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Abstract

It is largely believed that after undergoing differentiation, adipocytes can no longer divide. Yet, using ceiling culture, it was
demonstrated in vitro that some adipocytes are able to regain proliferative abilities by becoming fibroblast-like cells called
dedifferentiated adipocytes. Mature adipocytes are abundant, can be easily isolated, and represent a homogenous cell population.
Because of these advantageous characteristics, dedifferentiated adipocytes are clinically attractive in tissue engineering as a
potential treatment resource for conditions such as type 2 diabetes, cardiac and kidney diseases, as well as autoimmune diseases.
The aim of this review article is to summarize current knowledge on adipocyte dedifferentiation by accurately describing
dedifferentiated adipocyte characteristics such as morphological appearance, gene expression, antigen signature, pluripotency,
and functionality. Current hypotheses possibly explaining the biological mechanisms and cellular reprogramming of the dedif-
ferentiation process are summarized. Dedifferentiated adipocytes show a stem cell-like antigen profile and genome signature
which add to their proliferative capacities and their ability to re-differentiate into diverse cell lineages. The dedifferentiation
process likely involves liposecretion, that is, the rapid secretion of the cell’s lipid droplet. Dedifferentiated adipocytes may allow
development of new uses in tissue engineering.
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Introduction

During embryogenesis, cells undergo many epigenetic chang-
es that coincide with their differentiation and specialization.
This process confers specific morphological characteristics
and, once completed, differentiated cells acquire functionality
(Ntambi and Young-Cheul 2000; Paksa 2017). Differentiation
has been considered a unidirectional process until the last
decades of the twentieth century, where in vivo dedifferentia-
tion was observed in plant regeneration (Steevens and Sussex
1989). Once the milestone describing dedifferentiation was
reached, other groups found incidences of dedifferentiation
in vertebrae. One convincing example was observed in the
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tracing approach (Knopf et al. 2011).
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in humans, testicular dysgenesis syndrome has been
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associated with the presence of immature Sertoli cells (playing
an important role in spermatogenesis), suggesting a process of
dedifferentiation (Abrahan et al. 2009; Nistal et al. 2013).
Type 2 diabetes (T2D) has also been associated to dedifferen-
tiation in both humans and rodent models. In 2012, Talchai
et al. examined the mechanisms underlying its development in
mice lacking FoxO1 in 3-cells. Lineage-tracing experiments
demonstrated a loss of (3-cell mass due to dedifferentiation
(Talchai et al. 2012). Wang and colleagues obtained similar
results using a insulin secretion deficiency mouse model
(Wang et al. 2014). Other studies have been conducted
in vitro to elucidate potential mechanisms underlying T2D.
Neelankal et al. cultivated murine pancreatic 3 insulinoma
six cell line (MIN6) under high-glucose conditions mimicking
those found in diabetes in vivo (Neelankal et al. 2017). Under
these conditions, MING6 cells dedifferentiated, showing some
features and neuroendocrine markers of (3-cell precursors.
These findings are consistent with the notion that T2D might
involve (-cell dedifferentiation instead of cell death
(Neelankal et al. 2017). Recently, a study conducted in
humans replicated what animal studies seemed to suggest:
T2D may involve (3-cell dedifferentiation. When diabetic
and nondiabetic pancreases were compared, the percentage
of insulin-negative/synaptophysin-positive cells was greater
in diabetes, indicating that dedifferentiated (3-cells were more
prevalent (Cinti et al. 2016). These studies suggest that, al-
though mostly associated with pathological conditions, dedif-
ferentiation exists in a certain number of mammalian cell
types such as pancreatic [3-cell and Sertoli cells.

As opposed to many others cells types, it is largely believed
that once differentiated, mature adipocytes can no longer di-
vide (Spalding et al. 2008). Yet, it is difficult to find references
clearly supporting this claim (Ntambi and Young-Cheul 2000;
Spalding et al. 2008). Due to their high lipid content
preventing cell culture for long periods of time, the biological
and cellular processes of cell division are difficult to study in
adipocytes. Fortunately, in 1986, Sugihara et al., taking ad-
vantage of adipocyte buoyancy in aqueous medium, created a
culture system to study the biology of mature, unilocular
white adipocytes isolated from whole adipose tissue. This sys-
tem was named “ceiling culture,” and it was used to demon-
strate that in vitro, some adipocytes could apparently divide
and proliferate (Sugihara et al. 1986). More recently, a number
of research groups have found evidence suggesting that adi-
pocyte dedifferentiation may take place in vivo. Using a triple
recombinant mouse model, a study showed that increasing the
expression of Notch in mature adipocytes led them to dedif-
ferentiate and were found in newly developed dedifferentiated
liposarcoma (Bi et al. 2016). However, the most striking find-
ing was made by Wang and colleagues (Wang et al. 2018).
With the particular mouse model used, called AdipoChaser,
the group was able to induce a permanent label of mature
adipocytes through the administration of doxycycline, which
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allows tracking of mature adipocytes and their distinction
from adipocytes generated by adipogenesis. Their results
demonstrate that secreting epithelial cells in the mammary
gland do not originate from adipocyte transdifferentiation
but rather that tracked adipocytes dedifferentiate into
fibroblast-like cells during lactation. The opposite process
was observed during weaning, where marked dedifferentiated
adipocytes rapidly redifferentiate during the involution of the
mammary gland (Wang et al. 2018). These studies support the
notion that adipocyte dedifferentiation happens in vivo and
suggest, in light of recent results, that it may be an ancestral
physiological process.

Thus, a number of studies now support the presence of
dedifferentiation in a variety of kingdoms, mammals included.
In both humans and rodents, dedifferentiation was observed in
various cell types, including adipocytes. The aim of this article
is to summarize current knowledge on adipocyte dedifferenti-
ation by accurately describing dedifferentiated fat (DFAT) cell
characteristics, reviewing up-to-date hypotheses that could
explain this phenomenon, address possible applications of
the ceiling culture approach, and highlight questions that still
need to be addressed in the field.

The isolation of dedifferentiated adipocytes:
a comparison of in vitro models

A major turning point for adipocyte cell culture was made
when Sugihara et al. conceived a method that allowed culture
of adherent mature adipocytes. In their cell culture model,
mature adipocytes are seeded in a culture flask that is
completely filled with serum-enriched medium (usually be-
tween 10 and 20% serum) and cultivated upside-down. The
buoyancy of mature adipocytes allows them to adhere to the
top inner surface of the reversed flask. Sugihara et al. were the
first to demonstrate that once adherence occurred, most of the
adipocytes became multilocular and took a fibroblast-like ap-
pearance, hence the name of “dedifferentiated adipocytes.”
After 7 to 10 days, the flask is reversed and the resulting cells
are cultivated in standard conditions (Sugihara et al. 1986). In
the last decade, several groups have used the ceiling culture
system to obtain DFAT cells from rats, mice, pigs, beefs, and
humans (Poloni et al. 2012; Sun et al. 2013; Wei et al. 2013;
Yagi et al. 2004; Zhang et al. 2000).

Beside the standard ceiling culture system described previ-
ously, some groups developed modified approaches to study
DFAT cells. Fernyhough et al. used a ceiling culture system
combined with a method of differential plating to obtain a
homogenous cell population of dedifferentiated adipocytes
(Fernyhough et al. 2004). This protocol, by taking advantage
of the increased time needed for adipocyte adherence com-
pared to the contaminating stroma-vascular fraction (SVF),
allows the generation of a pure population of DFAT cells. In
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our laboratory, we have developed an approach allowing the
treatment of cells with various effectors during the process of
dedifferentiation. To do so, a glass slide is placed on the top of
a plastic bushing and cells are seeded underneath the slide,
thereby substantially decreasing the number of cells needed in
each experiment. Much like other methods, seeded adipocytes
then attach and dedifferentiate within a week (Lessard et al.
2015a).

Another approach, which slightly differs from ceiling cul-
ture, has been developed by Jumabay and colleagues. This
group obtained DFAT cells by first incubating isolated adipo-
cytes floating in medium for 24 h. This allowed cells of the
SVF to sink. Floating adipocytes were then seeded in the well
of a culture plate containing a filter (70 um) for 5 days. The
dedifferentiated fat cells went through the filter and adhered to
the bottom of the well, while the adipocytes that did not de-
differentiate stayed on top and were subsequently removed
(Jumabay et al. 2014). DFAT isolated by this filtering method
are apparently highly enriched and express stem-cell-
associated genes.

Of the four in vitro models described to obtain DFAT cells,
only one (Jumabay et al. 2014) does not rely on ceiling cul-
ture. The models developed by Jumabay (Jumabay et al.
2014) and Fernyhough (Fernyhough et al. 2004) are likely to
increase homogeneity of DFAT cells, thereby reducing the
prevalence of contaminating SVF cells. On the other hand,
the ceiling culture model developed in our laboratory
(Lessard et al. 2015a) allows to significantly decrease the
number of cells seeded and to treat them at various time
points. These modified approaches developed to isolate
DFAT cells offer advantages suiting a variety of research
needs and can be applied to better characterize the DFAT cell
population.

An overview of DFAT cell characteristics,
from cellular morphology to pluripotency

Major morphological changes
during the dedifferentiation process

Important morphological changes occur when mature adipo-
cytes are seeded in ceiling culture. Using scanning electron
microscopy, Sugihara et al. characterized these changes. After
2 or 3 days, mature adipocytes adhere to the inner surface of
the flask maintaining their spherical shape. At day 4, the cy-
toplasm of some cells begins to spread: at this time, adipocytes
still contain a large lipid droplet, while smaller lipid droplets
begin to appear on the periphery of these cells. Then, the cells
become multilocular and their appearance is increasingly sim-
ilar to fibroblastic cells (Sugihara et al. 1986). Poloni et al.
observed similarities in the structure of organelles between
dedifferentiated mature adipocytes and adipose-derived stem

cells (ASC) cultivated in vitro. Once the adipocytes are
dedifferentiated, they are characterized by a spreading cyto-
plasm, the presence of small mitochondria and lysosomes, a
well-developed Golgi complex, small lipid droplets, and a
fusiform nucleus (Poloni et al. 2012). In contrast, Zhang
et al. proposed that only the cytoplasm of smaller adipocytes
tends to spread while large mature adipocytes maintain a
spherical shape (Zhang et al. 2000).

Thus, it appears that during the process of dedifferentiation,
mature adipocytes undergo major morphological changes and
become fibroblast-like cells. These cells are characterized by
intracellular reorganization including, for instance, loss of
their large lipid droplet. Figure 1, captured in our laboratory,
illustrates these morphological rearrangements, while also re-
ferring to changes observed and reported by various authors
over the years.

Changes in metabolic and secretory abilities of DFAT
cells

During the process of dedifferentiation, adipocytes may
not only reshape their cellular structure but also their
metabolic and secretory profile. A few studies have an-
alyzed these changes as well as the functionality of
DFAT cells. Zhang et al. studied the effects of hormonal
treatments aimed at stimulating the processes of lipo-
genesis and lipolysis on adipocytes in ceiling culture.
They demonstrated that during dedifferentiation, the pro-
cesses of lipolysis and lipogenesis were respectively
stimulated when adipocytes were treated with forskoline
(10 uM) and insulin (10 and 100 nM). In that study,
treatment with TNF-« increased the secretion of leptin.
Using scanning confocal microscopy, cellular expression
and localization of leptin in ceiling-cultured adipocytes
was shown (Zhang et al. 2000). Accordingly, Sugihara
et al. observed a positive effect on the process of lipo-
genesis following treatment with insulin and an increase
of lipolysis following treatment with norepinephrine and
dibutyryl-cAMP during adipocyte dedifferentiation.
Immunohistochemical experiments confirmed the pres-
ence of two enzymes, triglyceride lipase and glycero-
phosphate deshydrogenase at the cytoplasmic level
(Sugihara et al. 1986). However, stimulation of lipolysis
and progressive shedding of lipids do not seem to ex-
plain the dedifferentiation process as our group failed to
quantify changes in cell size and lipid content by using
Oil Red O staining (Lessard et al. 2015b). The phenom-
enon of liposecretion, captured by time-lapse microsco-
py experiments as the quick release of the lipid droplet
(Coté et al. 2018; Maurizi et al. 2017), could possibly
explain inconsistent results and may indicate that the
process is relatively independent of adipocyte size.
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Day 5.5

= Spreaded cytoplasm’
= Small lipids droplets

= Spherical shape
= Flatten nucleus
= Unilocular

= Spreaded cytoplasm?

= Multilocular?

appear on the periphery' = Small mithocondria and
lysosomes?

= Liposecretion34

= Well-sized Golgi?
= Fusiform nucleus?

Fig. 1 Process characterizing mature adipocyte dedifferentiation in
ceiling culture over time. Arrow is pointing to a dedifferentiating
adipocyte, whereas the star identifies the lipid droplet. Still images of
mature adipocytes isolated by collagenase I digestion, treated with
CellLighit® Histone-2B-GFP reagent (Molecular Probes, Life
Technologies, Eugene, USA) and cultivated in ceiling culture for 6 days.
Images were taken from a time-lapse experiment done using Zeiss Axio
Observer Z1 microscope (Carl Zeiss, Oberkochen, Germany). The

The ability to secrete growth factors and cytokines
has also been explored. Perrini et al. demonstrated that
dedifferentiated adipocytes from obese individuals were
able to secrete cytokines and growth factors like IL-13,
IL-1ra, IL-6, IL-8, IL-15, IL-17, G-CSF, IFN-y, TNF-«,
eotaxin, MCP1, and VEGF. In that study, the secretion
of IL-8 was significantly higher in the subcutaneous
depot than in the visceral depot. In the subcutaneous
compartment, secretion of IL-6 was significantly higher
in dedifferentiated adipocytes than in SVF cells (Perrini
et al. 2013). Poloni et al. obtained similar results using
dedifferentiated adipocytes from nonobese individuals,
but they observed no depot difference in the secretion
profile (Poloni et al. 2012). It is noteworthy that results
from the two previous studies were obtained using con-
ditioned media. In a previous study, we observed the
secretion of IL-6 and VEGF during dedifferentiation.
IL-6 secretion was similar between day 7 and day 12
of the process, whereas VEGF secretion increased from
day 7 to day 12 (Lessard et al. 2015b).

The above observations suggest that DFAT cells
maintain some of the functional characteristics attributed
to mature adipocytes including lipogenic and lipolytic
abilities. Although the secretory profile of DFAT cells
includes a wide range of cytokines (Perrini et al. 2013),
it has been proposed that this panel may vary across the
dedifferentiation process (Lessard et al. 2015b). These
observations support, once again, the presence of major
changes during ceiling culture.
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microscope photographed the slide every 30 min in different Z positions
with x 10 LD-A-Plan objective (Carl Zeiss, Oberkochen, Germany) for
TL phase and GFP. These conditions are the same as those used in our
recent experiments (Coté et al. 2018). Images were processed using
ZEISS ZEN software (Carl Zeiss, Oberkochen, Germany). Selected im-
ages were taken at T6 (3 h), T75 (37.5 h), T164 (82 h), T178 (89 h), and
T218 (109 h) following the start of the experiment. '(Sugihara et al.
1986); *(Poloni et al. 2012); *(C6té et al. 2018); *(Maurizi et al. 2017)

Characterization of the surface antigen signature
of DFAT cells and comparison with others stem-cell
lineages

Due to the previously mentioned morphological rearrange-
ments occurring in DFAT cells, questions may arise on possi-
ble concurrent adaptations of the cell surface antigen signa-
ture. Several groups have used flow cytometry to identify cell
surface antigens in dedifferentiated adipocytes. In the study
performed by Matsumoto et al., human dedifferentiated sub-
cutaneous adipocytes were positive for surface antigens
CD13, CD29, CD44, CD49d, CD90, CD105, HLA-A,
HLA-B, and HLA-C, but negative for surface antigens
CDl11b, CD31, CD34, CD45, CD56, CD106, «x-SMA, and
HLA-DR (Matsumoto et al. 2008). Using subcutaneous and
omental human adipocytes, Poloni et al. obtained similar re-
sults. These cells were positive for surface antigens CD29,
CD44, CD73, CD90, and CD105, but negative for antigens
CD14, CD34, CD45, CD117, CD133, CD271, and HLA-DR
(Poloni et al. 2012). Because of their similarities, cell surface
antigen signatures of dedifferentiated adipocytes are often
compared to that of SVF and bone marrow stem cells
(MSCBM). However, some differences have been noticed
regarding antigens CD11b, CD49d, and CD106 (Kishimoto
et al. 2014; Miyazaki et al. 2005; Poloni et al. 2012), and the
influence on antigen signature by successive cell divisions,
which seem not to affect DFAT cells (Matsumoto et al.
2008; Mitchell et al. 2006). Once again, these differences
might be related to isolation techniques or to the species from



Cell Tissue Res (2019) 378:385-398

389

Table 1 Antigen signatures. Cell

surface makers of human Surface antigen marker Other name DFAT cells ASC cells MSCBM cells

dedifferentiated adipocytes -

(DFAT cells), adipose-derived CD9 +f +5f +f

stem cells (ASC cells), and bone- CDl11b Mac-1 _acdj —edeh i _g

marrow stem cells (MSCBM) CDI13 Aminopeptidase N el preel) 40fe
CD14 _b e e
CD29 Integrin 31 4abej 4aceh 48
CD31 PECAM:-1 —ef —ef jod — +£
CD34 L-selectin ligand —abodf —adf joe —_feg
CD44 Pgp-1 pabei JUESET 4be
CD45 LCA _ab.cdy _ced jaj e
CD49d Integrin o4 e 48, =, 2ohi e
CD54 +f tof 42 4f
CD56 NCAM isoform - —aee NA
CD66b £ —f =
CD73 Ecto-5"-nucleotidase +0 NA +°
CD90 Thy-1 qabedt 4acdEhj 4 bre
CD105 Endoglin abedLiy redbi ye + bfe
CD106 VCAM-1 _acfj _afh e e
CD117 SCFR _bf _fh fg b
CDI133 PROMI b —h e
CD140b PDBFRf © 4 +od NA
CD146 MCAM +° +¢ NA
CD166 +f +of + 4e
CD271 LNGFR -b NA NA
HLA-ABC 42 JERESY I
HLA-DR _ab _eh e
«-SMA —aed £ 4 NA

+ positive expression, — negative expression, + partial expression

4 Matsumoto et al. (2008))
°Poloni et al. (2012))

¢ Shen et al. (2011))
dKishimoto et al. (2014))
¢ Gronthos et al. (2001))
Miyazaki et al. (2005))

€ Pittenger et al. (1999))

B Katz et al. (2005))

I Perrini et al. (2013))
JShah et al. (2016))

which the cells originated. Table 1 shows the antigen signature
of ACS, MSCBM and DFAT cells.

Gene expression of the isolated DFAT cell population

Because surface antigens signature of DFAT cells resem-
bles that of MSCBM and ACS, it is not surprising that
dedifferentiated adipocytes have a stem cell-like gene ex-
pression profile. Indeed, DFAT cells express cell cycle
reprogramming genes like NANOG, SOX17, GATA4,
TBX1, SOX2, OCT4, C-MYC, KLF4, RUNX2, and

SOX9. Some of these genes are already expressed by
mature adipocytes, while the expression of RUNX2 and
SOX9 is induced during dedifferentiation (Gao et al.
2012; Matsumoto et al. 2008; Maurizi et al. 2017; Oki
et al. 2008; Poloni et al. 2012). During dedifferentiation,
the expression of genes related to the function of mature
adipocytes like PPARYy, C/EBPf3, C/EBP«x, LPL, leptin,
ADIPOQ, FABP4, and GLUT4 are downregulated (Coté
et al. 2017a; Lessard et al. 2015b; Matsumoto et al. 2008;
Ono et al. 2011; Peng et al. 2015). Similarly, Nobosue
et al. found that murine dedifferentiated subcutaneous
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adipocytes did not express C/EBP«x, PPARYy2, and
GLUT4 (Nobusue et al. 2008). Results obtained by our
group suggest that PPARy, C/EBP«x, LPL, and ADIPOQ
are expressed in subcutaneous and omental human mature
adipocytes as expected, but that their expression is dras-
tically diminished as the process of dedifferentiation takes
place (Coté et al. 2017a). Moreover, we observed changes
in the expression of genes related to the extra-cellular
matrix (ECM), suggesting that adipocyte dedifferentiation
involves important ECM remodeling (Lessard et al.
2015b).

However, findings on functional adipogenic-genes were
not confirmed by Matsumoto et al., where human subcutane-
ous dedifferentiated adipocytes still expressed GLUT4, LPL,
and leptin, but not PPARy, C/EBPf3, nor C/EBP«. These
differences might be explained by differences in the approach
used to isolate adipocytes and in the homogeneity of the cell
population as the presence of contaminating SVF cells in the
mature adipocyte fraction may have influenced these results.
The hypothesis that DFAT cells are actually contaminating
fibroblasts has been ruled out using fluorescence-activated
cell sorting to characterize floating cells (Nobusue et al.
2008). This group found a homogeneous population of float-
ing adipocytes lacking contaminating SVF (Nobusue et al.
2008). It should be mentioned that because of demonstrated
diversities among dedifferentiated cells issued from various
species (Jumabay et al. 2014), results might be inconsistent.

In DFAT cells, the expression of genes related to both cell
renewal and reprogramming is increased, thus resembling that
often found in stem cells. At the same time, the expression of
genes related to mature adipocyte functions is downregulated,
suggesting at least a partial genetic reprogramming.

Lineage redifferentiation potential and pluripotent
features of DFAT cells

Due to the fact that antigen and genomic signatures are often
compared to the ones of MSCBM and ASC, some authors
have investigated the redifferentiation abilities of DFAT cells.
Because these cells are derived from the mesenchyme, it is
widely believed that they can only redifferentiate in cells be-
longing to this lineage (adipocytes, osteoblasts, chondrocytes)
and therefore may be characterized as multipotent. Supporting
this hypothesis, it has been demonstrated that dedifferentiated
adipocytes can be redifferentiated into adipocytes in vitro
(Kou et al. 2014; Shigematsu et al. 1999), and in vivo
(Nobusue et al. 2008; Yagi et al. 2004). Furthermore, it has
been shown that dedifferentiated adipocytes can generate os-
teocytes (Justesen et al. 2004; Kishimoto et al. 2013;
Matsumoto et al. 2008; Oki et al. 2008), or chondrocytes
(Matsumoto et al. 2008; Okita et al. 2015), when cultivated
in appropriate conditioned media. Other studies have deter-
mined that dedifferentiated adipocytes can be redifferentiated
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in cardiomyocytes in vivo and in vitro (Jumabay et al. 2009),
in skeletal myocytes (Kazama et al. 2008), in smooth muscle
cells (Obinata et al. 2011) and in endothelial cells (Planat-
Benard et al. 2004). Ono et al. observed an increase in the
expression of cell surface antigens associated with hematopoi-
etic cells (CD10, CD24, CD40) and myeloid cells (CD13,
CD44, CD86) during mature adipocyte dedifferentiation, sug-
gesting that the dedifferentiated cells can be redifferentiated
into hematopoietic cells (Ono et al. 2011), which has been
subsequently confirmed in vitro (Poloni et al. 2012). A study
also found that dedifferentiation into neuronal cells is possible
(Ohta et al. 2008). This could be explained by the fact that
mature adipocytes already express neuronal markers like (33-
tubulin and nestin (Ohta et al. 2008).

Taken together, results suggest that dedifferentiated adipo-
cytes are not only multipotent but rather pluripotent, meaning
that they have the potential to differentiate into any of the three
germ layers (endoderm, mesoderm, and/or ectoderm)
(Jumabay et al. 2009). Yet, in vivo studies are necessary to
evaluate the behavior of these cells in a physiological context
as the aforementioned studies were limited in time and set
under very specific conditions.

Summary on the major changes taking place
during mature adipocyte dedifferentiation

Overall, it appears that during dedifferentiation, mature adipo-
cytes are subjected to a number of changes. One of the most
important morphological alteration is the loss of the large lipid
droplet, which despite conserved lipolytic activity in DFAT
cells, is secreted via liposecretion. The generated DFAT cell
population display surface markers often associated to stem
cells, such as ASC and MSCBM. In addition, it appears that
DFAT cells undergo some form of genetic reprogramming, as
the expression of genes related to stem cell renewal is ampli-
fied whereas that associated with mature adipocyte function-
ing is hindered. These data suggest that DFAT cells may be
compared to stem cells, especially as studies support their
pluripotency.

Hypothetical mechanisms underlying
the dedifferentiation process

Little is known about the mechanisms underlying the process
of dedifferentiation, and it is possible that the mechanisms
vary according to the cell type and species from which cells
are isolated. Over the years, three major hypotheses have been
proposed to explain the origin of DFAT cells. The first is that
the population of DFAT cells actually arises from SVF con-
taminating cells attached to mature cells at the time of isola-
tion. Although the presence of contaminating cells cannot be
fully excluded, it is unlikely that the whole population of
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DFAT cells originates from contaminating SVF cells. Indeed,
evidence described in the section “An overview of DFAT cells
characteristics, from cellular morphology to pluripotency”
points toward a process of adipocyte reprogramming as
DFAT cells have been shown to slightly differ from ASC.
The second hypothesis is that asymmetric cell division rather
than dedifferentiation is the process underlying the generation
of DFAT cells. This implies that mature adipocytes enter the
cell cycle and are able to undergo mitosis. Finally, a third
hypothesis proposes that DFAT cells are in fact adipocytes that
rapidly secreted their lipid droplet.

The first studies to investigate cell division in DFAT cells
found that mature adipocytes may actually enter the cell cycle
and thus may possibly divide asymmetrically. Sugihara and
colleagues reported that after four days of dedifferentiation,
approximately 2% of the unilocular adipocytes were labeled
with tritiated-thymidine, while 20% and 40% of multilocular
and fibroblast cells were respectively labeled. These findings
supported the notion that mature adipocytes may gain the
ability to replicate their DNA in ceiling culture. The authors
also suggested that some of the dividing fat cells were trans-
ferring their lipid droplet to the daughter cell (Sugihara et al.
1986). Zhang et al. demonstrated that in ceiling culture, ap-
proximately 2% of the unilocular adipocytes incorporated
bromodeoxyuridine (BrdU) and that dedifferentiated adipo-
cytes had a capacity to replicate and proliferate (Zhang et al.
2000). In another study by Matsumoto et al., as many as 50%
of the mature adipocytes adhering to the inner plastic surface
of the flask in ceiling culture incorporated BrdU, again sug-
gesting DNA replication. Several adipocytes that were labeled
with BrdU were binucleic, indirectly suggesting that they had
been through the S phase of the cell cycle and had undergone
nucleus division. In the same study, real-time fluorescence
microscopy experiments indirectly suggested an asymmetrical
division phenomenon that generated fibroblast-like cells from
unilocular mature adipocytes (Matsumoto et al. 2008). Poloni
et al. suggested that the proliferative capacity of
dedifferentiating adipocytes was similar to that of ASC and
MSCBM (Poloni et al. 2012). In our laboratory, proliferation
capacity of DFAT cells was excellent as we were able to cul-
tivate dedifferentiated fat cells for more than 12 passages and
some cells were cultivated for 23-24 passages (Lessard et al.
2015b). Although some of these studies point toward asym-
metrical cell division, it should be mentioned that DNA syn-
thesis is not a direct marker of cell division, but rather of the
cell entering phase S of the cell cycle.

Recent studies suggest that DFAT cells are generated
through a process during which mature adipocytes shed their
large lipid droplet either gradually or rapidly. Maurizi et al.
suggested for the first time that the dedifferentiation process
was not due to a progressive loss of lipids, as would occur
through lipolysis, but to a phenomenon that has been named
“liposecretion” (Maurizi et al. 2017). Time-lapse and electron

microscopy experiments suggested that when seeded in ceil-
ing culture, some adipocytes quickly secrete their lipid droplet
and become fibroblast-like cells that no longer contain lipids.
It was also suggested that this phenomenon may be visualized
in explants of subcutaneous adipose tissue that are maintained
in matrigel (Maurizi et al. 2017). Our recent results (Coté et al.
2018) replicated these findings using time-lapse microscopy
with fluorescence labeling of the cell nucleus and pointed to a
possible process of arrested mitosis followed by liposecretion
leading to the fibroblast-like cell. Considering data on the
molecular mechanisms possibly implicated in liposecretion,
Maurizi et al. suggested that the phenomenon is likely con-
trolled by autocrine and external signaling molecules (Maurizi
et al. 2018b). Figure 2 schematically illustrates the
liposecretion process as well as the theoretical model charac-
terizing temporal aspects of cell cycle progression in ceiling
culture.

Extracellular signals possibly driving adipocyte
dedifferentiation

Regarding the causes of dedifferentiation, it should be kept in
mind that reliable data explaining the causes of mature adipo-
cyte dedifferentiation are still lacking. The numerous hypoth-
eses put forth in the literature may not necessarily be exclusive
to adipose tissue and can be applied to dedifferentiation in
general. One of them suggests that stress, whether physical,
chemical, or metabolic, could be a triggering factor for dedif-
ferentiation. By dedifferentiating, the cells would be protected
from harm or injury. This was suggested to explain the dedif-
ferentiation of myelinating Schwann cells in the context of
nerve injury (Chen et al. 2007; Jessen and Mirsky 2008).
This theory may also apply to adipocytes. To study the effects
of physical stress on adipocytes, Liao et al. created a model
using a tissue expander placed under the inguinal fat pads of
rats. Water injection gradually expanded the fat pad. There
were fewer unilocular adipocytes in the expanded fat pad
compared to the untreated fat pad and an increase in the num-
ber of proliferative cells was observed only under the expand-
ed fat condition. In addition, unilocular adipocytes became
multilocular adipocytes and then fibroblast-like cells.
Finally, the expression of PPARy, C/EBP«x, and ADIPOQ
was significantly downregulated in the treated fat pads (Liao
etal. 2015). In another context, it was suggested that metabol-
ic stress induced by chronic overload of nutrients could trigger
pancreatinc {3-cell dedifferentiation in T2D. By losing their
differentiated characteristics, [3-cells would be protected from
metabolic stress such as hyperglycemia (White et al. 2016).
Dedifferentiation of retinal glial cells in response to oxidative
stress is another example of how various kinds of stress may
favor loss of the differentiated phenotype (Abrahan et al.
2009).
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Fig. 2 The process of dedifferentiation and the proposed progression of
the cell cycle in mature adipocytes undergoing ceiling culture. The image
illustrates the key morphological changes in ceiling cultured adipocytes
(fading arrow) along with the hypothesized progression of the cell cycle
(dotted line). Data on cell cycle progression have been inferred by the
observation of phosphorylated histone 3 and cyclin B1 histochemical
labeling in mature human adipocytes undergoing ceiling culture (Coté
etal. 2018). Morphological adaptations described by a number of authors
are represented. Following adherence, mature adipocytes elongate (Coté
etal. 2018; Lessard et al., .2015b; Maurizi et al. 2017; Poloni et al. 2012),

Another possible mechanism is hypoxia-induced dediffer-
entiation. Studies in chondrocytes and smooth muscle cells
suggested that lack of oxygen could induce or exacerbate de-
differentiation (Aitken et al. 2010; Lafont 2010). These mech-
anisms may also be applicable to adipocytes, as they are
known to be sensitive to oxygen flow (Flynn and
Woodhouse 2008).

The triggering factors and the mechanisms underlying ad-
ipocyte dedifferentiation could be different in vitro and
in vivo. Weinberg et al. suggested that in vitro, dedifferentia-
tion of 3-cells could be triggered by the absence of pancreatic
tissue (dissociation to single-cell culture). Indeed, when they
are cultivated in vitro, pancreatic islets lose their tridimension-
al conformation, a process that could be induced by (3-cell
isolation from their environment (Weinberg et al. 2007).
This could also explain why mature adipocytes undergo de-
differentiation in vitro as they need to be isolated from whole
tissue by enzymatic digestion to be cultivated. Our group pos-
tulated that mature adipocyte dedifferentiation could be in-
volved in adipose tissue remodeling (Lessard et al. 2015b).
This adaptive mechanism could help modulate adipose tissue
lipid storage capacity by favoring increases in adipocyte cell
number. This is consistent with the finding that expression of
gene encoding proteins associated with the ECM is modulated
after weight loss (Henegar et al. 2008). Aging and multiparity
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show a fusiform nucleus (Poloni et al. 2012) and small lipid droplets
appear (Lessard et al. 2015b). Secretion of the lipid droplet has been
termed liposecretion. We proposed that the rapid secretion of the lipid
droplet happens concurrently to a reversible arrest in G2/M phase of the
cell cycle (Coté et al. 2018). Cell cycle progression would resume only
after liposecretion. The secreted lipid droplet is represented enclosed by a
membrane according to electron microscopy data suggesting that the
adipocyte lipid droplet is surrounded by a trilaminar membrane
(Maurizi et al. 2017). This has yet to be confirmed using other approaches

could also trigger the process of dedifferentiation, at least in
mice (Talchai et al. 2012).

Although it has never been clearly demonstrated, adher-
ence of adipocytes to the plastic surface of the flasks could
favor the process of dedifferentiation. Medium composition
could also contribute to the process as ceiling culture is gen-
erally performed in relatively high serum conditions.

Suggested intracellular pathways involved
in dedifferentiation

The causes of mature adipocyte dedifferentiation are at the
moment only hypothetical, and the same goes for the intracel-
lular pathways triggering liposecretion in mature adipocytes.
Overall, three major pathways have been suggested to be im-
plicated in adipocyte dedifferentiation: the TGF-f3, Wnt, and
Notch pathways. Because serum contains growth factors such
as TGF-f3, it has been suggested that this factor could play a
role in the process (Coté et al. 2017b; Huber and Kluger 2015;
Sugihara et al. 1989) much like it was reported in (3-cells
(Toren-Haritan and Efrat 2015). Similarly, it appears that the
Notch signaling pathway may be involved, at least at some
level, in adipocyte dedifferentiation. By selectively stimulat-
ing the expression of Notch intracellular domain in murine
mature adipocytes, Bi and colleagues showed that these cells
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dedifferentiate and are detected in samples of dedifferentiated
liposarcoma (Bi et al. 2016).

More recently, the microenvironment of the cells was sug-
gested to influence their behavior and trigger the process of
dedifferentiation. Relocation of mature cells into a niche of stem
cells could lead to reprogramming events. The environmental
cues given by the stem cells could induce epigenetic modula-
tions and/or specific gene activation and overexpression
(Shoshani and Zipori 2011). The microenvironment generated
by cancer cells could also lead to dedifferentiation. Zoico et al.
observed a decrease in gene expression of mature adipocyte
markers and an increase in the expression of fibroblast-
specific genes when 3T3-L1 cells were co-cultured with a cell
line from undifferentiated human pancreatic carcinoma. These
effects were partly mediated by an increased activation of the
Wht pathway (Zoico et al. 2016; Zoico et al. 2018). Similar
results were obtained when adipocytes were co-cultured with
breast cancer-associated fibroblasts. The proximity between ad-
ipocytes and cancer cells enhanced the secretion of fibronectin
and the migratory abilities of adipocyte-derived fibroblasts.
These effects were mediated by increased activation of the
Wnt pathway in response to the secretion of Wnt3A by cancer
cells (Bochet et al. 2013). These studies suggest that tumor cells
could contribute to mature adipocyte dedifferentiation, which in
turn, would facilitate the proliferation of tumor cells by secret-
ing pro-inflammatory cytokines and metabolites essential to
cancer cell survival.

These mechanisms are hypothetical and literature is quite
inconsistent. However, pathways involved in cell-cell com-
munication and those related to cell proliferation and/or cell
fate are likely to play a role during the process of adipocyte
dedifferentiation.

Evidence of epigenetic regulation
and posttranscriptional modulation of gene
expression

As mentioned, little is known about the exact cellular mecha-
nisms allowing somatic cells to dedifferentiate. Sugihara and
colleagues suggested that the dedifferentiation process may
represent a development phase in which mature adipocytes
specialized in lipid storage become non-differentiated fibro-
blast-like precursor cells (Sugihara et al. 1986). Nevertheless,
to reverse the process of differentiation acquired by a mature
cell, some sort of cellular reprogramming, if not nuclear
reprogramming, is required. Some transcription factors have
been identified as important players in dedifferentiation.
Studies published in the last decade supported the role of four
transcription factors, namely Sox2, Oct3/4, K1f4, and c-Myc,
which are able to convert differentiated somatic cells into plu-
ripotent stem cells (Takahashi and Yamanaka 2016). Data on
DFAT cells are consistent with a similar hypothesis, as stem
cell markers like Oct4, Sox2, c-Myc, and Nanog and stem

cell-associated antigens are found in dedifferentiated adipo-
cytes (Gao et al. 2012; Matsumoto et al. 2008; Poloni et al.
2012).

Studies have also suggested that miRNA may participate in
the maintenance and regulation of dedifferentiated cell pheno-
types. MiRNAs are noncoding, single-stranded RNAs incor-
porated into RN A-induced silencing complex (RISC) found in
the cytoplasm, and their role is to suppress gene expression
through mRNA degradation (Gu and Kay 2010). Although
miRNAs have been suggested to act mostly as reprogramming
efficiency boosters, studies are showing that miRNA particles
(miR 106a-363, miR 302-367 clusters, miR 200 family, and
miR 93/106b) activated by transcription factors Oct4, Sox2,
Klf4, and c-Myc may favor mesenchymal-to-epithelial pro-
gression in induced pluripotent stem (iPS) cells. In addition,
a recent review (Maurizi et al. 2018a) listed a number of
miRNAs that are hypothetically involved in the regulation of
liposecretion. Although data are based on the role of miRNAs
in adipocyte differentiation, rather than dedifferentiation, it
may be interesting to study these molecules in the contexts
of dedifferentiation. In addition, some miRNAs may be in-
volved in the regulation of cell cycle factors such as p21 and
pS3 (Li et al. 2017), which could in turn explain the drive of
the cell cycle observed in ceiling culture.

However, it appears that these two mechanisms may not be
sufficient to explain the entire cellular process of dedifferen-
tiation in somatic cells. A third mechanism involving epige-
netic changes is very likely to be present. Indeed, when undif-
ferentiated somatic cells differentiate, the transcribed portion
of their genome is heavily reduced. This is achieved through
epigenetic changes such as DNA methylation, histone, or
chromatin modifications that induce the formation of hetero-
chromatin. Dedifferentiated cells should, therefore, have a
loose chromatin structure to enable global gene expression
and remodeling (Eguizabal et al. 2013; Shoshani and Zipori
2011). This hypothesis is supported by Poloni et al., who
found that DFAT cells show DNA methylation patterns similar
to MSCBM. In-depth analyses showed that the epigenetic
signature was significantly different between mature and
dedifferentiated adipocytes, but no difference could be found
between dedifferentiated adipocytes and MSCBM (Poloni
et al. 2012). These results suggest that epigenetic
reprogramming takes place during dedifferentiation and may
be a crucial step supporting pluripotency.

By inducing a more “permissive” status (Shoshani and
Zipori 2011) in which somatic cells could express a larger
portion of the whole genome, the cells enter the cell cycle.
Differentiated cells are considered to be in the GO phase of the
cell cycle. It is now thought that this process can be reversed
and that quiescent cells can re-enter the cell cycle (G1 phase)
under specific conditions (Eguizabal et al. 2013). Because the
cell cycle is partially controlled by cyclically activated protein
kinases (Shugart et al. 1995), a potential involvement of
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protein regulation via degradation or phosphorylation has
been proposed (Shoshani and Zipori 2011). A drive of the cell
cycle has been reported in DFAT cells since 2008, when
Matsumoto et al. discovered that these cells actually enter
the cell cycle (Matsumoto et al. 2008). Ullah et al. further
support this drive by illustrating the association of adipocyte
gene expression with cell cycle arrest and dedifferentiated cell
gene expression with cell cycle drive (Ullah et al. 2013). A
possible implication of the cell cycle was also recently sug-
gested in our study (Coté et al. 2018), where the process of
dedifferentiation was explored in adipocytes using immuno-
fluorescence labeling of phosphorylated serine 10 on histone 3
and cyclin B1. Results showed that, during ceiling culture,
both proteins were found in the nucleus, suggesting mitosis.
Yet, time-lapse microscopy excluded this hypothesis by illus-
trating that during the phenomenon of liposecretion, cell divi-
sion did not occur. In addition, the use of anti-mitotic agents
caused a consistent reduction in fibroblast confluence during
ceiling culture but did not prevent liposecretion. Taken togeth-
er, this may indicate that following liposecretion, the DFAT
cells multiply eventually leading to confluence of
dedifferentiated adipocytes (Coté et al. 2018).

Changes in gene expression and cell cycle status could
coincide with changes in telomere length, although this has
yet to be confirmed in human cells. Indeed, cell proliferation is
associated with a decrease in the length of telomeric DNA
(Harley et al. 1990) and telomeres are elongated in iPS com-
pared to differentiated cells from which they were derived
(Marion et al. 2009). When under stress, the cells could dedif-
ferentiate and lengthen their telomeres to favor the prolifera-
tion of new cells.

Possible applications of DFAT cells in tissue
engineering and regenerative medicine

Because of their unique characteristics, dedifferentiated
cells are attractive candidate for the treatment of several
clinical conditions such as T2D, cardiovascular diseases,
liver diseases, kidney diseases, as well as autoimmune
diseases. Several groups have examined the potential of
DFAT cells for the treatment of these pathological con-
ditions. Jumabay et al. showed that DFAT cells isolated
from GFP-transgenic rats were able to differentiate into
cardiomyocytes when co-cultured with neonatal
cardiomyocytes. In that study, when GFP dedifferentiated
adipocytes were transplanted in a rat acute myocardial
infarction model, GFP cells accumulated in great
amounts in the infarcted myocardia 8 weeks after trans-
plantation. Most of these cells expressed cardiac markers,
suggesting redifferentiation into cardiomyocytes. The
capillary density in the infarcted area was increased and
no GFP-positive vessels were detected. Moreover, no
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adipocytes and osteocytes were found in the infarcted
cardiac tissue. The authors suggested that once they are
transplanted, dedifferentiated cells promote neovasculari-
zation by secreting proangiogenic factors (Jumabay et al.
2009). This hypothesis is consistent with the results ob-
tained by Nakagami et al. in a study that examined the
angiogenic potential of adipose-derived stem cells for the
treatment of ischemic diseases (Nakagami et al. 2005).

Few treatments are currently available for neurode-
generative diseases. In rats, transplantation of DFAT
cells into the spinal cord improved induced spinal cord
injuries. Allografting of DFAT cells also led to an im-
provement of motor dysfunction. This improvement was
thought to occur through expression of neural markers
by dedifferentiated cells before and after their engraft-
ment in the injured spinal cord area (Ohta et al. 2008).

In kidney, transplantation of DFAT cells was shown to im-
prove kidney diseases through anti-inflammatory and immu-
nosuppressive effects (Maruyama et al. 2015; Nur et al. 2008).
Obinata et al. showed that injection of dedifferentiated adipo-
cytes into the paraurethral connective tissue in Sprague—
Dawley rats improved muscle regeneration of the sphincter
and its function (Obinata et al. 2011). Transplantation of
DFAT cells in a model of vesico-urethral reflux decreased
the number of apoptotic cells and the formation of connective
tissue while improving the condition (Ikado et al. 2016).

Soejima et al. studied the potential of DFAT cells in
combination with a basic fibroblast growth factor (FGF)
treatment for dermal regeneration after artificial dermis
graft in rats. They showed that dedifferentiated cells
under FGF treatment differentiated into endothelial cells
and contributed to the process of angiogenesis.
Vascularization of the skin graft was improved in rats
treated with dedifferentiated cells compared to the con-
trol group only receiving the skin graft (Soejima et al.
2015).

Regeneration of bone tissues is essential for bone
injuries arising from traumatic/neoplastic processes or
congenital anomalies. Most of the techniques used for
bone regeneration include a combination of stem cells
and biomaterial scaffold (Tang et al. 2008; Yoon et al.
2007). In a study by Kishimoto et al., DFAT cells iso-
lated from subcutaneous rabbit fat pads were able to
proliferate and redifferentiate into osteoblasts when cul-
tivated in osteogenic medium on a titanium fiber mesh
scaffold (Kishimoto et al. 2013). A subsequent study
performed in humans also demonstrated that DFAT cells
isolated from buccal fat pads had a higher osteogenic
potential than ASC, even though they shared similar
characteristics (Kishimoto et al. 2014). However, it
should be brought to attention that this study was per-
formed using the fat pad of a single individual.
Similarly, DFAT cells could support healing in articular
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cartilage injuries. This has been shown in rats with
ostochondral femur defects, where transplanted
dedifferentiated adipocytes promoted cartilage repair
within one month of transplantation (Shimizu et al.
2018).

Currently, most of the studies were performed using animal
models and the long-term consequences of using DFAT cells
for the treatment of clinical conditions or diseases are un-
known. Stem cell research regulation obviously needs careful
consideration, especially for uses intended for humans.

Future directions

Although research on DFAT cells has significantly expanded
over the years, many important questions still need to be an-
swered in this field.

The large majority of the examples presented in the previ-
ous section do not address differences between ASC or DFAT
cells in tissue engineering. ASC show a differentiation poten-
tial similar to that of DFAT cells and thus are also suitable
candidates for tissue engineering (Lindroos et al. 2011; Saler
et al. 2017; Zuk et al. 2002). However, available literature
suggests some differences between SVF and DFAT cells re-
garding secreted factors (Coté et al. 2017b; Lessard et al.
2015b) and gene expression (Coté et al. 2017a; Poloni et al.
2012). Current knowledge does not yet allow an accurate
comparison between these two cell types, at least regarding
their potential in tissue engineering. For this reason, more
research is needed addressing the functionality of the tissues
generated using either ASC or DFAT cells.

Regarding the phenomenon of liposecretion, many ques-
tions remain unanswered. The pathways regulating this pro-
cess are not known. In a recent review, Maurizi and colleagues
suggested that at least three gene clusters may be involved in
this phenomenon. Indeed, due to remarkable differences be-
tween mature adipocytes and MSCBM gene expression, these
investigators highlighted that clusters involving cell morpho-
genesis, cell proliferation, and membrane lipid transport are
likely to be implicated (Maurizi et al. 2018b). Other groups
suggested a role of the Wnt (Zoico et al. 2018), Notch (Bi et al.
2016), or even TGF-{3 (Coté et al. 2017b) pathways in adipo-
cyte dedifferentiation. Although interesting, data emerging in
the literature are not consistent and the role of these pathways
has yet to be confirmed.

The development of a trilaminar plasma membrane sur-
rounding the adipocyte lipid droplet during liposecretion
needs also to be confirmed. To date, no study investigated
membrane dynamics or composition during liposecretion.

Finally, although examples of in vivo adipocyte dediffer-
entiation have already been reported (Bi et al. 2016; Maurizi
et al. 2017; Wang et al. 2018), it may be interesting to have a
larger body of evidence. This, combined with data on the role

of dedifferentiation in adipose tissue homeostasis, may add a
novel angle to our understanding of this organ.

Conclusion

DFAT cells show a stem cell-like antigen profile and genome
signature, which add to their proliferative capacities and their
ability to re-differentiate into diverse cell lineages (Matsumoto
et al. 2008). This may allow the development of new uses in
tissue engineering. Human stem cells, particularly those iso-
lated from bone marrow and adipose tissue have received
wider attention in the last decades in the field of regenerative
medicine because they can be easily isolated and cultured
in vitro. However, both methodologies have disadvantages:
mesenchymal stem cells collected from the bone marrow re-
quire a painful procedure and allow the isolation of a minor
quantity of stem cells; similarly, a relatively large sample of
adipose tissue is required to isolate a considerable number of
ASC. Compared to other types of stem cells, mature adipo-
cytes are abundant, they can be easily isolated and they rep-
resent a rather homogenous population. For these reasons, the
discovery of mature adipocyte dedifferentiation may under-
line a new role for DFAT cells in the field of regenerative
medicine.
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