Biochemical and Biophysical Research Communications 457 (2015) 479—484

Contents lists available at ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier.com/locate/ybbrc

The perivascular phenotype and behaviors of dedifferentiated cells
derived from human mature adipocytes

@ CrossMark

Ning Song °, Liang Kou ?, Xiao-Wen Lu °, Atsunori Sugawara °, Yutaka Shimizu ",
Min-Ke Wu ?, Li Du ?, Hang Wang ?, Soh Sato ”, Jie-Fei Shen *""

2 State Key Laboratory of Oral Diseases, West China Hospital of Stomatology, Sichuan University, Chengdu, Si Chuan 610041, China
b School of Life Dentistry at Niigata, Nippon Dental University, Niigata 951-8580, Japan

ARTICLE INFO ABSTRACT

Article history:
Received 27 December 2014
Available online 17 January 2015

Derived from mature adipocytes, dedifferentiated fat (DFAT) cells represent a special group of multi-
potent cells. However, their phenotype and cellular nature remain unclear. Our study found that human
DFAT cells adopted perivascular characteristics and behaviors. Flow cytometry and immunofluorescent
staining revealed that human DFAT cells positively expressed markers highly related to perivascular cell
lineages, such as CD140b, NG2 and desmin, but were negative for common endothelial markers,
including CD31, CD34, and CD309. Furthermore, DFAT cells displayed vascular network formation ability
in Matrigel, and they noticeably promoted and stabilized the vessel structures formed by human um-
bilical vascular endothelial cells (HUVECs) in vitro. These results provide novel evidence on the pericyte
nature of human DFAT cells, further supporting the recent model for the perivascular origin of adult stem
cells, in which tissue-specific progenitor cells in mesenchymal tissues associate with blood vessels,
exhibiting perivascular characteristics and functions.

Keywords:
Dedifferentiated fat cell
Perivascular behavior
Pericyte

Angiogenesis
Endothelial cell

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Mature adipocytes exhibit dynamic plasticity and can be
cultured into a special type of multipotent, proliferating cells, called
dedifferentiated fat (DFAT) cells [1]. At first, the source of DFAT cells
was adipose tissue from the bone marrow of metacarpal bones in
neonatal calves [2,3]. Subsequent research has demonstrated that
subcutaneous white adipose tissue (WAT) from several species,
including human [4—6], rat [7], mouse [8], cattle [9,10], porcine
[11], ovine [12], and rabbit [13], can give rise to DFAT cells. In
addition, mature adipocytes derived from intermuscular or peri-
muscular fat can also give rise to DFAT cells [9,14]. The ceiling
culture technique, first reported by Sugihara at 1986, has frequently
been used to obtain DFAT cells [2].

Because of their dynamic multipotency, DFAT cells are consid-
ered a new source of adult stem cells. Our team and several other
groups have reported that DFAT cells are able to differentiate into
adipocytes [6,8,15,16], osteoblasts [8,15], chondrocytes [15], skeletal
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myocytes [17], cardiomyocytes [7] and smooth muscle-like cells
[4,18]. However, their cellular nature and differentiation stage
remained unclear. Yagi et al. and Nobusue H et al. established a
novel pre-adipocyte cell line from subcutaneous fat tissue of mice
via ceiling culture, suggesting that DFAT cells shared a similar shape
and characteristics with 3T3-L1 pre-adipocytes [19,20]. A subse-
quent study from the same group demonstrated that DFAT—P cells
derived from porcine subcutaneous fat tissue were pre-adipocytes
akin to the 3T3-L1, 3T3-F442A, and RMB-AD pre-adipocyte cell
lines [21]. Our previous study also showed that DFAT cells are more
able to differentiate adipogenically than osteogenically [22].
Interestingly, other reports have asserted that human DFAT cells
can trans-differentiate into endothelial cells in vivo [23] or in vitro
[24]. By contrast, in this study, we did not find that DFAT cells
demonstrated endothelial phenotypes even in the presence of
several key angiogenic factors and cytokines. However, for the first
time, we proved that human DFAT cells exhibited a series of peri-
cytic characteristics. Furthermore, these cells could significantly
promote and stabilize endothelial networks formed by human
umbilical vascular endothelial cells (HUVECs). These findings pro-
vide direct evidence supporting the hypothesis that pericytes
might serve as a common reservoir of multiple tissue-specific
progenitors, in which the stemness of different tissue-specific
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progenitors is recruited to nascent microvascular walls during
development and postnatal growth [25,26].

2. Materials and methods
2.1. Establishment of human DFAT cells

Our study was approved by the Ethics Committee of State Key
Laboratory of Oral Diseases, Sichuan University. Samples of human
white adipose tissue were obtained from the buccal fat pad area of
patients undergoing maxillofacial surgery in the West China Hos-
pital of Stomatology, Sichuan University. Written informed consent
was obtained from patients before surgery.

The isolation protocol resembles the standard method described
previously [7]. To avoid contamination with other cells, the sample
was carefully washed three times in phosphate-buffered saline, and
then, white adipose tissues were minced and treated with 0.1%
Type Il collagenase at 37 °C for 40 min. After filtration and repeated
centrifugation, the top layer, containing unilocular adipocytes, was
collected. The in vitro dedifferentiation method was the ceiling
culture technique reported by Sugihara in 1986 [2]. After the cells
were transferred into culture flasks completely filled with high-
glucose DMEM containing 20% fetal bovine serum (FBS, ] R Scien-
tific, Inc., Canada), the flasks were inverted and incubated at 37 °C
in a humidified atmosphere with 5% CO,. The floating adipocytes
attached to the top surface of the flasks.

Purchased HUVECs (Lonza Walkersville Inc., Walkersville, MS,
USA) were maintained in EGM-2 medium (EBM-2 endothelial
culture medium supplemented with the EGM-2 MV kit, Lonza
Walkersville Inc., Walkersville, MS, USA).

2.2. Flow cytometry

When DFAT cells and HUVECs reached 85—90% confluence, flow
cytometry analysis was conducted. DFAT cells, both cultured in
DMEM with 20% FBS and EGM-2 MV, and HUVECS were detached
with 0.25% trypsin-EDTA (Invitrogen, Canada), before being sus-
pended in PBS at a density of 1 x 10° cells/ml. For each sample,
500 pl of the cell suspension was blocked by PBS with 1% bovine
serum albumin (BSA, Vector Laboratories, Inc., USA) and then
incubated for 30 min with the following mouse anti-human
phycoerythrin (PE)-conjugated antibodies: PE-CD31 (platelet
endothelial cell adhesion molecule, PECAM); PE-CD34; PE-CD105
(endoglin); PE-CD106 (vascular cell adhesion molecule-1, VCAM-
1); PE-CD140b (platelet-derived growth factor receptor beta,
PDGFRp); PE-CD146 (melanoma cell adhesion molecule, MCAM);
PE-0-SMA (alpha-smooth muscle actin); and PE-NG2 (neuron-glial
2, a chondroitin sulfate proteoglycan). The corresponding PE-
conjugated mouse IgG antibodies were used as isotype controls.
Anti-a-SMA and anti-NG2 antibodies were obtained from R&D
Systems (USA), whereas the others were purchased from BD Bio-
sciences (USA). Flow cytometry recording and analysis were per-
formed with the Guava EasyCyte Mini System and CytoSoft
Software (Guava Technologies, USA).

2.3. Angiogenic induction and analysis

Angiogenic induction was induced by the EGM-2 MV culture
medium, which contained vascular endothelial growth factor
(VEGF), basic fibroblast growth factor (bFGF) and epidemic growth
factor (EGF). At the same time, DFAT cells and HUVECs were also
cultured in DMEM with 20% FBS and EGM-2 MV, respectively. At
indicated time, cells were fixed with 2% formaldehyde at 4 °C for
20 min and blocked with 1% BSA in PBS for 30 min. Then, the cells
were incubated at 37 °C for 3 h with mouse anti-human NG2 (R&D

System Inc., USA) or mouse anti-human desmin (BD Biosciences,
USA). After 3 washes with PBS, Alexa-488 goat anti-mouse immu-
noglobulin (Molecular Probes, Invitrogen, USA) was employed as a
secondary antibody. Finally, the nuclei were counterstained with
DAPI for 3 min. All of the above incubations were performed at 4 °C
with proper light protection. Images were obtained by laser-
scanning microscopy (LSM710, Zeiss, Germany). Flow cytometry
analysis was also conducted with antibodies against CD31, CD309,
CD140b, CD146, a-SMA and NG2.

2.4. Matrigel assay

For Matrigel assays, 24-well plates were coated with 200 pl/well
of Matrigel (BD Bioscience, USA), and the cells were added at a
density of 1 x 10%/well. DFAT cells and HUVECs were planted
separately or combined at a 1:1 ratio in DMEM with 10% FBS or in
EGM-2 MV medium. At the indicated times, the cells were blocked
with PBS with 1% BSA and incubated with primary vVWF and NG2
antibodies for 3 h at 37 °C and 5% CO,, followed by incubation with
Alexa-488- and Alexa-568-conjugated secondary antibodies.
Sprouting and vascular formation were monitored and recorded by
inverted microscopy and LSM710 microscopy.

2.5. Statistical analyses

The data are expressed as the mean =+ SD. Statistical analysis was
performed with two-tailed Student's t-tests for pairwise compari-
sons or one-way ANOVA for multiple comparisons, using SPSS13.0;
P < 0.05 was considered significant.

3. Results
3.1. Establishment of human DFAT cells

At first, the lipid portion within the adipocytes broke into small
droplets, decreasing gradually. After 2—3 weeks of ceiling culture,
all lipid droplets eventually disappeared. At the same time, the cells
lost their round contour, shifting into a fibroblast-like morphology
with flat bodies and multiple processes. These phenomena
resembled the reports of previous studies [6,7,19,20]. The adipo-
cytes were considered dedifferentiated when they displayed
fibroblast-like, lipid-free morphology and regained the ability to
proliferate (Fig. 1).

3.2. Characteristics of human DFAT cells

Flow cytometry analysis displayed that human DFAT cells in this
study did not express endothelial cells or endothelial progenitor
cells makers, such as CD31, CD34, CD106, and CD146. However, they
were demonstrated markers typically associated with perivascular
cell lineages, such as CD140b and NG2. Those results implied that
DFAT cells might resemble the characteristics of pericytes (Fig. 2). In
our experiments, this expression pattern remained stable and
persistent from the 1st passage as far as the 25th passage.

3.3. Angiogenic induction and analysis

Although the plasticity of human ASCs toward endothelial cells
has previously been verified by several studies [27,28], the angio-
genic differentiation ability of DFAT cells has not been thoroughly
studied. In Planat-Bernard's report, Matrigel plugs with human
DFAT cells were injected into mouse ischemic muscle models, and
the neovascularization elicited was found to be similar to the im-
plantation of human adipose stromal vascular fraction (SVF) cells
[23]. In our in vitro study, DFAT cells were induced in an endothelial
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Fig. 1. Establishment of human DFAT cells. (A) At the 5th—7th day, the lipid portion within the adipocytes began to break into small droplets, and the cells lost their round contour.
(B) The lipid amount decreased significantly, and the cells became flat with multiple processes extended. (C) (D) After approximately two weeks of ceiling culture, the liquid droplets
disappeared, and the adipocytes shifted into a fibroblast-like morphology. (Bar length, 100 pm).

cell medium containing angiogenic growth factors, including bFGF
and VEGF, which are commonly used in the angiogenesis of ASCs
and other MSCs. Consistent with our previous findings, briefly, all
cells extended elongated processes and aligned along a certain
direction after induction. Flow cytometry analysis also demon-
strated that DFAT cells did not express the endothelial cell markers
like CD31, and CD309 before or after induction. However, both
immunofluorescent staining and flow cytometry analysis showed
strong expression of pericyte related markers, including NG2,
CD146, CD140b, and desmin, in all groups of DFAT cells (Fig. 3),
although NG2-positive cells decreased from the original
97.69 + 3.32% to 57.14 + 6.41% after culture in EGM-2 MV medium
for 7 days (Fig. 3). The findings in this section suggest that the
human DFAT cells in this study exhibited pericyte characteristics
without the potential to differentiate toward endothelial cells.

3.4. Network formation ability of human DFAT cells on Matrigel

Under the influence of angiogenic cytokines, human DFAT cells
demonstrated strong networking formation capacity on Matrigel
(Fig. 4, A). In particular, DFAT cells sprouted out immediately after
being seeded and established interconnections within the first 6 h,
compared with the 12 h noted for HUVECs. In the following 6 h,
more DFAT cells converged at the intersections, and the sprouts of
several cells joined together to form branches. Approximately 12 h
after seeding, the vascular clusters stopped increasing and con-
necting. The entire network structure produced by the DFAT cells
remained stable for another 24 h, after which, it began to break. The
interconnection process of HUVECs appeared to be slower, and the
network reached stability after the first 24 h and remained stable
for at least 48 h. In addition, the average size of the grids formed by
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Fig. 2. Phenotype of human DFAT cells by flow cytometry. (A) DFAT cells cultured in DMEM. (B) DFAT cells cultured in EGM-2 MV. After being cultured in DMEM or EGM-2 MV, the
human DFAT cells in this study positively expressed NG2 (97.69 + 1.32% and 57.14 + 6.41%, respectively), CD140b (95.53 + 0.33% and 89.38 + 0.49%, respectively), CD105
(96.53 + 0.44% and 90.01 + 1.65%, respectively), but negative for CD31 (3.85 + 0.45% and 2.84 + 0.17%, respectively), CD34 (2.87 + 0.38% and 1.46 + 0.57%, respectively), CD106
(3.68 + 1.03% and 6.91 + 2.26%, respectively), CD146 (2.11 + 0.84% and 1.02 + 0.21%, respectively) and o-SMA (1.24 + 0.78% and 2.54 + 0.12%, respectively).
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Fig. 3. Angiogenic induction of human DFAT cells. (A) Immunofluorescent staining and confocal microscopy evaluation after 7 days of angiogenic induction (bar length, 50 pm).
DFAT cells cultured in endothelial medium were positive for the perivascular lineage markers NG2 and desmin, which were not expressed by HUVECs. (B) Flow cytometry analysis
was performed before and after angiogenic induction for 7 days. DFAT cells in this study were consistently negative for the endothelial cell markers CD31 (3.18 + 0.62% and
2.74 + 0.20%, respectively) and CD309 (2.73 + 0.41% and 1.38 + 0.26%, respectively) but positive for pericyte markers CD140b (93.86 + 1.61% and 86.36 + 6.62%, respectively) and
NG2 (97.69 + 1.32% and 57.14 + 6.41%, respectively). The HUVECs showed the opposite trends. *P < 0.05.

HUVECs was significantly smaller than that of DFAT cells. When the
two cell groups were cultured together in a 1:1 ratio, both the
formation speed and the duration of the vascular network were
considerably improved. The subsequent immunofluorescent mi-
croscopy indicated that the vascular structures were positive for
NG2 and vWEF, which confirmed that both DFAT cells and HUVECs
participated in the vascularization process (Fig. 4, B). When DFAT
cells were grown on Matrigel in DMEM, many fewer in-
terconnections between the cells were observed than in the results
above (data not shown), suggesting that pro-vascular cytokines
such as VEGF [29], bFGF or EGF might be indispensible to DFAT cells
for the activation of the perivascular ability.

4. Discussion

DFAT cells have not been thoroughly characterized, but the
multipotency of DFAT cells has been relatively accepted. Their high
similarity to pre-adipocytes, except for the multilineage differen-
tiation, also drew researchers' attention [19,20]. However, our
study focused on the perivascular nature and behaviors of DFAT
cells. Perivascular cells, also called pericytes, are contractile cells
that wrap around the endothelial cells of capillaries and venules
throughout the body. Pericytes become embedded in the basement
membrane, where they communicate with endothelial cells via
both direct physical contact and paracrine signaling [30]. Our
further findings support the pericytic phenotype and behaviors of
DFAT cells.

In our study, flow cytometry (Fig. 2) and immunofluorescence
(Fig. 4, B) indicated that DFAT cells were nearly a homogenous
NG2"CD140b*Desmin*a-SMA~CD146~ cell group. Although there
is no specific molecular marker for pericytes, several combinations
of markers have helped identify them [30,31]. Commonly used
markers include surface proteins, such as NG2, PDGFRp (CD140b)
and MCAM (CD146), as well as certain intracellular proteins, such as
desmin, a-SMA, regulator of G protein signaling 5 (RGS-5), and
aminopeptidases A and N [30,32,33]. The expression patterns of
those markers above have been found to be dynamic and origin

dependent. Most previous research on pericytes used NG2 for cell
identification, and PDGFRP (CD140b) has been the most widely
studied molecule in pericytes [30]. However, a-SMA has appeared
to be less definitive in the identification of pericytes because it also
expressed by vascular smooth muscle cells (VSMCs). Furthermore,
a-SMA was not found in the pericytes in skin and brain [32].

The key roles of pericytes in vessel formation include sensing
the presence of angiogenic stimuli, regulating the endothelial cell
proliferation and differentiation, and supporting vessel growth as a
scaffold [30,34]. Several studies have found pericytes to be capable
of guiding sprouting formation by migrating ahead of endothelial
cells, after which, endothelial cells secrete vascular cytokines to
facilitate vessel maturation [30,35,36]. Furthermore, pericytes
serve the function of stabilizing, monitoring and contributing to
endothelial cell maturation and survival [37]. Interestingly, in our
study, DFAT cells exhibited the pericyte function of promoting and
stabilizing the neovascularization process. DFAT cells not only
independently established a network on Matrigel but also accom-
plished this task more rapidly than HUVECs. Without endothelial
cells, the DFAT cell network was not sustained for very long.
However, when the two cell groups worked together, the formation
and stabilization of the vascular structures were significantly
improved (Fig. 4). These findings suggested that human DFAT cells
invested actively in sprouting and modeling vessels in vitro, and
subsequent involvement of endothelial cells might lead to vessel
maturation and stabilization.

The behaviors of human DFAT cells in the neovascularization
process above should not be interpreted as a result of differentia-
tion toward endothelial cells. Before and after induction with
several key angiogenic cytokines, our human DFAT cells never
expressed any endothelial cell markers such as CD31, CD34, or
CD309 (Figs. 2 and 3), which was consistent with previous
phenotypic analysis of DFAT cells [15]. However, this result was
distinct from Planat-Bernard's report that when DFAT cells were
injected into a mouse ischemic muscle model, numerous neo-
vessels were identified by CD31 labeling [23]. Based on the
immunofluorescent staining in the Matrigel assay (Fig. 4), we
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Fig. 4. Vascular network formation ability on the Matrigel. (A) DFAT cells established their interconnections faster than HUVECs, but the connections lasted for a shorter time (bar
length, 100 um). When the two cell types were seeded together, the network grew at the speed of DFAT cells and had a lifespan similar to that of HUVECs. (B) Immunofluorescent
analysis of the network formed by DFAT cells and HUVECs, indicated by NG2 (green) and vWF (red), respectively (bar length, 50 pm). Almost all network branches and connections
exhibited double staining, which suggested that both cells participated in the building of those structures. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

believe that those CD317" vessels actually represented the endo-
thelial cells migrating into the framework previously established by
DFAT cells.

Another notable similarity between DFAT cells and pericytes is
their multipotency. As mentioned above, several studies have
demonstrated that DFAT cells can differentiate into adipocytes,
skeletal myocytes, chondrocytes, osteoblasts, cardiomyocytes, and
other cell types. Pericytes in various human tissues and organs also
have been reported to express MSC markers, as well as to possess
osteogenic, chondrogenic, myogenic and adipogenic potentials
[38]. A model that is becoming increasingly popular has linked
MSCs to pericytes, maintaining that MSCs from various tissues
reside in perivascular locations and that pericytes might even act as
MSC progenitors [31]. Because of such multipotency and the wide
distribution of blood vessels in the body, pericytes may be an
abundant source of stem cells for vascular restoration and other
tissue bioengineering [31,38]. However, like ASCs, pericytes also
comprise several subgroups and lack specific markers [31], which

might hinder their definite purification and further clinical appli-
cation. Therefore, the homogeneity and perivascular characteristics
and functions of DFAT cells revealed in this study provide new
insight into tissue repair and regeneration. Autologous DFAT cells
would be able to facilitate blood vessel reconstruction in damaged
human tissues and organs with higher efficiency and milder im-
mune reactions. However, further in vivo experiments are neces-
sary to confirm the pericytic characteristics of DFAT cells.
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