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Abstract

Mesenchymal stem cells (MSCs) derived from human
induced pluripotent stem cells (hiPSCs) provide a novel
source for generating adipocytes, thus opening new av-
enues for fundamental research and clinical medicine.
We present the adipogenic potential of hiPSCs and the
various methods to derive hiPSC-MSCs. We discuss
the main characteristic of hiPSC-MSCs, which is their
low adipogenic capacity as compared to adult-MSCs.
Finally, we propose several hypotheses to explanation
this feature, underlying a potential critical role of the
micro-environment. We favour the hypothesis that the
range of factors or culture conditions required to induce
adipocyte differentiation of MSCs derived from adult tis-
sues and from embryonic-like cells could differ.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: In this mini-review, we summarized the poten-
tial of human induced pluripotent stem cells to gener-
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ate white and brown adipocytes and we discussed their
therapeutic capacities for obesity and lipodystrophy
diseases. Then, we described the main approaches to
derive human induced pluripotent stem cells-mesenchy-
mal stem cells (hiPSC-MSCs). Finally, we underlined the
low adipogenic capacity of hiPSC-MSCs compared to
adult-MSCs and proposed several hypothesis to explain
this feature.

Hafner AL, Dani C. Human induced pluripotent stem cells:
A new source for brown and white adipocytes. World J Stem
Cells 2014; 6(4): 467-472 Available from: URL: http://www.
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INTRODUCTION

Mesenchymal stem cells (MSCs) derived from human
induced pluripotent stem cells (hiPSCs) provide a novel
source for generating adipocytes. hiPSC-MSCs satisfy the
minimal criteria for defining MSCs proposed by the In-
ternational Society for Cellular Therapy, ze., express cer-

tain cell surface markers, adhere to tissue culture plastics
and exhibit differentiation towards osteogenic, chondro-
genic and adipogenic ligneagesm. However, hiPSC-MSCs
have also been referred to as MSC-like, mesenchymal
progenitors or fibroblast-like cells by different authors,
including us, because hiPSC-MSCs are not identical to
MSC:s isolated from adult tissues, as we will discuss. For
simplicity, we use the general term MSCs in this review.
We present hiPSCs as a unique source of adipocytes,
thus opening new avenues for fundamental research and
clinical medicine. We also undetrline the low adipogenic
capacity of hiPSC-MSCs compared to adult-MSCs, based
on our expertise regarding the study of human MSCs
1solated from iPSCs and adipose tissue.

In mammals, two adipose tissue functional types
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coexist, ze., brown and white adipose tissues, which are
both involved in the energy balance while having op-
posite functions. White adipose tissue (WAT) is mainly
involved in energy storage and mobilization in the form
of triglycerides. In contrast, brown adipose tissue (BAT)
burns fat and is specialized in energy expenditure. BAT is
a key thermogenic organ since brown adipocytes convert
nutrients into heat by uncoupling respiration from ATP
synthesis. BAT implants were recently shown to improve
the metabolic conditions in obese mice and to restore
normoglycemia and glucose tolerance in streptozotocin-
induced diabetic mice"”. These recent findings offer
promising prospects for basic research and clinical med-
icine-increasing energy expenditure vz recruitment of
brown adipocyte progenitors could be a valuable thera-
peutic approach to counteract obesity and its associated
metabolic complications. However, BAT represents a
minor fraction of the adipose tissue in humans, is found
throughout the body and disappears from most areas
with age, persisting only around deeper organsm. Human
BAT is hard to isolate in this regard, so an alternative cel-
lular source is required to generate brown adipocytes.

Congenital or acquired lipodystrophies result from
the loss, degeneration or misdistribution of white adi-
pose tissue, leading to diabetes, severe defects in lipid ho-
meostasis and ectopic fat accumulation. Transplantation
of white adipose tissue in a lipoatrophy mouse model
has been shown to improve the metabolic parametersw.
Therefore, isolation of hiPSCs-MSCs differentiating into
brown and white adipocytes could provide an unlimited
source of adipocytes for autologous cell-based therapy to
treat obesity and lipodystrophy diseases.

Differentiation of iPSCs into MSCs, and then into
adipocytes, also offers a unique opportunity to determine
adipocyte properties according to their embryonic ori-
gins, but this issue has yet to be investigated in humans.
Indeed, individual white adipose tissue depots are not
equivalent, as functional differences have been reported
in mice and humans". These distinct properties of indi-
vidual adipose tissue depots could play a role in obesity-
related complications and might explain why the spread
of only certain depots is associated with severe metabolic
disorders. It has also been observed that the different fat
depots are not altered in a similar manner in genetic- and
drug-induced lipodystrophiesm. These regional differ-
ences were conserved during 7z vitro propagation and adi-
pocyte differentiation of MSCs, strongly suggesting that
MSCs from different fat depots are indeed inherently dif-
ferent”!. Recent published data, including ours, suggested
that MSC embryonic origins could play a role in these
intrinsic differences. Surprisingly little is known about the
developmental origin of adipocytes in rodents, and noth-
ing is known in humans. Gesta ez al? compared gene ex-
pression profiles of intra-abdominal and sub-cutaneous
adipose tissues in mice and found major differences in
the expression of several genes involved in embryonic
development and pattern specification. We recently dem-
onstrated that subsets of adipocytes have mesodermic

Raishidenge ~ WJSC | www.wjgnet.com

and neuroectodermic origins depending on the location
of adipose tissue depots in mouse and quail[g’ml. These
data are in full agreement with the demonstration of Ta-
kashima e# a/'" that MSCs originate both from mesoderm
and neuroectoderm. Interestingly, the potential of neuro-
and meso-derived MSCs to differentiate and participate in

tissue repair differs depending on the embryotic originm.

DIFFERENTIATION OF HUMAN-INDUCED
PLURIPOTENT STEM CELLS INTO
ADIPOCYTES

Differentiation of hiPSCs offers a unique opportunity to
purify human MSCs for the purpose of generating brown

and white adipocytes, as well as adipocytes of different
embryonic origins from the same patients’ somatic cells.
Following the pioneer work of Yamanaka’s group on the
generation of iPSCs by reprogramming human fibro-
blasts'”, the capacity of hiPSCs to generate functional
adipocytes was first reported by Nakao’s group. The au-
thors showed that hiPSCs have an adipogenic potential
comparable to human embryonic stem cells. Interestingly,
hiPSC-adipocytes can maintain their functional proper-
ties for several weeks after transplantation into nude
mice!"™"”. These data revealed that hiPSC-adipocytes
could potentially be used to correct metabolic parameters
in patients. In these experiments, differentiated hiPSCs,
but not MSCs, were transplanted into mice. Indeed, hiP-
SC differentiated cultures are enriched with adipocytes
after adipogenic induction, but also contain several other
cell types that are undesirable for transplantation, includ-
ing immature neural cells and undifferentiated iPSCs that
can form teratomas several weeks after transplantation.
As indicated by Noguchi and colleagues, transplantation
of mature adipocytes alone results in graft loss that could
be improved by transplanting adipocyte progenitors'”
Therefore, purification of hiPSC-MSCs with a high ad-
ipogenic capacity is required prior to an hiPSC-based
therapeutic approach. Nishio ez al'® developed a proce-
dure to generate functional brown adipocytes at a high
frequency from hiPSC using a hematopoietic cocktail to
induce hiPSC differentiation. Remarkably, hiPSC-brown
adipocytes were able to improve glucose tolerance after
transplantation in mice. This report established a link be-
tween brown adipocytes and hematopoietic cells, and in-
dicated that hiPSCs could potentially be used to generate
brown adipocytes with therapeutic properties. As recently
reported, we designed a procedure to derive MSCs with
a capacity to differentiate into both brown and white adi-
pocytesm. In this latter study, the use of small molecules
during hiPSC differentiation revealed that TGFb and
retinoic acid pathways regulate the generation of MSC
subtypes having a brown or white adipogenic potential,
respectively. Differentiation of hiPSCs offers the op-
portunity to characterize the earliest steps of adipogen-
esis and identify signalling pathways regulating brown
and white fat cell lineages. However, as discussed below,
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Figure 1 Adipogenic capacities of mesenchymal stem cells derived from human induced pluripotent stem cells and from human adipose tissue (adipose-
derive stem cells). A: Microphographic images showing adipocytes generated from hiPSC-MSCs transduced with C/EBPb LAP (left) and from adult ASCs (right);
B: Adipocyte differentiation potentials quantified via FABP4 adipogenic gene expression. MSCs: Mesenchymal stem cells; hiPSCs: Human induced pluripotent stem

cells; ASCs: Adipose-derive stem cells.

hiPSC-derived MSCs have a low potential to differentiate
into adipocytes compared to hMSCs derived from adult
adipose tissue.

ADIPOGENIC CAPACITY OF hIPSC-
DERIVED MSCS

Chen ¢ a/'® first underlined the limited capacity of
hiPSC-MSCs to undergo adipocyte differentiation, a
feature that has often been observed by authors but not
always highlighted. Ahfeldt ez al" were able to gener-
ate pure brown or white adipocytes from hiPSCs, but
only following genetic modification of MSCs. These
artificially programmed hMSCs are of great interest
from a therapeutic standpoint, but cannot be applied to
investigate ontogenesis of human adipocytes. The fact
that MSCs must be transduced with adipogenesis master
genes clearly illustrates the low adipogenic potential of
hiPSC-derived MSCs. This low adipogenic potential is il-
lustrated in Figure 1. As shown, transduction of hiPSC-
MSCs with a vector expressing an adipogenic gene, such
as C/EBP-LAP, dramatically enhanced the MSC adipo-
genic potential, as monitored with the FABP4 adipogenic
marker, but still at a lower level compared to MSCs
derived from adipose tissue, also named adipose-derive
stem cells (ASCs). Interestingly, some authors claim that
the low differentiation capacity is limited to adipogenesis
since hiPSC- and hESC-MSCs are able to differentiate
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towards chondrogenic and osteogenic lineages at high
levels™ . MSCs are abundant in adipose tissue, can be
easily harvested using liposuction and have a consider-
able expansion potential ex v7vo, particularly when isolated
from young donors™. Adipose tissue derived MSCs are
currently being investigated in autologous transplanta-
tions to improve revascularization and tissue perfusion
in ischemic limbs™*?’. Results so far suggest that the ef-
ficiency of adipose tissue-MSCs in regenerative medicine
could rely more on their cytokine secretory functions and
potential use as immunomodulators than on their differ-
entiation potential””. The therapeutic potential of MSCs
derived from hiPSCs and from human adipose tissue
should therefore now be carefully compared.

In recent years, various groups have successfully
derived MSCs from hESC and hiPSC using a range of
methods. There are two main approaches to differentiate
pluripotent stem cells into MSCs (Figure 2).

One strategy involves embryoid body (EB) forma-
tion. In this approach, suspension cultures allow pluripo-
tent stem cells to form 3-dimensional structures called
EB (Figure 2A). This step models the iz vitro embryonic
development with the commitment of cells into the
three primary germ layers. The duration of this stage
may range from 7 to 14 d. EBs are then seeded onto
culture dishes and, after a proliferation step, outgrowth
cells are maintained in a mesenchymal culture medium.
Subsequently, adherent cells display a fibroblast-like
morphology and acquire specific MSC markers after se-
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Figure 2 Mesenchymal stem cell derivation strategies. MSCs were derived
from hiPSCs following (A) or not (B) embryoid body formation. Alternatively,
hiPSCs were maintained in co-culture with murine stromal cells, and then MSCs
were derived following selection of CD73-positive cells (C). MSCs: Mesenchy-
mal stem cells; hiPSCs: Human induced pluripotent stem cells.

rial passages”™. An alternative strategy involves direct
differentiation of pluripotent stem cells without the
EB step (Figure 2B). Pluripotent stem cells are dissoci-
ated into single-cell suspensions and then maintained in
mesenchymal medium for several weeks. The resulting
cell cultures are enriched for MSCs through serial cell
passaging”™”. Another version of this protocol relies on
the spontaneous differentiation of pluripotent stem cells
into MSCs"". Different research groups have developed
additional steps to improve this method. For instance,
before single-cell suspension, hiPSCs are committed to-
wards MSC differentiation »/z treatment with small mol-
ecules, such as inhibitors of the TGFb pathway' . Using
small molecules with the EB method has been shown to
promote the generation of two MSC subtypes having a
selective potential towards brown and white adipocyte
lineagesm. Growing hiPSCs on a fibrillar-collagen matrix
has also been shown to improve their differentiation into
MSCs™. Coculture of pluripotent stem cells with murine
stromal cells, followed by the selection of CD73-positive
cells™ is another way to derive MSCs (Figure 2C). Inter-
estingly, MSCs from mesoderm or from neuroectoderm
origins can be derived depending on the stromal cells
used”™!. Finally, MSCs derived from different hiPSC
lines generated from different donors, or from the same
hiPSC clone using different derivation approaches, have
the same adipogenic features™", MSC adipogenic char-
acteristics are therefore not dependent on the derivation
method used.

Several hypotheses could be put forward to explain
the low hiPSC-MSC adipogenic capacity compared to
adult MSCs. Interestingly, the low differentiation potential
is not restricted to hiPSC-MSCs since MSCs detived from
human embryonic stem cells (hESCs) display the same
feature, thus ruling out the possibility that the low hiPSC-
MSC adipogenic capacity could be due to the reprogram-

ming process or to an epigenetic mechanism. The fact
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Figure 3 A niche for adipocytes when mesenchymal stem cells are main-
tained in the human induced pluripotent stem cells environment. Differen-
tiated hiPSCs stained with Oil Red O, a specific stain for lipid droplets, to reveal
adipocytes, and with violet crystal, a non specific stain, to reveal other cells.
hiPSCs: Human induced pluripotent stem cells.

that hiPSCs generated from adipose-detived stem cells or
from neural stem cells displayed a similar adipogenic ca-
pacity is in agreement with this hypothesism. One possi-
bility is that the criteria to identify hiPSC-MSCs and adult
MSCs could differ. For instance, individual cell surface
markers used to characterize MSCs ate also expressed by
non-MSCs such as by fibroblasts”. Therefore, it could
be important to select hiPSC-MSCs based on the co-
expression of several mesenchymal markers and not on
CD73 expression only. We favour the hypothesis that the
range of factors or culture conditions required to induce
adipocyte differentiation of MSCs derived from adult
tissues and from embryonic-like cells could differ. The
low hiPSC-MSC adipogenic capacity is a reminiscence
of an earlier observation reported by Han ef a/’". The
authors observed that epididymal adipose tissue, which
undergoes postnatal development in mouse, is composed
of multipotent progenitor cells that meet the MSC cri-
teria but lack an adipogenic capacity 7 vitro. In contrast
to cells derived from other fat pads, epididymal fat cells
require a three-dimensional culture conditions and a dif-
ferent micro-environment to undergo differentiation.
These results undetline that the micro-environment has
a critical role in differentiation but could differ for adult
and embryonic-like cells. We have observed that hiPSCs
can generate nice adipocyte colonies when MSCs are not
derived but are maintained in an iPSC environment. As
shown in Figure 3, adipocytes are close to non-adipose
cells in hiPSC-differentiated cultures. As isolated MSCs
have been found to have a low adipogenic capacity, we
propose that these non-adipogenic cells are required for
full differentiation of MSCs into adipocytes. The identifi-
cation of these non-adipogenic cells and factors that they
secrete could be of a great interest.

CONCLUSION

The potential of hiPSCs to generate MSCs having an
adipogenic capacity represents a powerful cellular model
for studying brown and white adipocyte ontogenesis and
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comparing the properties of adipocytes derived from me-
soderm or neuroectoderm. This also provides a basis for
investigating factors involved in the recruitment of MSCs
having different potentials in normal and pathological
contexts.

From a clinical standpoint, many issues have to be re-
solved before using hiPSC-MSCs in cell-based therapeu-
tic for obesity and lipodystrophy diseases. However, the
differentiation of iPS cells towards the adipogenic lineage
offers a unique opportunity to purify white and brown
adipocytes from patients, which could lead to the develo-
pment of autologous transplantation procedures to treat
obese and lipodystrophic patients. It would be essential
to determine the factors underlying the low adipogenic
capacity of hiPSC-MSCs. They are functionally distinct
from adult hMSCs and the challenge will be to determine
the cellular and molecular events necessary to prime hiP-
SCs towards the adipogenic lineage at a high level.
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