weeks after the procedure, and the heart was fixed for histological
analysis. The hearts were analyzed for the presence of cells that co-expressed GFP and EC
lineage markers by immunostaining.

The animal studies were reviewed by the Institutional Review Board and conducted in
accordance with the animal care guidelines set by the University of California, Los Angeles.
The investigation conforms to the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Publications No. 85-23, revised
1996). Samples of fresh human subcutaneous lipoaspirate were used for this study, but we
were blinded to the identities, all characteristics, and the medical histories of the human
subjects.

2.2. Isolation of adipocytes and culture of DFAT cells

Lipid-filled mature adipocytes were prepared from 2 grams of mouse subcutaneous adipose
tissue or human fresh lipoaspirate (within 2—4 hours of lipoaspiration) as detailed in
Supplemental Data and previously described [1, 3, 17]. The DFAT cells were cultured,
treated and transfected with siRNA as described in the Supplemental Data.

2.3. Tube Formation Assay and B-Galactosidase (B-Gal) staining

Tube formation assays were performed with cells suspended in a mixture (1:1, volume) of
rat tail collagen | gel and Matrigel™ (both BD Biosciences). Cultures were maintained for
1-4 weeks, and the medium was changed every 4-5 days. For p-Gal staining, cells were
fixed in 0.05% glutaraldehyde and stained with B-Gal (X-Gal) solution at pH 8.1-8.5 for 4
hours at 37°C, and analyzed under phase contrast microscopy. The percentage of p-Gal
positive cells was calculated after estimation of 10 different optical fields per culture well.

2.4. Flow Cytometric Analysis

The purity and size of the isolated adipocytes was assessed by fluorescence-activated cell
sorting (FACS) using the lipophilic fluorescent dye Nile red as previously described [1, 3].
For characterization of the phenotype of DFAT cells, FACS analysis was performed after
the first passage as previously described [1] using fluorescein isothiocyanate (FITC)-,
phycoerythrin (PE)-, or Alexa Fluor 488 (AF-488)-conjugated anti-mouse or anti-human
antibodies as detailed in Supplemental Data.

2.5. RNA analysis

RT-PCR and real-time PCR were performed as previously described [10], and as detailed in
Supplemental Data.
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2.6. Immunofluorescence

Cells grown in chamber slides were fixed in 4% paraformaldehyde, permeabilized with
0.2% Triton X-100, blocked with 10% goat serum and 1% BSA in phosphate-buffered saline
(PBS), and incubated over night at 4°C with the appropriate primary antibodies or non-
specific IgG control antibodies, diluted 1:200 in 1% BSA in PBS as detailed in
Supplemental Data. The next day, cells were incubated with secondary AF-488-conjugated
(green fluorescence) or AF-594-conjugated (red fluorescence) goat anti-mouse or anti-rabbit
secondary antibodies (Molecular Probes). The cells were washed with PBS, the nuclei
stained with 4”,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich), and visualized by
confocal or regular fluorescence microscopy. Lipids were stained with AdipoRed™ (Lonza)
as per manufacturer’s instructions before immunofluorescence.

2.7. Immunoblotting

Immunoblotting was performed as previously described [18, 19]. Equal amounts of cellular
protein were used. Blots were incubated with specific antibodies to VE-cadherin (400 ng/ml;
Santa Cruz Biotechnology). p-Actin (1:5000 dilution; Sigma-Aldrich) was used as loading
control.

2.8. Statistical Analysis

Data were analyzed for statistical significance by two-way analysis of variance with post
hoc Tukey’s analysis using the GraphPad Instat® 3.0 software (GraphPad Software, San
Diego, CA). P-values less than 0.05 were considered significant. All experiments were
repeated a minimum of three times.

3. RESULTS

3.1. Preparation and characterization of DFAT cells

To determine if adipocyte-derived multipotent cells differentiate into ECs, we used
adipocyte isolated from mouse adipose tissue or human lipoaspirate. The adipocytes were
carefully washed a minimum of three times in phosphate-buffered saline as previously
described [3]. The number of adipocytes with two or more nuclei was 1-2%, as determined
by Nile Red and nuclear staining (data not shown), which is consistent with our and other’s
previous observations [3, 20, 21]. It has been well documented that about 50% of the
adipocytes adhere and enter the cell cycle after placement in culture. They divide in an
apparent asymmetrical fashion where the lipid droplet stays with one of the dividing cells
(see references [1, 4] for figures and videos). Once free from lipid droplets, after 5-7 days,
the cells are referred to as dedifferentiated fat (DFAT) cells and continue to divide and form
colonies. The findings suggest that the DFAT cells are generated from the adipocytes and
not from cells attached to the adipocytes.

To ensure that other, non-adipocyte, cells were not contaminating the mouse or human
adipocyte isolates, we examined expression of a number of surface markers and lineage
specific markers. Peroxisome proliferator-activated receptor (PPAR)-y, an adipogenic
marker, was detected in the original adipocytes and in DFAT cells on day 7 when
adipogenic redifferentiation has been described [1], We were unable to detect expression of
CD34 (EC progenitors), CD45 and CD90 (leukocytes, hematopoietic progenitors), CD133
(neuroepithelial progenitors) CD14 or CD11b (human and mouse macrophages,
respectively), CD31 (ECs), alpha-smooth muscle actin (ASMA, smooth muscle cells), and
CD140b, neuron-glia antigen 2 (NG2) and CD146 (pericytes) as determined by RT-PCR
(Figure 1A for human adipocytes, Supplemental Table I for human and mouse adipocytes)
and real-time PCR (expression was not detected, data not shown). In addition, the absence of
macrophages in mouse adipocytes was supported by negative F4/80 staining (Supplemental
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Figure IA). To ensure that bi-nucleated adipocytes did not represent ECs or EC progenitor
cells stuck to adipocytes, the adipocytes were stained with anti-CD31 or CD34 antibodies,
and 1,500-2,000 adipocytes were inspected. The results showed no CD31 or CD34
expression in bi-nucleated adipocytes (Figure 1B), suggesting that the presence of a second
nucleus is not due to an attached EC or EC progenitor cell. Moreover, some adipocytes
appear to be in different stages of division (Supplemental Figure IB). We also ensured that
ECs and macrophages in the ASC fraction did not normally stain for lipids using AdipoRed
in combination with immunostaining for CD31, CD34 and F4/80 (Supplemental Figure I1).

The expression in adipocytes was compared to that of unpassaged DFAT cells, 3 and 7 days
after adipocyte isolation, and HAECs. The DFAT cells from day 3 expressed only CD90
and, weakly, CD133, whereas DFAT cells from day 7 also expressed CD34, CD31,
CD140b, NG2, CD146 and ASMA (Figure 1A). Expression of CD45, and CD14 or CD11b
(human or mouse DFAT cells, respectively) was not detected. The expression pattern in the
hASCs from day 7 was similar to that of hDFAT cells from the same day except that they
lacked expression of CD90 (Figure 1A). HAECs showed expression of CD34, CD31,
CD140b, NG2, and CD146, and human monocytes showed expression of CD45 and CD14
(Figure 1A). p-Actin was used for cDNA control. Together, the results suggested that the
adipocytes used for DFAT preparation was a pure adipocytes population without significant
contamination of non-adipocytic cells. All adipocytes used for DFAT cell preparation in this
study were similarly checked for contaminating cells.

To compare early DFAT cells with other types of progenitor cells that have previously been
reported in stromal vascular fractions from adipose tissue [14], we determined expression of
surface antigens CD34, CD31, CD146 and CD45 in unpassaged DFAT cells 5 days after
adipocytes were placed in culture. We were unable to detect expression of any of CD34,
CD31, CD146 and CD45, as determined by FACS (Figure 1C), which is consistent with the
RT-PCR findings in DFAT cells from day 3. HAECs were included for comparison. This
suggests that the initial DFAT cells are distinct from the previously identified subendothelial
progenitor cells (CD34-, CD31-, CD146+), vascular wall resident endothelial progenitor
cells (CD34+, CD31-, CD146+), vascular wall hematopoietic progenitor cells (CD45+), and
white fat progenitor cells (CD34+) [14]. Because the DFAT cells do not express the pericyte
markers (CD140b, NG2 and CD146) [14], they are also distinct from pericytes. However,
expression of CD34, CD31, and CD146 is detected in DFAT cells from day 7 (Figure 1A),
whereas expression of CD45 remained undetectable. Together, the results suggested that
DFAT cells may constitute a transient precursor cell population that is an intermediary
between the adipocytes and previously identified cells in the adipose stroma.

To monitor for early expression of CD34 and CD31 in individual DFAT cells derived from
the adipocytes, we placed 25-50 floating adipocytes per well in 96-well plates. This ensured
that a sufficient number of individual DFAT cells emerged from the adipocytes [1, 4], sunk
to the bottom of the wells, divided and formed small clonal colonies (Figure 2A, left panels,
Supplemental Movie). These clones were then stained for CD34 and CD31. Rare CD34+
cells could be detected as early as day 4, rare CD34+, CD31+ cells on day 6, and cells with
predominantly CD31 expression on day 8, as determined by immunofluorescence (Figure
2A, right panels), consistent with CD34 preceding CD31 expression. The results supported
that CD34 and CD31 were induced sequentially in cells derived from the adipocytes.

Because expression of ASMA was seen in DFAT cells by RT-PCR, we examined the time
course of its appearance and whether it co-localized with CD31. The earliest ASMA
expression was detected by immunofluorescence on day 5 and increased through day 14
(Figure 2B, top). We also co-stained the cells on day 14 for AMSA and CD31, but were
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unable to detect any co-staining (Figure 2B, bottom), which suggests that distinct smooth
muscle cell populations arise in parallel with the ECs.

3.2. EC differentiation in mouse DFAT cells

To examine the potential of adipocyte-derived cells to give rise to ECs, we studied mouse
adipocytes between day 0 (newly isolated adipocytes placed in culture) and day 15. EC
differentiation occurred spontaneously between day 5 and 15 as determined by PCR and
immunostaining for EC lineage markers, including CD31, the von Willebrand factor (vWF),
FIk1, VE-cadherin, and the vascular endothelial growth factor (VEGF) (Figure 3A, B).
Expression of the VEGF, CD31 and VE-cadherin increased up to 10-20 fold after 10-15
days as determined by real-time PCR (Figure 3A, B). After 15 days, the number of CD31+
cells had increased from 0.0% to 8.3% as determined by fluorescence-activated cell sorting
(FACS) in 3 independent experiments (Figure 3C). The cells also formed multicellular tube
structures if placed in Matrigel ™'/Collagen | gels as visualized by phase contrast microscopy
(Figure 3D, top), and expressed CD31 and VE-cadherin as visualized by
immunofluorescence and confocal microscopy (Figure 3D, bottom). 4”,6-Diamidino-2-
phenylindole (DAPI) was used to visualize cell nuclei. These tube structures were stable for
a month or longer, whereas tube structures formed by HAECs dissolved in less than 24
hours. Together the data supported a link between adipocytes, DFAT cells, and ECs in mice.

3.3. Stimulation of EC differentiation in mouse DFAT cells by BMP4 and BMP9

BMP4 and BMP9 are known to have essential roles in the regulation of angiogenesis and EC
differentiation [11, 12]. To test if BMP4 and BMP9 stimulate EC differentiation in
adipocyte-derived cells, we treated isolated mouse adipocytes from day 3 with BMP4 (50
ng/ml) or BMP9 (10 ng/ml) for up to 15 days, and monitored expression of EC markers.
Noggin (100 ng/ml) or neutralizing anti-BMP9 antibodies (100 ng/ml) were added as
indicted in the figure to inhibit BMP4 or BMP9, respectively. Both BMP4 and BMP9
enhanced the expression of VE-cadherin, a marker for mature ECs, an effect that was in part
limited by Noggin and anti-BMP9 antibodies, respectively, as determined by real-time PCR
and immunoblotting (Figure 4A). The percentage of CD31+ cells increased between day 5
and 15 from 6.2% to 18.3% with BMP4 treatment, and from 4.8% to 10.0% with BMP9
treatment as determined by FACS (Figure 4B), as compared to Figure 3C. We also
combined BMP4 and BMP9, which showed further enhancement of expression of VE-
cadherin as determined by real-time PCR and immunoblotting (Figure 4C). The results
suggest that BMP4, BMP9, or combinations of the two, may be used to enhance EC
differentiation in DFAT cells.

The mDFAT cells express PPAR-y at about the same time as the EC markers (Figure 1A).
Therefore, we tested whether PPAR-y agonists, known to have anti-angiogenic effects [22],
modified the effects of BMP-4, which is also involved in adipogenic differentiation [23].
The DFAT cells were treated after the first passage with the PPAR-y agonist GW1929 (100
ng/ml) for 7 days, and expression of EC markers (CD31 and VE-cadherin) and adipogenic
markers (PPAR-y and CCAAT/enhancer-binding protein (C/EBP) alpha) was determined
by real-time PCR. The results showed that GW1929 suppressed the expression of the EC
markers, instead promoting the adipogenic markers (Supplemental Figure I11), suggesting a
crosstalk between BMP- and PPAR-y signaling in balancing EC differentiation.

Moreover, siRNA experiments in DFAT cells suggested that the ALK2, a BMP-4 receptor,
was important for expression of both CD31 and VE-cadherin in BMP-treated DFAT cells
(Supplemental Figure 1V), further supporting the importance of BMP signaling in early EC
differentiation.
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3.4. Tube formation in B-Gal-expressing DFAT cells

To validate the adipocytic origin of the ECs, we used adults aP2-Cre*/*;LacZ ROSA
(R26R)*'* double transgenic mice [15], where the aP2/FABP4 promoter directs adipocyte-
specific expression of the LacZ gene [24-26] that is maintained even after redifferentiation.
The adipocytes were checked for contamination as outlined above. We stained for p-Gal
activity and determined the percentage of stained cells in adipocytes directly after isolation,
and in mDFAT cells after one week in culture, and mASCs after two days in culture. The
results revealed that 99.9% of both adipocytes and mDFAT cells stained positive for p-Gal
activity (Figure 5A, B), supporting that the DFAT cells are derived from the adipocytes.
Unexpectedly, about 45% of the mASCs also stained positive for p-Gal activity (Figure 5A,
B), suggesting that the mASC population contains cells of adipocytic origin. Control cells
from wild type mice were negative for §-Gal staining (Supplemental Figure V).

To determine if B-Gal expressing mDFAT cells and mASCs differentiated into
cardiovascular cells, unpassaged mDFAT cells were allowed to remain in culture for up to
14 days in regular culture medium. The cells formed colonies of cells resembling
adipocytes, tube structures and networks of cardiomyocyte-like cells, all of which showed -
Gal activity (Supplemental Figure VI). Capillary-like tube structures with p-Gal activity
formed from the mDFAT cells and the ASCs when cultured in Matrigel ™/Collagen | gels
(Figure 5C). Staining for CD31 and VE-cadherin co-localized with p-Gal in the tube
structures as determined by immunofluorescence (Figure 5C). The mASCs formed fewer
tubes, although all tubes we detected stained for B-Gal, suggesting that EC progenitors in
this fraction at least in part derive from adipocytes, and that dedifferentiation of adipocytes
might occur in vivo.

3.5. EC differentiation in human DFAT cells

To examine endothelial lineage differentiation in human DFAT cells, we studied cells from
four human lipoaspirates. We allowed unpassaged DFAT cells to remain in culture for up to
20 days, and determined expression of EC lineage markers by RT-PCR, real-time PCR and
immunofluorescence. RT-PCR on day 10 revealed expression of CD31 and VEGF in all
four hDFAT cell populations (Figure 6A), suggesting that the cells are able to undergo EC
differentiation. HASCs usually showed less expression of CD31 and VEGF. No expression
was detected in the original adipocyte isolates. Real-time PCR showed significant increases
in expression of CD31, VEGF and VE-cadherin in the DFAT cells between day 7 and 20
(Figure 6B). This was significantly more than detected in the hASCs derived from the same
adipocyte isolate (Figure 6C). Similar to the mDFAT cells, the hDAT cells also formed
multicellular tube structures in Matrigel ™/Collagen | gels as visualized by phase contrast
microscopy (Figure 6D). These expressed CD31 and VE-cadherin after 10-15 days in
culture, as visualized by immunofluorescence (Figure 6D). Together, the results supported
that human adipocyte-derived cells are able to give rise to ECs similar to the mouse cells,
possibly more efficiently than the ASCs.

3.6. Injected DFAT cells detected in the vasculature of infarcted mouse myocardium

To determine if adipocyte-derived DFAT cells could be incorporated into actively forming
vessels, we injected 500,000 previously unpassaged DFAT cells, approximately 10 days
after adipocyte isolation from GFP-transgenic mice, into the infarct zone of C57BL6/J
background right after LAD ligation. After 2, 3 and 6 weeks (3 mice for each time point),
the mice were sacrificed, and the hearts were prepared for immunostaining for GFP, CD31,
and isolectin B4, for visualization of myocardial microvasculature. The results showed that
GFP-positive cells were easily detected at the injection site after 3—4 days (Figure 7A), and
in a vascular pattern in the infarct zone, co-staining with isolectin B4, a vascular marker,
after 2, 3 and 6 weeks (Figure 7B). Approximately 13% of the isolectin B4 positive cells
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were also positive for GFP after 6 weeks (Figure 7C). This suggests that adipocyte-derived
cells can contribute cells directly to EC lineage and support new vessel formation.

4. DISCUSSION

In this study, we provide evidence that cells derived from white mature adipocytes
spontaneously undergo EC differentiation without requiring the previously reported co-
culture or specific treatments [27-29]. The EC differentiation was enhanced by addition of
BMP4 and/or BMP9, which may be used in different combinations to optimize EC
differentiation. Our findings support the close relationship between adipocytes and ECs
previously suggested by Planat-Bernard et al. [5] who demonstrated that adipocytes and ECs
have common progenitor cells, Tang et al. [6] who reported that adipocyte progenitor cells
reside in the mural cell compartment of the adipose vasculature, and Gupta et al. [7] who
reported that preadipocytes exist as a subset of both pericytes and capillary ECs. Indeed, our
studies suggest that the DFAT cells constitute a link between adipocytes and ECs. In our
experiments, the DFAT cells were initially devoid of expression of CD34, CD31, CD146,
CD45 and pericyte markers, distinguishing them from other progenitor cells previously
identified in adipose stroma [14]. We later detected expression of these markers, with the
exception of CD45, suggesting that DFAT cells may serve as precursor cells to several types
of stromal progenitor cell populations potentially also in vivo.

The use of adipocytes from the aP2-Cre*/*;LacZ ROSA (R26R)*/* mice further supported
the adipocytic origin of DFAT cells. These adipocytes were checked for contaminating cells
just like the other adipocytes used in this study. Thus, even though selective expression of
aP2/FABP4 has been described during embryonic development [15], and low levels
(10,000-fold less) have been reported in macrophages [30], the p-Gal expression would
signify adipogenic origin in these experiments. A large part of the ASCs also maintained
expression of p-Gal, suggesting that at least part of the multipotent cells in the stromal
fraction originate from adipocytes in a process similar to the generation of DFAT cells in
vitro.

Adipocytes are widespread in tissues and in vascular adventitia, and could therefore serve as
a widespread source of multipotent cells depending on the plasticity of the adipocytes in a
particular location. We speculate that mesenchymal-endothelial transitions are important in
catabolic states such as cancer cachexia and status post bariatric surgery, where adipose
vascularity is increased [31, 32]. Interestingly, a recent study demonstrated that
overexpression of VEGF in the adipose tissue, resulting in increased adipose vascularity,
may even protect against diet-induced obesity and insulin resistance [33]. This would in part
challenge previous studies where angiogenesis inhibitors have shown promising results in
preventing obesity [34]. Preliminary data from our laboratory show that diabetic mouse
models have significant alterations in adipose vascularity and expression of endothelial and
adipogenic lineage markers (data not shown), supporting that adipose vascularity is affected
by diabetes and obesity.

The stimulation of EC differentiation by BMP4 and BMP9 was consistent with our previous
findings that showed that both BMPs are necessary for appropriate angiogenesis [13].
However, It is possible that BMP simply stimulates proliferation of EC progenitor cells or
differentiated ECs. We know from our previous studies that BMP-4 and BMP-9
differentially affect proliferation of ECs depending on previous BMP-4 exposure and ALK1
expression [35]. To determine what proportion of the increase in ECs is due to proliferation
of committed ECs at various stages, versus promotion of EC differentiation in progenitor
cells, will require further studies and a better understanding of the different stages of EC
differentiation. However, the suppressive effect of the PPAR-y agonist 1929 on expression
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of CD31 and VE-cadherin, and the importance of the ALK2 receptor for the expression of
these markers in BMP treated cells, suggest that the pro-angiogenic effect is at least in part
due to an enhancement of differentiation.

The human adipocyte-derived cells used in this study were similar to mouse cells in acting
as a source of cells undergoing EC differentiation. However, we did not have access to
information about the location from which the fat was aspirated, or the characteristics of the
human subjects such as age, gender, body mass index or presence of diabetes mellitus.
Therefore, we were unable to assess if how the influence of such factors affected DFAT
characteristics and EC differentiation, an area that will be important in future studies.

We examined the in vivo incorporation of GFP-positive cells in vasculature of infarcted
myocardium up to 6 weeks after the LAD ligation and the injection of the such cells. At both
time points, GFP-positive cells were detected in the endothelial layers of the
microvasculature around the area of injection, further supporting the ability of adipocyte-
derived cells to serve as a source of ECs. However, additional studies would be required to
assess whether the inclusion of the adipocyte-derived cells had a beneficial effect on the
myocardial function. Such studies would preferably include ASCs for comparison, and
would require large number of animals to ensure sufficient statistical power.

In conclusion, our results support that mouse and human adipocytes are able to give rise to
ECs through DFAT cells, which are distinct from previously identified progenitor cells in
the adipose stroma, and that the process can be enhanced by BMP4 and BMP9. Our findings
may be important for the understanding of cardiovascular regeneration, and provide a model
system for further studies of EC differentiation in progenitor cells.
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(A) Expression of cell surface markers in freshly isolated adipocytes, hDFAT cells (Day 3
and 7 days in culture), hASCs (Day 7), HAECs and human monocytes, as determined by

RT-PCR. PPAR-vy is marker of adipogenic differentiation.

(B) Bi-nucleated adipocytes stained with AdipoRed™ and anti-CD31 or CD34 antibodies
(green fluorescence). No CD31 or CD34 expression is detected in the adipocytes. DAPI

(blue) is used to visualize nuclei. Non-specific 1gG control showed no staining.
(C) Expression of surface markers CD31, CD14, CD45, CD34, CD146 and CD140b in

hDFAT cells 5 days after culture start. HAECs are shown for comparison.
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Figure 2. Early expression of CD34 and CD31 in mouse DFAT cells

(A) (Left panels) Formation of cell colony formed from one mDFAT cell over the course of
8 days, as shown by phase contrast microscopy. (Right) Expression of CD34 (red
fluorescence) is detected on Day 4, co-expression of CD34 and CD31 (red and green
fluorescence, respectively) is detected on Day 6, and expression of CD31 (green
fluorescence) is detected on Day 8. DAPI (blue) is used to visualize nuclei. Non-specific
IgG control showed no staining in the experiments in panel A or B.

(B) (Upper panels) Expression of ASMA (green fluorescence) is detected in mDFAT cells
on Day 5 in culture and later. (Lower panels) No co-expression of ASMA and CD31 (red
fluorescence) was detected in mDFAT cells.
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Figure 3. Spontaneous EC lineage differentiation in mouse DFAT cells

(A) Expression of CD31, vWF, VE-cadherin and FIk1, markers of EC lineage, and VEGF
increased in unpassaged mDFAT cells between day 5 and 20 as determined by RT-PCR and
real-time PCR. B-Actin was used as RNA control. Asterisks indicate a statistically
significant difference between compared to day 0. *<0.05, **<0.01, ***<0.001 7ukey’s test.
(B) MDFAT cells stained positive for CD31, VE-cadherin and VEGF. DAPI (blue) was
used to visualize nuclei. Non-specific 1gG control showed no staining.

(C) The number of CD31 positive mDFAT cells increased from 0% to 8.3% between day 0
and day 15 as determined by FACS.

(D) (Top) Phase contrast microscopy (BF; bright field) of tube formation in mDFAT cells
cultured in Matrigel™/Collagen I gels. (Bottom) Multicellular tube structures stained
positive for CD31, VWF and VE-cadherin as visualized by confocal microscopy.
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Figure4. Stimulation of EC lineage differentiation in mouse DFAT cells

(A) (Left) MDFAT cells were treated for 15 days with control vehicle, BMP4 (50 ng/ml) in
absence or presence of Noggin (100 ng/ml) (left), or with BMP9 (10 ng/ml) in absence or
presence of neutralizing anti-BMP9 antibodies (100 ng/ml) (right). Expression of VE-
cadherin was determined by real-time PCR and immunoblotting. p-Actin was used as
loading control.

(B) The percentage of CD31(+) cells was determined by FACS after 5, 10 and 15 days of
BMP4 or BMP9 treatment.

(C) MDFAT cells were treated with BMP4 and BMP9 for 15 days and expression of VE-
cadherin was determined by real-time PCR and immunoblotting. Asterisks indicate a
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statistically significant difference between compared to controls on day 0. *<0.05, **<0.01,
***<0.001 Tukey'’s test.
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Figure5. Tubeformatlon in mouse DFAT cellsand ASCs generated from aP2-Cre L acz
ROSA (R26R)™* double transgenic mice

(A) Outline of generation of mDFAT cells and mASCs from adipocytes isolated from aP2-
Cre*/*;LacZ ROSA (R26R)** mice. B-Gal activity was detected by staining, and p-Gal
protein was detected by immunofluorescence.

(B) Percentage of B-Gal positive mouse adipocytes (AD), DFAT cells, and ASCs.

(C) Tube forming cells from mDFAT cells and mASCs stained positive for CD31 and VE-
cadherin (both green fluorescence), which co-localized with staining for B-Gal (red
fluorescence). DAPI (blue) was used to visualize nuclei. Non-specific 1gG control showed
no staining.
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Figure 6. Expression of lineage markersin human DFAT cells

(A) Expression of CD31 (endothelial marker) and VEGF in 4 different preparations of
hDFAT cells as determined by RT-PCR. Freshly prepared adipocytes (AD) and hASCs from
the same lipoaspirate as hDFAT4 were included for comparison. HAECs and human
monocytes were included as positive and negative controls, and p-Actin was used as RNA
control.

(B) Expression of CD31, VE-cadherin, and VEGF in hDFAT cells between day 0-15, as
determined by real-time PCR. Asterisks indicate a statistically significant difference
compared to day 0. *<0.05, **<0.01, ***<0.001 7ukey'’s test.

(C) Expression of CD31 and VEGF in hDFAT cells as compared to hASCs between day 5—
20, as determined by real-time PCR. Asterisks indicate a statistically significant difference
between hDFAT cells and hASCs. *<0.05, ***<0.001 7ukey’s test.

(D) Tube formation in hDFAT cells detected by phase contrast microscopy (left panels), and
expression of VE-cadherin and CD31 after 10-15 days of culture, as visualized by
immunofluorescence. DAPI (blue) was used to visualize nuclei. Non-specific 1gG control
showed no staining (not shown).
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Figure 7. Mouse GFP-positive adipocyte-derived cellsin vessels of infarcted mouse myocardium
(A) GFP-positive adipocyte-derived cells at injection site in myocardium.

(B) Number of vessels in infarcted area after 6 weeks, and percentage of cells that co-stained
for with isolectin B4 and GFP.

(C) Localization of isolectin B4 and GFP in infarcted mouse myocardium 2, 3, and 6 weeks
after LAD ligation and injection of GFP-positive DFAT cells. DAPI (blue) was used to
visualize nuclei. Non-specific IgG control showed no staining (not shown).
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