Biochemical and Biophysical Research Communications 444 (2014) 543-548

Contents lists available at ScienceDirect

Biochemical and Biophysical Research Communications

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

The phenotype and tissue-specific nature of multipotent cells derived
from human mature adipocytes

@ CrossMark

Liang Kou®', Xiao-Wen Lu®', Min-Ke Wu?, Hang Wang?, Yu-Jiao Zhang?, Soh Sato”, Jie-Fei Shen *"*

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

ARTICLE INFO ABSTRACT

Article history:
Received 14 January 2014
Available online 30 January 2014

Dedifferentiated fat (DFAT) cells derived from mature adipocytes have been considered to be a homoge-
neous group of multipotent cells, which present to be an alternative source of adult stem cells for
regenerative medicine. However, many aspects of the cellular nature about DFAT cells remained unclar-
ified. This study aimed to elucidate the basic characteristics of DFAT cells underlying their functions and

Key\{VOTdSi ) differentiation potentials. By modified ceiling culture technique, DFAT cells were converted from human
%fjlfferfn“ated fat cells mature adipocytes from the human buccal fat pads. Flow cytometry analysis revealed that those derived
ipocytes

cells were a homogeneous population of CD13* CD29" CD105" CD44" CD31~ CD34~ CD309~ o-SMA™
cells. DFAT cells in this study demonstrated tissue-specific differentiation properties with strong
adipogenic but much weaker osteogenic capacity. Neither did they express endothelial markers under
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Dil-ac-LDL uptake

angiogenic induction.
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1. Introduction

Human bone tissue and subcutaneous white adipose tissue are
the most accessible sources of autologous adult stem cells or
mesenchymal stem cells (MSCs). Considering the factors involving
the cell number upon harvest, pain and morbidity to the donor [1],
the adipose tissue presents to be a more favorable choice. Adipose-
derived stem cells (ASCs) isolated from the stromal vascular frac-
tion (SVF) were considered to be the key mesenchymal stem cells
within this tissue, which are readily induced to differentiate
toward adipocytes, osteocytes, chondrocytes, myocytes, neurons
and etc. [2-4]. However, because the SVF of adipose tissue is highly
complex in structure and cellular composition, the efficiency of
ASCs harvest method so far also needs to be improved. Another
obstacle for their application is that ASCs are constantly identified
to be heterogeneous population composed of cells with various
cellular characteristics and behaviors [4-7].

Mature adipocytes, another abundant cell group in fat tissue,
have shown dynamic plasticity to be converted into fibroblast-like
and lipid-free cells by a convenient method called ceiling culture
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technique [8,9]. Unlike the terminal differentiated adipocytes, this
group of cells showed strong and steady proliferation ability and
named dedifferentiated fat (DFAT) cells [8,10-12]. Compared with
ASCs, DFAT cells are derived directly from adipocytes based on
their unique buoyancy, which makes them a more homogeneous
population. However, the cellular nature and differentiation stage
of DFAT cells remained unclarified. Several groups reported that
the DFAT cells demonstrated MSCs characteristics with the multi-
potent capacity of differentiating into adipocytes [9,13-15], osteo-
blasts [13,15,16], chondrocytes [13], skeletal myocytes [17],
smooth muscle cell lineage [18,19], cardiomyocytes [20] and endo-
thelial cells [21,22] in vitro. Additional studies also reported neural
and neuronal progenitor markers were found their expression
[23,24]. There were also other studies suggesting that the DFAT
cells might be in a late stage of differentiation process and had
more similarity with pre-adipocytes such as 3T3-L1 and 3T3-
F442A cells, two novel pre-adipocyte cell lines isolated from Swiss
3T3 cells [25,26].

In this study, we isolate mature adipocytes from human buccal
lipid pad and convert them into DFAT cells. The adipogenic capac-
ity of DFAT cells were compared with the results of osteogenic
induction. We also tested that their behavior under angiogenic
environment. This study aims to analyze the multipotent charac-
teristics of human DFAT cells and provide more evidence to clarify
their cellular nature.
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2. Materials and methods
2.1. Cell culture and preparation

Human white adipose tissues were obtained from the buccal fat
pad area of the patients receiving maxillofacial plastic surgeries in
the West China Hospital of Stomatology, Sichuan University. The pro-
cedures were granted with the patients’ full consent, as well as the
approval from the Ethics Committee of State Key Laboratory of Oral
Diseases, West China Hospital of Stomatology, Sichuan University.
Without specification, all chemical and reagents in the following
experiments were purchased from Sigma-Aldrich (St. Louis, USA).

DFAT cells culture utilized a modified method of the ceiling cul-
ture technique introduced previously by Sugihara [8]. Briefly, har-
vested adipose tissues were minced into small pieces in warm
phosphate buffer solution (PBS) and digested in Dulbecco’s modified
Eagle’s medium (DMEM, Invitrogen, Canada) with 0.1% Type II colla-
genase at 37 °C for 30 min. After filtration and repeated centrifuga-
tion, the floating adipocytes were collected and transferred into
culture flasks (Falcon, Becton Dickinson Labware, USA) completely
filled with high glucose DMEM containing 20% fetal bovine serum
(FBS, ] R Scientific, Inc., Canada) and kept inverted at 37 °C and 5%
CO,. After about 2 weeks that all adhered adipocytes lost their lipid
drops, the flasks were re-inverted and the medium was changed
every 4 days until the culture confluence was reached.

Purchased HUVECs (Lonza Walkersville Inc., USA) were main-
tained in EGM-2 medium (EBM-2 endothelial culture medium sup-
plemented with EGM-2 MV kit, Lonza Walkersville Inc., USA).
Without specification, 5th-8th passages of the DFAT cells and HU-
VECs were used in all experiments.

2.2. Flow cytometry

HUVECs and DFAT cells cultured in DMEM with 20% FBS as well
as in EGM-2 medium were subjected to flow cytometry analysis. At
85-90% confluence, cells were detached by 0.25% trypsin—-EDTA
and suspended at a density of 1 x 10° cells/ml in PBS. Each sample
was incubated with mouse anti-human antibodies including
phycoerythrin conjugated CD13 (PE-CD13, aminopeptidase N),
PE-CD29 (integrin b1), PE-CD31 (platelet endothelial cell adhesion
molecule, PECAM), PE-CD34, fluorescein isothiocyanate conjugated
CD44 (FITC-CDA44, hyaluronate receptor, phagocytic glycoprotein-
1), PE-CD105 (endoglin), PE-CD106 (vascular cell adhesion mole-
cule-1, VCAM-1), PerCP-CD309 (vascular endothelial growth factor
receptor 2, VEGFR-2), and PE-o-SMA (alpha-smooth muscle
actins), respectively. Corresponding PE conjugated mouse IgG anti-
bodies were used as isotype control. Anti-a-SMA antibody was
obtained from R&D Systems (USA), while others were purchased
from BD Biosciences (USA). Flow cytometry recording and analysis
were performed with the Guava EasyCyte Mini System and the
CytoSoft Software (Guava Technologies, USA).

2.3. Differentiation analysis

DFAT cells were planted onto 35 mm culture dishes (Falcon,
Becton Dickinson Labware, USA) at a density of 5 x 10* cells/dish
with induction medium for 1, 2, 3 and 4 weeks, respectively. Adi-
pogenic differentiation induction medium was high glucose DMEM
containing 20% FBS, 0.5 mM 3-isobutyl-1-methylxanthine, 1 uM
dexamethasone and 5 pg/ml insulin-transferrin-selenium-X. Oste-
ogenic differentiation induction was high glucose DMEM contain-
ing 10% FBS, 10 nM dexamethasone, 10 mM L-Ascorbic Acid and
50 uM B-Glycerophosphate. At each indicated time, cells were
fixed with 4% paraformaldehyde (Wako Pure Chemical Industries,
Japan) for 30 min. Lipid accumulation was examined by staining

with 3 mg/ml Oil Red O for 30 min at room temperature. Calcium
deposit was visualized by 20 mg/ml Alizarin Red S staining for
5 min at room temperature.

2.4. Angiogenic induction and analysis

At 50% confluence in 35 mm dishes, the culture medium of
DFAT cells was replaced by EGM-2 medium containing vascular
endothelial growth factor (VEGF), basic fibroblast growth factor
(bFGF) and epidemic growth factor (EGF). DFAT cells and HUVECs
of the same passage were also cultured in DMEM with 20% FBS
and EGM-2, respectively. At indicated time, cells were fixed by
2% formaldehyde under 4 °C for 20 min and incorporated with
rabbit anti human von Willebrand factor (VWF) as the primary
antibody, and Alexa-568 goat anti rabbit immunogloblulin (Molec-
ular probes, Invitrogen, USA) as the secondary antibody. Nuclei
were counterstained with 4/,6'-diamidino-2-phenylindole (DAPI).
All incubations above were performed under 4 °C with proper light
protection. Flow cytometry analysis was also applied with antibod-
ies against CD31, CD309 and a-SMA.

2.5. Dil-ac-LDL uptake analysis

DFAT cells and HUVECs were plated onto the 35 mm dishes at
5 x 10% cells/dish. At 75% confluence, the culture medium was
replaced by the serum-free DMEM for 24 h, followed by incubation
with 2 pg/ml 1,1’-dioetadeeyl-3,3,3',3'-tetramethylindocarboeya-
nine labeled acetylated low density lipoprotein (Dil-ac-LDL) for
5h at 37 °C and 5% CO,. Then cells were washed and fixed with
4% paraformaldehyde under 4 °C for 30 min followed by DAPI
staining for 3 min. The Dil-ac-LDL uptake was assessed with
LSM710 microscopy.

2.6. Statistical analysis

Data were expressed as mean + SD. Statistical analysis was per-
formed with two-tail Student’s t test for double-group compari-
sons or one-way ANOVA for multiple comparisons under SPSS
13.0. P < 0.05 was considered to be significant.

3. Results

3.1. Establishment of human DFAT cells from mature adipocytes from
the buccal adipose tissue and their characterization

The purity of isolated adipocytes prior to ceiling culture is
crucial to avoid contamination of DFAT cells with other cellular lin-
eages [21,25]. After 4-5 days of culture, the single lipid drop within
the plasma began to break into dozens of small droplets, while no
outgrowth of other cell was observed (Fig. 1, A). At the 12th-14th
day, with all lipid portions disappeared, the dedifferentiated cells
changed into fibroblast-like shape and regained vigorous prolifer-
ation ability (Fig. 1, B-D). In this study, the dedifferentiation pro-
cess and outcome of human adipocytes derived from buccal fat
pads resembled the findings in the previous reports using abdom-
inal subcutaneous adipose tissues [9,20,25,26]. There was no obvi-
ous decrease of proliferation ability or spontaneous differentiation
observed up to the 25th passage.

3.2. Phenotype characteristics of DFAT cells

Flow cytometry analysis showed that human DFAT cells ob-
tained in this study are a homogeneous population with uniformly
expression of all selected markers, including positive for CD13,
CD29, CD105, and CD44, but negative for CD31, CD34, CD309,
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Fig. 1. Establishment of the human DFAT cells. (A) At the 4th-5th day, most of the adhered adipocytes lost their unilocular outlook and presented multiple droplets. (B)
Content of the lipid portion continued to decrease significantly and gradually disappeared after around two weeks of ceiling culture. (C, D) DFAT cells exhibited various sizes
with big flat cell bodies, single nucleus and multiple processes. The size of DFAT cells might be determined by their ancestor adipocytes based on the different amount of

intracellular lipid portion. (Bar length: 100 pm).
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Fig. 2. Phenotype profiling of human DFAT cells by flow cytometry. All markers selected for the flow cytometry analysis demonstrated uniform expression. The human DFAT
cells in this study could be characterized as a CD13 (99.78 + 0.02%), CD29 (99.50 + 0.23%), CD105 (98.12 + 1.66%) and CD44 (99.46 + 0.31%) positive, but CD31 (3.24 + 0.45%),
CD34 (9.62 +0.89%), CD309 (2.66 + 0.33%), CD106 (4.48 + 0.62%) and o.-SMA (4.66 + 0.46%) negative cell population. Data were obtained by averaging 6 samples for each

marker.

CD106 or o-SMA compared with the isotype control (Fig. 2). Such from the 1st passage to as far as the 25th passage. The phenotype
expression pattern was also considerably stable and persistent profile above was consistent with previous report [13].
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3.3. The adipogenic and osteogenic differentiation assay of DFAT cells

Under the adipogenic induction, DFAT cells reestablished fat
drops within their plasma at 5th-7th day (Fig. 3). The adipose
droplets continued to increase and merge into larger ones. After
3 weeks of induction most of the cells exhibited positive for Oil
Red O. This result was consistent with previous observations
in vitro and in vivo that DFAT cells could redifferentiate into adipo-
cytes [13,25,26]. However, using the similar induction recipe with
other studies containing dexamethasone and B-glycerophosphate
[26], osteogenic differentiation ability of DFAT cells in our experi-
ment was significantly weaker. After 3 weeks of osteogenic culture,
the DFAT cells demonstrated limited mineralized matrix indicated
by Alizarin Red S staining, while a relatively large portion of cells
turned into multilocular appearance and positive adipose staining
(Fig. 3). Adjusting the amount of dexamethasone and B-glycero-
phosphate in the culture medium or extending the induction time
to 5 weeks didn’t brought obvious change to this result (data not
shown). Although, the expression of osteogenic transcription fac-
tors in DFAT cells such as Runx2, osteopontin, osteorix and osteo-
calcin were confirmed in previous reports [5,9,13], DFAT cells in
this study exhibited lower potential of differentiating toward oste-
oblasts than adipocytes in vitro.

3.4. Angiogenic induction of human DFAT cells

Compared with the control groups, inducted cells showed dra-
matic changes that the original flat cell bodies quickly shrunk with
several processes extended (Fig. 4, A). After 5days of culture,
almost all cells become thin spindle-shaped with long bipolar-like
processes and assembled in definite directions (Fig. 4, A). Immuno-
fluorescent staining demonstrated that, comparing with HUVECs,

2 weeks

Adipogenic
Induction

Osteogenic
Induction

endothelial cell specific marker vWF was not found in DFAT cells
before or after induction (Fig. 4, B). Results of flow cytometry anal-
ysis were also consistent with the findings above. Common endo-
thelial cell markers such as CD31, CD34 and CD309, which were
expressed by HUVECs, were all negative on DFAT cells before and
after induction (Fig. 4, C).

3.5. Dil-ac-LDL uptake test of DFAT cells under different culture
conditions

Dil-ac-LDL is generally considered to be taken up by macro-
phages and endothelial cells via scavenger cell pathway of LDL
metabolism. However, uptake of Dil-ac-LDL was found on rat brain
microvascular pericytes, with a lower incorporation ratio com-
pared with brain endothelial cell lines [27]. In this study compared
with HUVECs, DFAT cells demonstrated significant incorporation
ability of Dil-ac-LDL that all cells were positively stained even after
cultured with a relative low density of LDL (Fig. 4). Changed into
endothelial cell culture environment, this ability didn’t have obvi-
ous change (Fig. 4). Further experiments with cells of the 20th and
25th passages also produce the same results. Internalization of LDL
by DFAT cells indicated that the presence of lipoprotein receptors
on their plasma membrane. This finding could be perceived as that
during the dedifferentiation process of mature adipocytes, the
original lipoprotein receptors probably remained.

4. Discussion

In this study, by modified ceiling culture technique, human
DFAT cells were derived from the mature adipocytes from human
buccal fat tissues. Ceiling culture has been reported to be a reliable
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Fig. 3. Adipogenic and osteogenic differentiation of human DFAT cells (bar length: 50 um). For adipogenic induction, lipid drops were first observed after 5-7 days and
accumulated quickly in the following weeks indicated by positive staining of Oil Red O. For osteogenesis, positive Alizarin Red S staining was found after 3 weeks. However,
adipose staining was also confirmed at the 1st week. At the end, differentiation into osteoblasts was relatively limited and accompanied with spontaneous redifferentiation

into adipocytes.
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Fig. 4. Angiogenic induction of human DFAT cells. (A) In the endothelial culture medium, morphology changes of DFAT cells were significant and quick (bar length: 50 pm).
(B) The upper: Dil-ac-LDL internalization of DFAT cells and HUVECs at the 7th day of culture (bar length: 50 um).The lower: Immunofluorescent staining and confocal
microscopy evaluation after 7 days of angiogenic induction (bar length: 50 um). DFAT cells cultured in endothelial medium were negative for vVWF. (C) Flow cytometry
analysis. Before and after 7 days of angiogenic culture, DFAT cells in this study kept an constant negative expression for endothelial cell markers CD31 (3.24 + 0.45% and
2.84 +0.17%, respectively) and CD309 (2.66 + 0.33% and 1.56 + 0.29%, respectively), compared with HUVECs. *: P < 0.05.

method to harvest a highly homogeneous fraction of mature adipo-
cytes at a percentage over 99% [25,26]. The dedifferentiation
process of the mature adipocytes, as well as the morphology and
proliferation ability of the obtained DFAT cells (Fig. 1), was consis-
tent with previous reports [9,13,20,25,26]. The purification of the
cell culture was further confirmed by the uniform expression for
each selected marker in flow cytometry analysis (Fig. 2). Dediffer-
entiation of adipocytes could be induced not only in experimental
culture condition, but also take place in certain pathological situa-
tions of liposarcoma [28]. Similar phenomenon also be found on
other mesenchymal cell lineages including chondrocytes [29] and
muscle cells [30], when these cells were also subjected to ischemic
or hypoxia conditions. Similarly, low-oxygen ischemic-like envi-
ronment was considered to trigger the loss of the lipid substance
and consequently lead to the dedifferentiation changes although
the underlying molecular mechanism remained unclear [9].

The cellular nature of DFAT cells has not been clarified. Several
studies have already claimed that they were a group of MSCs with
similar characteristics of ASCs, according to the marker profiles and
multipotent differentiation assay [13,15]. But the same research
team also classified them into pre-adipocytes because of the genet-
ic comparison with other novel pre-adipocytes [25,26]. Our differ-
entiation test suggested that DFAT cells in this study shared more
characteristics with pre-adipocytes, not completely in conformity
with the identified vascular wall resident endothelial progenitor
cells, subendothelial progenitor cells, vascular wall hematopoietic
progenitor cells and white fat progenitor cells, based on the former
report [31].

Previous studies [25,26] established pre-adipocyte cell line
from mature adipocytes, which could proliferate continuously
and had the ability to redifferentiate into adipocytes spontane-
ously [32]. While DFAT cells derived from dedifferentiated mature
adipocytes using the ceiling culture method in the absence of any
specific factors [25,26,32], which could redifferentiate into adipo-
cytes under proper induction[9,13-15]. Both had the histological
origin in common and DFAT cells had experienced a unique pre-
adipocyte cell line before the terminal differentiation into mature
adipocyte [33]. In this study, DFAT cells exhibited more active adi-
pocyte differentiation inclination under the condition of osteogenic
differentiation induction medium and Dil-ac-LDL uptake analysis
showed the original lipoprotein receptors probably remained
during the dedifferentiation process of mature adipocytes. These
evidence including the negative conclusion of its differentiation to-

ward endothelial cells could prove that DFAT cells remained
certain mature adipocyte characteristics and hadn’t lost the adi-
pose-tissue-specific nature.

It was reported that DFAT cells could not only redifferentiate
into lipid-filled adipocytes as same as pre-adipocyte, but also can
trans-diffenentiate into other cell types under the proper condi-
tions, including osteoblasts [13,15,16], chondrocytes [13], and
myocytes [17-20] in vitro. Other studies in vivo also suggested that
DFAT cells could regenerate fat pads, ectopic osteoid tissue or mus-
cle tissue [13,15,18,20,25,26], and contribute to sphincter function
[19], infarcted cardiac tissue repair [20] and central nervous sys-
tem recovery [24,34]. However, in this study, DFAT cells showed
much weaker osteogenic differentiation ability, and no trans-dif-
ferentiation ability toward endothelial cells. The multipotent
capacity of DFAT cells might be limited and conditional based on
their tissue-specific. In addition, our experiment reveal that human
DFAT cells did not expressed key endothelial cell markers such as
CD31, CD34, CD309 or VWF (Fig. 2, 4) before or after the induction
with common angiogenic cytokines. These findings were consis-
tent with most previous reports on DFAT cells [13,22,23]. However,
it contradicted with Medet Jumabay’s research, in which the pri-
mary DFAT cells could undertake endothelial differentiation
in vivo [22]. A possible explanation is that culture conditions might
change the potency of pluripotent stem cells or reprogram adult
stem/progenitor cells to endow them with a broader range of
differentiation potential [35].

Acknowledgments

We would like to thank Dr. Atsunori Sugawara and Dr. Hiroyasu
Kazuhiko for the technical assistance. This study is supported by
National Natural Science Foundation of China (Grant Nos.
81000456 and 81170941).

References

[1] J.A. de Villiers, N. Houreld, H. Abrahamse, Adipose derived stem cells and
smooth muscle cells: implications for regenerative medicine, Stem Cell Rev. 5
(2009) 256-265.

[2] T.T. Tran, C.R. Kahn, Transplantation of adipose tissue and stem cells: role in
metabolism and disease, Nat. Rev. Endocrinol. 6 (2010) 195-213.

[3] A. Schaffler, C. Buchler, Concise review: adipose tissue-derived stromal cells—

basic and clinical implications for novel cell-based therapies, Stem Cells 25
(2007) 818-827.


http://refhub.elsevier.com/S0006-291X(14)00101-6/h0005
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0005
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0005
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0010
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0010
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0015
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0015
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0015

548 L. Kou et al./Biochemical and Biophysical Research Communications 444 (2014) 543-548

[4] J.M. Gimble, A.J. Katz, B.A. Bunnell, Adipose-derived stem cells for regenerative
medicine, Circ. Res. 100 (2007) 1249-1260.

[5] AJ. Katz, A. Tholpady, S.S. Tholpady, H. Shang, R.C. Ogle, Cell surface and
transcriptional characterization of human adipose-derived adherent stromal
(hADAS) cells, Stem Cells 23 (2005) 412-423.

[6] S. Gronthos, D.M. Franklin, H.A. Leddy, P.G. Robey, RW. Storms, J.M. Gimble,
Surface protein characterization of human adipose tissue-derived stromal
cells, J. Cell. Physiol. 189 (2001) 10.

[7] T.Rada, R.L. Reis, M.E. Gomes, Distinct stem cells subpopulations isolated from
human adipose tissue exhibit different chondrogenic and osteogenic
differentiation potential, Stem Cell Rev. 7 (2011) 64-76.

[8] H. Sugihara, N. Yonemitsu, S. Miyabara, K. Yun, Primary cultures of unilocular
fat cells: characteristics of growth in vitro and changes in differentiation
properties, Differentiation 31 (1986) 42-49.

[9] S.S. Tholpady, C. Aojanepong, R. Llull, ].H. Jeong, A.C. Mason, J.W. Futrell, R.C.
Ogle, AJ. Katz, The cellular plasticity of human adipocytes, Ann. Plast. Surg. 54
(2005) 651-656.

[10] A. Conde-Green, L.S. Baptista, N.F. de Amorin, E.D. de Oliveira, K.R. da Silva, S.
Pedrosa Cda, R. Borojevic, 1. Pitanguy, Effects of centrifugation on cell
composition and viability of aspirated adipose tissue processed for
transplantation, Aesthet. Surg. ] 30 (2010) 249-255.

[11] J.B. Mitchell, K. McIntosh, S. Zvonic, S. Garrett, Z.E. Floyd, A. Kloster, Y. Di
Halvorsen, RW. Storms, B. Goh, G. Kilroy, X. Wu, J.M. Gimble,
Immunophenotype of human adipose-derived cells: temporal changes in
stromal-associated and stem cell-associated markers, Stem Cells 24 (2006)
376-385.

[12] J.F. Shen, A. Sugawara, J. Yamashita, H. Ogura, S. Sato, Dedifferentiated fat cells:
an alternative source of adult multipotent cells from the adipose tissues, Int. J.
Oral Sci. 3 (2011) 117-124.

[13] T. Matsumoto, K. Kano, D. Kondo, N. Fukuda, Y. Iribe, N. Tanaka, Y. Matsubara,
T. Sakuma, A. Satomi, M. Otaki, J. Ryu, H. Mugishima, Mature adipocyte-
derived dedifferentiated fat cells exhibit multilineage potential, ]. Cell. Physiol.
215 (2008) 210-222.

[14] N. Ijichi, K. Ikeda, K. Horie-Inoue, K. Yagi, Y. Okazaki, S. Inoue, Estrogen-related
receptor alpha modulates the expression of adipogenesis-related genes during
adipocyte differentiation, Biochem. Biophys. Res. Commun. 358 (2007) 813-
818.

[15] Y. Oki, S. Watanabe, T. Endo, K. Kano, Mature adipocyte-derived
dedifferentiated fat cells can trans-differentiate into osteoblasts in vitro and
in vivo only by all-trans retinoic acid, Cell Struct. Funct. 33 (2008) 12.

[16] N. Kishimoto, Y. Momota, Y. Hashimoto, K. Ando, T. Omasa, J. Kotani,
Dedifferentiated fat cells differentiate into osteoblasts in titanium fiber
mesh, Cytotechnology 65 (2013) 15-22.

[17] T. Kazama, M. Fujie, T. Endo, K. Kano, Mature adipocyte-derived
dedifferentiated fat cells can transdifferentiate into skeletal myocytes
in vitro, Biochem. Biophys. Res. Commun. 377 (2008) 780-785.

[18] T. Sakuma, T. Matsumoto, K. Kano, N. Fukuda, D. Obinata, K. Yamaguchi, T.
Yoshida, S. Takahashi, H. Mugishima, Mature, adipocyte derived,
dedifferentiated fat cells can differentiate into smooth muscle-like cells and
contribute to bladder tissue regeneration, J. Urol. 182 (2009) 355-365.

[19] D. Obinata, T. Matsumoto, Y. Ikado, T. Sakuma, K. Kano, N. Fukuda, K.
Yamaguchi, H. Mugishima, S. Takahashi, Transplantation of mature adipocyte-
derived dedifferentiated fat (DFAT) cells improves urethral sphincter
contractility in a rat model, Int. J. Urol. 18 (2011) 827-834.

[20] M. Jumabay, T. Matsumoto, S. Yokoyama, K. Kano, Y. Kusumi, T. Masuko, M.
Mitsumata, S. Saito, A. Hirayama, H. Mugishima, N. Fukuda, Dedifferentiated

fat cells convert to cardiomyocyte phenotype and repair infarcted cardiac
tissue in rats, J. Mol. Cell. Cardiol. 47 (2009) 565-575.

[21] V. Planat-Benard, ]J.S. Silvestre, B. Cousin, M. Andre, M. Nibbelink, R. Tamarat,
M. Clergue, C. Manneville, C. Saillan-Barreau, M. Duriez, A. Tedgui, B. Levy, L.
Penicaud, L. Casteilla, Plasticity of human adipose lineage cells toward
endothelial cells: physiological and therapeutic perspectives, Circulation 109
(2004) 656-663.

[22] M. Jumabay, R. Abdmaulen, S. Urs, S. Heydarkhan-Hagvall, G.D. Chazenbalk,
M.C. Jordan, K.P. Roos, Y. Yao, K.I. Bostrom, Endothelial differentiation in
multipotent cells derived from mouse and human white mature adipocytes, J.
Mol. Cell. Cardiol. 53 (2012) 790-800.

[23] A. Poloni, G. Maurizi, P. Leoni, F. Serrani, S. Mancini, A. Frontini, M.C. Zingaretti,
W. Siquini, R. Sarzani, S. Cinti, Human dedifferentiated adipocytes show
similar properties to bone marrow-derived mesenchymal stem cells, Stem
Cells 30 (2012) 965-974.

[24] Y. Ohta, M. Takenaga, Y. Tokura, A. Hamaguchi, T. Matsumoto, K. Kano, H.
Mugishima, H. Okano, R. Igarashi, Mature adipocyte-derived cells,
dedifferentiated fat cells (DFAT), promoted functional recovery from spinal
cord injury-induced motor dysfunction in rats, Cell Transplant. 17 (2008) 877~
886.

[25] K. Yagi, D. Kondo, Y. Okazaki, K. Kano, A novel preadipocyte cell line
established from mouse adult mature adipocytes, Biochem. Biophys. Res.
Commun. 321 (2004) 967-974.

[26] H. Nobusue, T. Endo, K. Kano, Establishment of a preadipocyte cell line derived
from mature adipocytes of GFP transgenic mice and formation of adipose
tissue, Cell Tissue Res. 332 (2008) 435-446.

[27] T. Asashima, H. lizasa, T. Terasaki, E. Nakashima, Rat brain pericyte cell lines
expressing beta2-adrenergic receptor, angiotensin II receptor type 1A, klotho,
and CXCR4 mRNAs despite having endothelial cell markers, ]. Cell. Physiol. 197
(2003) 69-76.

[28] E.L. Snyder, D.J. Sandstrom, K. Law, C. Fiore, E. Sicinska, ]J. Brito, D. Bailey, J.A.
Fletcher, M. Loda, S.J. Rodig, P. Dal Cin, C.D. Fletcher, c-Jun amplification and
overexpression are oncogenic in liposarcoma but not always sufficient to
inhibit the adipocytic differentiation programme, J. Pathol. 218 (2009) 292-
300.

[29] G. Schulze-Tanzil, Activation and dedifferentiation of chondrocytes:
implications in cartilage injury and repair, Ann. Anat. 191 (2009) 325-
338.

[30] Y. Zhang, T.S. Li, S.T. Lee, K.A. Wawrowsky, K. Cheng, G. Galang, K. Malliaras,
M.R. Abraham, C. Wang, E. Marban, Dedifferentiation and proliferation of
mammalian cardiomyocytes, PLoS One 5 (2010) e12559.

[31] T. Tallone, C. Realini, A. Bohmler, C. Kornfeld, G. Vassalli, T. Moccetti, S.
Bardelli, G. Soldati, Adult human adipose tissue contains several types of
multipotent cells, J. Cardiovasc. Transl. Res. 4 (2011) 200-210.

[32] H. Nobusue, K. Kano, Establishment and characteristics of porcine
preadipocyte cell lines derived from mature adipocytes, ]. Cell. Biochem. 109
(2010) 542-552.

[33] H. Ono, Y. Oki, H. Bono, K. Kano, Gene expression profiling in multipotent DFAT
cells derived from mature adipocytes, Biochem. Biophys. Res. Commun. 407
(2011) 562-567.

[34] S. Wei, L. Zan, G.J. Hausman, T.P. Rasmussen, W.G. Bergen, M.V. Dodson,
Dedifferentiated adipocyte-derived progeny cells (DFAT cells): potential stem
cells of adipose tissue, Adipocyte 2 (2013) 122-127.

[35] V.D. Roobrouck, K. Vanuytsel, C.M. Verfaillie, Concise review: culture
mediated changes in fate and/or potency of stem cells, Stem Cells 29
(2011) 583-589.


http://refhub.elsevier.com/S0006-291X(14)00101-6/h0020
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0020
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0025
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0025
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0025
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0030
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0030
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0030
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0035
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0035
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0035
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0040
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0040
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0040
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0045
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0045
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0045
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0180
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0180
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0180
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0180
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0055
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0055
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0055
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0055
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0055
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0060
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0060
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0060
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0065
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0065
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0065
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0065
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0070
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0070
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0070
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0070
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0075
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0075
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0075
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0080
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0080
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0080
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0085
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0085
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0085
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0090
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0090
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0090
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0090
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0095
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0095
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0095
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0095
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0100
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0100
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0100
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0100
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0105
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0105
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0105
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0105
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0105
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0110
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0110
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0110
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0110
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0115
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0115
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0115
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0115
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0120
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0120
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0120
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0120
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0120
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0125
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0125
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0125
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0130
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0130
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0130
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0135
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0135
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0135
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0135
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0140
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0140
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0140
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0140
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0140
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0145
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0145
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0145
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0150
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0150
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0150
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0155
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0155
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0155
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0160
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0160
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0160
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0165
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0165
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0165
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0170
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0170
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0170
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0175
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0175
http://refhub.elsevier.com/S0006-291X(14)00101-6/h0175

	The phenotype and tissue-specific nature of multipotent cells derived from human mature adipocytes
	1 Introduction
	2 Materials and methods
	2.1 Cell culture and preparation
	2.2 Flow cytometry
	2.3 Differentiation analysis
	2.4 Angiogenic induction and analysis
	2.5 Dil-ac-LDL uptake analysis
	2.6 Statistical analysis

	3 Results
	3.1 Establishment of human DFAT cells from mature adipocytes from the buccal adipose tissue and their characterization
	3.2 Phenotype characteristics of DFAT cells
	3.3 The adipogenic and osteogenic differentiation assay of DFAT cells
	3.4 Angiogenic induction of human DFAT cells
	3.5 Dil-ac-LDL uptake test of DFAT cells under different culture conditions

	4 Discussion
	Acknowledgments
	References


