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a b s t r a c t

The stromal vascular fraction (SVF) of adipose tissue is an easy to obtain source of adipose tissue-derived
stem cells (ADSCs). We and others have achieved significant but suboptimal therapeutic effects with
ADSCs in various settings, mainly due to low rates of differentiation into specific cell types and with the
downside of undesired side effects as a consequence of the undifferentiated ADSCs. These data prompted
us to find new stem cell-specific markers for ADSCs and/or subpopulations with higher differentiation
potential to specific lineages. We found a subpopulation of human ADSCs, marked by c-Kit positiveness,
resides in a perivascular location, and shows higher proliferative activity and self-renewal capacity,
higher telomerase activity and expression, higher in vitro adipogenic efficiency, a higher capacity for the
maintenance of cardiac progenitors, and higher pancreatogenic and hepatogenic efficiency indepen-
dently of CD105 expression. Our data suggests that the isolation of ADSC subpopulations with anti-c-Kit
antibodies allows for the selection of a more homogeneous subpopulation with increased cardiopro-
tective properties and increased adipogenic and endodermal differentiation potential, providing a useful
tool for specific therapies in regenerative medicine applications.

& 2014 International Society of Differentiation. Published by Elsevier B.V. All rights reserved.

1. Introduction

Mesenchymal stem cells (MSCs) have been found in a variety of
adult tissues, such as bone marrow, trabecular bone (Nöth et al.,
2002; Tuli et al., 2003), skin (Toma et al., 2005), blood vessels
(Sampaolesi et al., 2003), muscle and brain (Jiang et al., 2002),
synovium (De Bari et al., 2001), skeletal muscle (Jankowski et al.,
2002), lung (Noort et al., 2002), decidual teeth (Miura et al., 2003)
and adipose tissue (Zuk et al., 2001; Gronthos et al., 2001;
De Ugarte et al., 2003).

The stromal vascular fraction (SVF) of adipose tissue is an easy
to obtain source of adipose tissue-derived mesenchymal stem cells
(ADSCs). Relatively recent studies suggest that the MSCs in this
stroma are similar to bone marrow MSCs (Zuk et al., 2001;
Gronthos et al., 2001; De Ugarte et al., 2003). A minimum of three

criteria has been established as necessary to consider a cell
population as MSCs (Dominici et al., 2006). First, MSCs must be
plastic-adherent when maintained in standard culture conditions.
Second, MSCs must express CD105, CD73 and CD90 and lack
expression of CD45, CD34, CD14 or CD11b, CD79α or CD19 and
HLA-DR surface molecules. Third, MSCs must have the ability to
differentiate to the adipogenic, chondrogenic and osteogenic
mesodermal lineages.

The establishment of CD105 as a stem cell marker in adipose-
derived tissue was based on its bone marrow counterparts (Lee et
al., 2004; Sengenes et al., 2005; Boquest et al., 2005). Interestingly,
more than 90% of adherent cells from unsorted SVFs acquire CD105
when cultured (Yoshimura et al., 2006; Varma et al., 2007).
Subsequently, whole cultured SVF has been used for therapeutic
purposes in most published studies. However, no correlation
between CD105 positiveness and true stemness markers has been
reported (Park and Patel, 2010; Wan Safwani et al., 2011).

ADSCs have been shown to have the potential to differentiate
preferentially and with high efficiency into mesodermal cells, such
as adipocytes, fibroblasts, myocytes, osteocytes and chondrocytes,
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in a process known as lineage-specific differentiation (Mizuno et
al., 2002; Gimble and Guilak, 2003; Ogawa et al., 2004).
In addition, there is increasing evidence of the ability of ADSCs
to differentiate into non-mesodermal cells (Schäffler et al., 2007),
such as endothelial cells (Wosnitza et al., 2007), cardiomyocytes
(Bai et al., 2007), neurons (Ning et al., 2006), hepatocytes (Seo
et al., 2005) and pancreatic cells (Timper et al., 2006) from
adequately stimulated ADSCs in vitro, although at lower efficiencies.

We and others have achieved significant but suboptimal
therapeutic effects with ADSCs in various settings, mainly due to
the low rates of differentiation into specific cell types, and with the
downside of undesired side effects as a consequence of the
undifferentiated ADSCs: For example, a high proarrhythmic risk
has been described for myocardial infarction, suggesting that adult
stem cells fail to electromechanically integrate within the recipi-
ent's heart, thereby mandating the search for second-generation
cell types able to achieve this goal, which is the prerequisite for an
effective enhancement of contractile function (Menasché, 2005).
In another setting, we injected ADSCs in a rabbit model of stromal
corneal damage. The ADSCs achieved differentiation into stromal
corneal keratocytes; however, only in a small percentage, resulting
in suboptimal transparency and corneal regeneration (Arnalich-
Montiel et al., 2008).

Several authors have identified ADSC subpopulations with
higher mesodermal differentiation potential: Varma et al. (2007)
identified that freshly isolated ADSC were CD34 and c-Kit positive
and displayed higher osteogenic potential in vitro than cultured
ADSCs. Stro1þ cells show higher osteogenic potential and
CD105þCD29þ higher chondrogenic potential (Rada et al., 2011).
A L-NGFRþ isolated subpopulation showed increased adipogenic,
chondrogenic and osteogenic potential (Quirici et al., 2010).

These data prompted us to search for new stem cell-specific
markers for ADSCs and/or subpopulations with higher differentia-
tion potential to specific lineages in order to improve the differ-
entiation efficiency and thus the therapeutic effect and lower side
effects of in vivo therapies using ADSCs.

2. Material and methods

2.1. Isolation of stromal vascular fraction (SVF) from human
and mouse adipose tissue

SVF was prepared from a total of 16 samples (300 ml each) of
lipoaspirated adipose tissue from 16 separate human donors under-
going elective liposuction after giving their informed consent. Age
from 16 patients used ranged from 25 to 55 years old, mean 38.75 y.o.
All patients were female, with BMI ranging from 26.3 to 29.3, mean
27.5. The isolation protocols were approved by the Institutional
Review Boards of La Paz Hospital (Madrid, Spain) and were in
accordance with the Declaration of Helsinki (2000) of the World
Medical Association. In addition, adipose tissue from the inguinal–
peritoneal region of Swiss mice was processed. All mouse protocols
were approved by the La Paz Hospital Animal Welfare Committee.

Isolation process was previously described (Hauner et al., 1987;
Katz et al., 1999). Briefly, after washing with PBS (Gibco-BRL, Grand
Island, NY, USA), each sample was digested with collagenase I (0.075%
in PBS, from Gibco) for 300 at 37 1C under gentle agitation (for mouse
0.09% collagenase was used). Upon centrifugation (300g, 100, RT), the
pellet was resuspended in erythrocyte lysis buffer (160 mM NH4Cl,
10 mM KHCO3, 1 mM EDTA, all from Sigma) for 100 at RT. The SVF was
then recollected by centrifugation (300g 100, RT) and seeded in 10-cm
diameter culture plates (Corning, Corning, NY, USA) at a density of
3�104 cells/cm2 and cultivated in DMEM (Gibco) supplemented with
10% FBS (Gibco) and 1% Pen/Strep (Sigma).

2.2. Clonogenic cell culture

To obtain cellular clones of hADSCs, SVF cells were isolated by
serial dilution and plated in 384-well Terasaki multiwell-plates
(BD Falcon, Franklin Lakes, NJ, USA) at 1 cell per well, and passaged
as needed into larger wells until reaching subconfluence in a
10 cm plate.

2.3. Extraction of mice embryo cardiomyocytes

The myocardia of 14.5-day post-coitum mouse embryos was
digested with 0.1% collagenase I and 0.025% Trypsin-EDTA for 50 at
37 1C. Upon extensive pipetting, the reaction was inhibited by the
addition of an equal volume of DMEM, 10% FBS, 5% Horse Serum
(Gibco), 1% Pen/Strep and 0.1% Fungizone (Gibco) before seeding in
the same medium.

2.4. Mice perfusion

Mice were anesthetized by an injection of Ketolar (0.01 ml/10 g
mouse weight) and Domtor (0.005 ml/10 g mouse weight, both
from Pfizer, NY, USA). A cannula was then inserted in the right
heart ventricle to pump PBS, and the blood was drained through
an incision in the left heart atrium. Once the mouse was com-
pletely bled out, the inguinal adipose tissue was extracted.

2.5. Immunohistochemistry

Human adipose tissue samples were fixed for 24 h in 3.7%
formaldehyde and then paraffin-embedded. Five-micrometer
sections were incubated with primaries antibodies (anti-human
c-Kit, 1:100, and anti-CD31, 1:200, both from Dako) for 1 h and
then incubated with biotin-conjugated secondary antibodies
(1:100, Vector Labs, Burlingame, CA, USA) for 300. Samples were
then incubated with avidin-peroxidase complex, stained with DAB
and avidin–alkaline phosphatase, stained with Fast Red (all from
Vector) and counterstained with Harris Hematoxylin (Dako).

2.6. Immunocytochemistry

Fixed (4% paraformaldehyde, PFA) cultured samples were pre-
viously washed with 1 M citric acid or 3% H2O2 to inhibit the
endogenous alkaline phosphatase or peroxidase, respectively.
After blocking and permeabilizing with PBS 0.1% Tween-20
(Sigma) and 10% FBS or goat serum, the samples were incubated
with the following primary antibodies at the indicated concentra-
tion: anti-sarcomeric actin, anti-insulin, anti-albumin (1:50, all
from Dako), anti-GATA4 (1:100, Novus Biologicals), anti-c-Kit
(1:200, Dako), anti-human troponin (1:50, Sigma Prestige). Sam-
ples were incubated with the proper biotin-conjugated secondary
antibody (1:100, Vector Labs, Burlingame, CA, USA) for 300. After
incubation with avidin-peroxidase complex or avidin alkaline
phosphatase, the samples were stained with either DAB (Vector)
or 1% Napthol AS-MX (Sigma) and Fast Red-TR (1 mg/ml, Sigma).
When required, the samples were counterstained with Harris,
Cole's (Dako) or Mayer's (handmade) hematoxylin. For immuno-
fluorescence, the samples were incubated with PBS 0.1% Tween-
20, 3% goat serum and 1% BSA containing the following secondary
antibodies: Texas Red conjugated anti-mouse, fluorescein conju-
gated anti-mouse or anti-rabbit (1:100, all from Vector), or
rhodamine conjugated anti-rabbit (1:50, Boehringer Ingelheim
GmbH, DL). Samples were then mounted with DAPI-containing
Vectashield (Vector Labs).
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2.7. Flow cytometry and cell sorting

Cells were resuspended in PBS 15% FBS and incubated for 200 at
4 1C with the following antibodies: phycoerythrin-conjugated
anti-c-Kit, fluorescein-conjugated anti-CD24, (all from Becton
Dickinson) and fluorescein-conjugated anti-CD105 (Chemicon).
Cells were then resuspended in PBS 1% BSA and analyzed in a
cytometer (BD, Franklin Lakes, NJ, USA) using the Cell Quest Pro
program. For the mouse cells, the antibody anti-c-Kit (eBios-
ciences, clone ACK2) was used once conjugation had been
achieved with the secondary anti-mouse TRICT (Sigma). To isolate
the human cellular fractions based on c-Kit and/or CD105 expres-
sion, the cells were analyzed in a cytometer with a cell separation
module (MoFlo, Dako).

2.8. Magnetic cell separation

SVF cells were selected by magnetic separation by anti-c-Kit
and anti-CD105 antibodies conjugated MicroBeads (Miltenyi Bio-
tech Inc., Auburn CA, USA), used according to the manufacturer's
instructions, and used directly for the differentiation protocols
without further expansion.

2.9. Proliferation rate analysis

Cells at different time points were incubated for 24 h with BrdU
before fixing and stained according to the manufacturers' protocol
(Amersham). Five hundred nuclei were counted as positive or
negative, and the data were statistically analyzed with the Mann–
Whitney U test.

2.10. Chondrogenesis

hADSCs were plated using the micromass culturing technique
(Im et al., 2005). A 10 ml culture media drop containing 8�106

cells/ml suspension was plated in normal medium. Five hours
later, the culture media was replaced by a chondrogenic differ-
entiation culture media: DMEM, ITS 1� (Sigma), 0.1 mM dexa-
methasone (Merk, Darmstadt, Germany), 50 mg/ml 2-phosphate
ascorbic acid (Fluka, Ronkonkoma, NY, USA). Media changes were
done 3 days a week for 4 weeks. Chondrogenic differentiation was
confirmed using Alcian blue staining at acidic pH to show
production of sulfate proteoglycans (Mizuno et al., 2002).

2.11. Osteogenesis

hADSCs were seeded at a density of 2�104 cells/cm2 in
DMEMþ10% FBS. Twenty-four hours later, the medium was
changed to the following osteogenic differentiation medium
(adapted from Zuk et al., 2001): DMEM, 10% FBS, 0.1 mM dexa-
methasone (Merck) and 50 mg/ml ascorbic acid-2-phosphate
(Fluka). The medium was refreshed 3 times a week for 4 weeks.
The cells were then fixed with 4% PFA, and the alkaline phospha-
tase activity was detected by staining with 1% Napthol AS-MX and
1 mg/ml Fast Red-TR.

2.12. Myogenesis

The cells were seeded at a density of 103 cells/cm2 in
DMEMþ10% FBS. Twenty-four hours later, the medium was chan-
ged to the following myogenic differentiation medium (adapted
from Zuk et al., 2001): DMEM, 10% FBS, 50 mM hydrocortisone
(Sigma), 10% FBS and 5% horse serum (HS, Sigma). The medium was
refreshed 3 times a week for 6 weeks. The cells were then fixed
with PFA 4% and immunostained for sarcomeric actin (see above).

2.13. Adipogenesis

The cells were seeded at a density of 3�103 cells/cm2 in
DMEMþ10%FBS. Twenty-four hours later, the medium was chan-
ged to the following adipogenic differentiation medium (Lin et al.,
2005): DMEM 10% FBS, 500 μM isobutylmethylxanthine (IBMX,
Sigma), 1 μM dexamethasone (Sigma) and 1 μM indomethacin
(Sigma). A total of 10 μM of insulin (Actrapid, Novo Nordisk A/S,
Bagsværd, DK) was added for 24 h every 3 days. Differentiation
was maintained for 15 days, after which the presence of lipidic
intracellular vacuoles was revealed by Oil Red O staining and
Cole's hematoxylin counterstaining.

2.14. Cardiomyogenesis

2.14.1. Direct coculture with mouse embryo cardiomyocytes
The c-Kitþ and c-Kit� hADSC cells were separately seeded at a

density of 7500 cells/cm2, together with a disaggregated mouse
heart (see above). The differentiation medium (DMEM, 10% FBS,
5% HS, 1% Pen/Strep, 0.1% Fungizone) was changed 3 times a week.
The human cells were previously labeled with CM-Dil (Invitrogen).
After 3 weeks of coculture, the differentiation was evaluated by
observing CM-Dil positive cells in aggregates showing autono-
mous contraction. The cells were then trypsinized and reseeded in
an area 4 times larger for 48 h before being fixed in paraformal-
dehyde. Differentiation was confirmed by GATA-4 detection by
immunofluorescence.

2.14.2. Indirect coculture with mouse embryo cardiomyocytes
(transwells)

A mixture of disaggregated mouse fetal heart was seeded in a
2-cm2 tissue culture well while 15�103 c-Kitþ or c-Kit� hADSCs
were seeded on a transwell (Corning, Corning, NY, USA) located in
the same well, thus providing conditioned medium. Cells were
cultivated in DMEM, 10% FBS, 5% HS, 1% P/S for 6 days, with the
medium refreshed every 2 days. Cells grown on the well surface
were then fixed in 4% PFA and stained for GATA4. The experiment
was also repeated by seeding the cells the other way around.

2.14.3. 5-AZA-induced differentiation
The c-Kitþor c-Kit� hADSCs were seeded at a density of

7.5�102 cells/cm2 in DMEM, 10% FBS and 1% P/S. Twenty-four
hours later, 3 μM 5-Azacytidine (5-Aza, Sigma) was added for 48 h.
The medium was then changed to DMEM, 10% FBS, 5% HS, 1% P/S
and 3-μM 5-Aza for 14 days, with the medium refreshed every
2 days. Cells were then fixed with 4% PFA and stained for GATA4.

2.15. Pancreatogenesis

hADSCs subpopulations were seeded at a density of 8�103

cells/cm2 in Scholz et al. (2009): DMEM high glucose (Gibco), 1% P/S,
2% B-27 (Gibco), 1 nM Activin A (Sigma), 10 nM Nicotinamide
(Sigma), 1 mM β-Mercaptoethanol (Sigma), 2 nM Betacellulin
(Sigma), and 10 nM exendin-4. Medium was refreshed every 2 days
and after 7 days cells were fixed in 4% PFA and immunostained for
insulin.

2.16. Hepatogenesis

2�104 of each subpopulation of hADSC cells/cm2 were seeded
in 60% DMEM Low Glucose (Gibco), 40% MCDB-201 (Sigma), 1% ITS
(Gibco), 10�9 M dexamethasone (Sigma), 10�4 M ascorbic acid-2-
phosphate (Sigma), 10 ng/ml rhEGF (R&D Systems), 5% FBS (Gibco),
1% Pen/Strep (Gibco) and 0.6% GlutaMAX (Gibco) in wells covered
by a layer of 0.1% gelatin. After 48 h, the medium was changed to a
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differentiation medium (the same medium but without EGF and
with 10 ng/ml hepatocyte growth factor (HGF, Sigma) and 10 ng/ml
oncostatinM (Sigma)). The mediumwas refreshed every 2 days. After
10 days, the cells were fixed in 4% PFA and immunostained for
albumin.

2.17. Telomerase activity

Telomerase activity was quantified using a TRAPeze telomerase
detection kit (Millipore Corporation, Billerica, USA), according to
the manufacturer's protocol. Briefly, 15�104 cells were lysed in
200 μl of ice-cold Chaps lysis buffer. After 30 min of incubation on
ice, the lysates were centrifuged at 12,000g for 20 min at 4 1C, and
the supernatant was recovered. The telomeric repeat amplification
protocol (TRAP) reaction was performed using the supernatant
corresponding to 10.000 cells. Telomere extension was performed
at 30 1C for 30 min, followed by 38 cycles of a three-step PCR
(94 1C for 30 s, 59 1C for 30 s, and 72 1C for 1 min). The final
extension step was performed at 72 1C for 3 min. A standard curve
of telomerase activity was generated with TSR8 control templates
provided by the kit at different concentrations. In all the PCRs, a
36-base pair template was included as the internal control.
In addition, telomerase positive cells provided by the kit were
tested as positive controls, and Chaps buffer was tested as negative
control for the presence of primer–dimer PCR artifacts and PCR
contamination carried over from other samples. TERT activity was
measured by examination of 96-well plates in a fluorescence plate
reader (Synergy 4, BioTek Instruments, Winooski, USA).

2.18. RT-RCR and Q-PCR

The c-Kitþor c-Kit� hADSC RNA, as well as positive control
cell line Jurkat cells (immortalized line of human T lymphocyte
cells at passage 14) was extracted with TRIzol (Sigma). Two
micrograms of the RNA were retrotranscribed with the Super-
Script™ First-Strand Synthesis System for RT-PCR (Invitrogen)
according to the manufacturers' protocol. Five microliters of cDNA
were amplified with the HotStarTaq DNA polymerase kit (Qiagen)
in a PCR using the following cycles: 95 1C 150, (94 1C 45″, 56 1C 30″,
72 1C 45″) �40 and 72 1C 70. To amplify the hTERT cDNA, the
primers LT5 (50-CGGAAGAGTGTCTGGAGCAA-30) and LT6 (50-GGAT-
GAAGCGGAGTCTGGA-30) were used (Meeran et al., 2010). The
expected product was analyzed by agarose gel electrophoresis.

In order to analyze the hTERT levels by q-PCR, we used the
primers hT3_FWD (50-AAATGCGGCCCCTGTTTCT-30) and hT3_REV
(50-CAGTGCGTCTTGAGGAGCA-30) (Shen et al., 2009). To normalize
the levels of expression in the various cell types, we used β-actin
amplified with the primers hACT_FWD (50-AACCGCGAGAAGATCACC-
CAGATCATGTTT-30) and hACT_REV (50-AGCAGCCGTCATCTCTTGCTC-
GAAGTC-30). Reactions were assembled with the Quantimix Easy kit
(BioTools) and run in a LightCycler system (Roche).

The crossing points of the amplification curves were deter-
mined with the LightCycler Quantification Software (Roche) using
the second derivative method. To quantify the levels of expression,
we used the formula EXP(�ΔCp hTERT-Act).

2.19. Images and videos

Pictures were either taken with a Nikon camera (Nikon Corpora-
tion, Tokyo, Japan) mounted on a Zeiss inverted microscope and
processed with the software Nis-elements (Nikon) or taken with an
Olympus camera (Olympus Corporation, Tokyo, Japan) mounted on an
Olympus microscope and analyzed with the DP software (Olympus).

Videos were taken using a Hamamatsu (Hamamatsu Photonics
K.K., Tokyo, Japan) camera with a Leica inverted microscope and
processed with the LAS AF software (Leica Microsystems).

2.20. Quantification, image analysis and statistical analysis

Upon immunostaining, at least 500 random cells were counted
per well and condition. In the case of myogenic and osteogenic
induction, 200� pictures of 10 different fields per condition were
taken, and the optical density was analyzed with the Motic Images
Advanced version 3.2 software (Motic China Group Co., China).
Significance (po0.05) was evaluated with the Mann–Whitney U
test using the IBM SPSS Statistics 2.0 software.

3. Results

3.1. The human adipose tissue SVF contains a subpopulation of c-Kit
positive cells that only partially overlaps with CD105 ADSCs

Using double immunolabeling and FACS analysis, three popula-
tions were isolated, either c-Kit or CD105 in isolation or double
positive for both markers (Fig. 1A). The total c-Kit positive
population varied between samples, and accounted for a mean
of 0.5% of the SVF (Fig. 1A and B), in contrast to the 9–14% of the
CD105þ population, indicating that the c-Kit population is very
scarce and that most SVF cells (99.5%) are c-Kit negative. The
percentage of c-Kit positive cells was maintained during the first
passages in whole cultured SVF (Fig. 1B).

3.2. C-Kit ADSCs have clonogenic capacity

C-Kit positive cells were isolated by FACS, and one cell per well
was cultured on Terasaki plates, giving rise to clones (Fig. 4A) that
lasted for at least 8 months in culture until reaching quiescence.
At that time, most cells had lost c-Kit expression, although a small
percentage still remained c-Kit positive (not shown).

3.3. C-Kit ADSCs have higher proliferative ability and self-renewal
capacity

The proliferation index by BrdU incorporation was measured at
100, 200 and 300 days of culture in c-Kit positive versus c-Kit
negative populations isolated by FACS, revealing a higher prolif-
eration index for the c-Kit positive population at all measuring
times (Fig. 2). In agreement with this, the c-Kit positive population
showed a statistically longer proliferation period (not shown).

3.4. C-Kit ADSCs show higher telomerase activity and telomerase
expression

The higher proliferative ability and higher self-renewal capacity
of the c-Kit positive cells suggested that the c-Kit positive
population may have higher telomerase activity. To confirm this
directly, we measured the telomerase activity in both c-Kit
positive and negative subpopulations, confirming that the c-Kitþ
displayed higher telomerase activity (Fig. 3A). Furthermore, we
measured the telomerase expression by quantitative PCR, which
confirmed that only the c-Kit positive population showed detect-
able telomerase (Fig. 3B).

3.5. C-Kit ADSCs are located in the perivascular niche

Immunohistochemistry anti-c-Kit was performed in sections of
human adipose tissue, revealing the c-Kit positive cells as large
cells with large cytoplasms and always located near blood vessels
(Fig. 4B).
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3.6. C-Kit ADSCs are resident in the adipose tissue

To rule out the possibility that the c-Kit population was not
resident in the adipose tissue but instead a blood population (e.g.
fibrocytes), SVF was isolated from mice that had undergone
perfusion with PBS and therefore had all of their blood extracted
prior to adipose tissue extraction. The SVF was then analyzed by
FACS. The results show that the c-Kit population remained in the
blooded-out adipose tissue, demonstrating that c-Kit cells are
resident in the adipose tissue (Fig. 4C to E).

3.7. C-Kit ADSCs show similar osteogenic and myogenic mesodermal
potential

We then performed directed differentiation analysis to demon-
strate the differentiation potential of the c-Kit positive population
for chondrogenesis, osteogenesis and myogenesis. The c-Kit sub-
populations did in fact differentiate towards these three lineages
(Fig. 5A, B and D), although at the same levels as the c-Kit negative
cells (Fig. 5C and E), independently of CD105 expression. In the case
of chondrogenic differentiation, efficiency could not be measured
due to the micromass technique used to direct differentiation.

3.8. C-Kit ADSCs show higher adipogenic potential, but they
are not CD24 preadipocytes

The c-Kit positive cells also showed adipogenic potential when
cultured in the appropriate medium (Fig. 6A), revealing statistically
higher adipogenic potential than the c-Kit negative cells, and inde-
pendently of CD105 expression (Fig. 6B). To determine whether the c-
Kit population was the same as the preadipocytes (although improb-
able due to the higher self-renewal and telomerase levels shown
above), we performed double immunohistochemistry for c-Kit and the

preadipocyte marker CD24 (Rodeheffer et al., 2008; Berry et al., 2013)
and demonstrated that they are in fact different subpopulations of the
SVF (Fig. 6C and D).

3.9. C-Kit ADSCs show similar cardiomyogenic differentiation
potential, but they exert higher maintenance of cardiac
characteristics in mouse embryo cardiomyocytes

In order to show the pluripotency of the c-Kit positive cells, the
differentiation potential outside the mesodermal lineages was
measured by directed differentiation towards cardiomyogenesis.
Several methods were performed: The first method employed
directed chemical differentiation with 5-azacytidine, achieving a
efficiency of differentiation of a mean of about 20% GATA4 positive
cells in the c-Kitþ population, a percentage slightly but not
significantly higher than that achieved by the c-Kit negative
population (Fig. 7A and B). The second method employed a
coculture of c-Kit positive or negative cells with mouse embryonic
cardiomyocytes, which resulted in spontaneously contractile
mixed colonies during the whole period of coculture in all cases
(Video 1). Cardiomyogenic differentiation of the c-Kitþ ADSCs was
in fact achieved (Fig. 7C) in approximately 30% of the cells, but
again no statistical difference was revealed with respect to the c-
Kit negative cells (Fig. 7D). In contrast, the c-Kit positive cells
exerted a positive action on the embryonic cardiomyocytes, which
helped to maintain the marker GATA4 in the mouse embryonic
cardiomyocytes and, in fact, preserved a higher percentage of
positive cells when sharing supernatant cultured in transwells
with c-Kit positive cells (Fig. 7E and F).

Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.diff.2014.02.007.

Fig. 1. Fluorescence-activated cell sorting of a sample of the stromal vascular fraction of human adipose tissue. (A) Isotype negative control (left panel) and CD105/C-Kit
(right panel) sorted cells. R1: CD105þ/c-Kitþ . R2: CD105þ/C-Kit� . R3: CD105-/C-Kitþ . Percentages of each population are given within the graph. (B) The percentage of
c-Kit (CD117) positive cells maintained during passaging. Data shows mean and standard deviation of three different samples.
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3.10. C-Kit ADSCs show higher pancreatic endodermal potential

The pancreatogenic potential, measured by the presence of
insulin producing cells, was also higher for the c-Kit positive
subpopulations independently of CD105 expression (Fig. 8A and
B), demonstrating that the c-Kitþ population has a higher differ-
entiation potential not only to some mesodermal lineages but also
to endodermal lineages.

3.11. C-Kit ADSCs show higher hepatocyte endodermal potential

To determine further the preferential endodermal differentiation
potential, we performed directed differentiation towards the hepato-
genic lineage, which resulted in a statistically significant higher
percentage (up to 70%) of the c-Kit subpopulations being albumin
positive, independently of CD105 expression (Fig. 8C and D).

4. Discussion

We demonstrated higher proliferative activity and self-renewal
capacity, which concurs with the higher telomerase expression
and higher telomerase activity of the c-Kit positive subpopulation
of ADSCs. Until now, no marker had identified the telomerase-
expressing cells in the SVF, as we could not detect any telomerase
mRNA expression in the c-Kit negative subpopulation. Madonna
et al. (2008) identified a subpopulation of MSCs in mouse SVF that
coexpressed myocardin A (a key regulator of cardiovascular
myogenic development) and telomerase expression and activity,
but only 8% of the telomerase positive cells were myocardin A
positive as well. We have found a weak telomerase activity in c-Kit
negative cells, which we believe is residual, as no telomerase
mRNA could be amplified in the RT-PCR. Sachs et al. (2012), could
not find either telomerase mRNA or activity in human SVF,
probably due to the use of whole SVF and the lower number of
cells used for detection. In agreement with our data, cancer cells
show even higher telomerase activity than (c-Kitþ) ADSCs (Jeon et
al., 2011).

Previous studies have found subpopulations of c-Kit cells in
freshly isolated SVF: Prunet-Marcassus et al. (2006) and Han et al.

Fig. 3. (A) Fluorometry of the TERT activity of the human stromal vascular fraction
c-Kit positive and negative populations using the TrapezeXL kit. Star indicates
significant difference at po0.05 between c-Kit positive and c-Kit negative
subpopulations. (B) Quantitative PCR of the human stromal vascular fraction c-Kit
positive and negative populations telomerase expression. Jurkat immortal cell line
at passage 14 were used as positive controls. The graph shows the difference in
terms of gene expression working out the Delta Delta CT algorithm between TERT
and the housekeeping gene actin. Star indicates significant difference at po0.05
between c-Kit positive and c-Kit negative subpopulations.

Fig. 2. Proliferation index by BrdU incorporation of the human stromal vascular
fraction c-Kit positive and negative populations at various culture time points.
(A) 100 days. (B) 200 days. (C) 300 days. Data shows mean and standard deviation
of one representative experiment performed in triplicate. Stars indicate significant
difference at po0.05.
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(2010) in mouse SVF, and Bai et al. (2007), Varma et al. (2007),
De Francesco et al. (2009) and Quirici et al. (2010) in human SVF
at similar percentages, but these authors did not further char-
acterize this subpopulation. Recently, Li et al. (2012), isolated
c-Kitþ cells from hADSC and characterize their cytokine expres-
sion but not their differentiation potential. Also, very recently, a
c-Kitþ spontaneously immortalized cell clone was isolated from
mouse SVF and demonstrated to be able to differentiate into

chondrogenic, osteogenic, adipogenic, and cardiogenic pheno-
types (Zamperone et al., 2013), but no comparison was made
with whole SVF. In bone marrow Mangi et al. (2003), and in heart
tissue, Beltrami et al. (2003) and Ellison et al. (2013) found sub-
populations of multipotent c-Kitþ capable of giving rise to cardio-
myocytes. In mouse lung vessels, a isolated population of c-Kitþ cells
was capable of generating mature blood vessels in vitro (Fang et al.,
2012).

Fig. 4. (A) Immunofluorescence against c-Kit (FITC, green) in a clone derived from one against c-Kitþ cell. DAPI shows nuclear stain in blue. 200� . (B) Location of the
human stromal vascular fraction c-Kitþ population. Immunohistochemistry against c-Kit in a human adipose tissue section showing positive cells in the perivascular stroma
in brown (arrows) surrounding a blood vessel labeled with anti-CD31 in red (star). Hematoxylin counterstain. 400� . (C) Isotype negative control of FACS analysis in mouse
stromal vascular fraction. (D) FACS analysis of c-Kit subpopulation in mouse stromal vascular fraction. (E) FACS analysis of c-Kit subpopulation in mouse stromal vascular
fraction after PBS perfusion showing that the c-Kit population remained in the adipose tissue after perfusion. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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To our knowledge, no studies have shown the presence of c-Kit
as compared with the classical CD105 in SVF. Our results are in
contrast with the results for rat muscle obtained by Young's group
who identified multipotent mesenchymal stem cells as CD90 and
telomerase positive, with unlimited proliferation potential, and

the tripotent (osteo-chondro-adipoblast) mesenchymal progenitor
cells as CD105, c-Kit and CD166 positive and capable of only 8–10
population doublings (50–70 for humans) (Young and Black, 2004;
Young et al., 2004). In contrast in our case, the c-Kitþ subpopulation
is also telomerase positive, capable of more than 150 population

Fig. 5. (A) In vitro chondrogenesis of the human c-Kit positive population, cultured using the micromass technique and revealed by Alcian blue. 100� . (B) in vitro
osteogenesis of the human stromal vascular fraction c-Kit positive population, revealed by Alkaline phosphatase staining with Fast Red (arrow shows a positive cell). 200� .
(C) Measurement of differentiation efficiency of the four subpopulations based on c-Kit and CD105 expression. Data shows mean and standard deviation of one
representative experiment performed in triplicate. No differences were found. (D) In vitro myogenesis of the human stromal vascular fraction c-Kit positive populations,
shown by sarcomeric α-actin immunostaining revealed in brownwith DAB, and hematoxylin counterstain in blue. Black arrow shows a positive cell and white arrow shows a
negative cell. 200� . (E) Measurement of differentiation efficiency of the four subpopulations based on c-Kit and CD105 expression. Data shows mean and standard deviation
of one representative experiment performed in triplicate. No differences were found. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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doublings and able to differentiate into cardiomyocytes, hepatocytes
and insulin-producing pancreatocytes, in addition to the osteo-
chondro-adipocytes. Differences could be due to tissue-specific
differences or, less likely, to differences between the species. In any
case, further studies would be necessary to characterize multipotent
mesenchymal versus progenitor cells in human SVF.

4.1. C-Kit ADSCs are located in the perivascular niche

In agreement with our data, Zannettino et al. (2007), Traktuev
et al. (2008) and Ryu et al. (2013) found that multipotent ADSCs

show a location similar to that of pericytes. Other authors recently
made the same findings in multiple organs (Da Silva Meirelles
et al., 2006; Crisan et al., 2008; Lin et al., 2010; Gerlach et al.,
2012). The fact that the c-Kit positive population remains in the
SVF fraction after PBS reperfusion clearly demonstrates that the
c-Kitþ ADSC population is distinct from the circulating fibrocytes
with adipogenic potential (Hong et al., 2005).

In vitro adipogenic differentiation efficiency varies among
studies (Yoshimura et al., 2006; Zuk et al., 2001; Cao et al.,
2005; Sakaguchi et al., 2005; Wosnitza et al., 2007). A high
heterogeneity among donors has been reported, with 30% to 80%

Fig. 6. (A) In vitro adipogenesis of the human stromal vascular fraction c-Kit positive population, revealed by Oil red staining in red. Black arrow shows a positive cell and
white arrow shows a negative cell. 200� . (B) Measurement of differentiation efficiency of the four populations based on c-Kit and CD105 expression. Data shows mean and
standard deviation of one representative experiment performed in triplicate. Star indicates significant difference at po0.05. (C) Isotype negative control of FACS analysis of
the human SVF CD24 (preadipocyte marker) and c-Kit (CD117). (D) Both subpopulations separated by FACS (red triangles) showing that they are distinct subpopulations. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Nile Red positive cells after 2 weeks of differentiation (Sen et al.,
2001). We found a mean of 25% and a maximum of 65% in the
c-Kitþ subpopulation, which was statistically significantly higher
than the rest of the SVF (c-Kit negative subpopulations).

In vivo, coinjection of ADSCs with adipose tissue has been
performed for aesthetic purposes (Ko et al., 2011), demonstrating
longer stability for the adipose implant in nude mice. Several
clinical trials have been performed with this procedure in humans,
mainly for breast augmentation/reconstruction and facial recon-
struction with autologous fat enriched with ADSCs (Yoshimura
et al., 2010, 2008a, 2008b; Lee et al., 2012; Gentile et al., 2012;
Pérez-Cano et al., 2012). In all of these studies, volume restoration
was successful and achieved significantly better results than with

fat transplantation alone; however, the volume was partially lost
after 1 year. The use of the isolated c-Kitþ subpopulation (both
CD105 positive and negative) with higher adipogenic differentia-
tion potential might improve these results.

4.2. In vitro cardiomyogenic differentiation efficiency

By coculture with mouse embryonic cardiomyocytes, we found
a mean of 37% cardiomyogenic differentiation. Other authors have
achieved a somewhat lower efficiency (Gaustad et al., 2004;
Metzele et al., 2011) when coculturing with neonatal or adult rat
cardiomyocytes. Although we found no differences between the
subpopulations, we did find better efficiency when coculturing

Fig. 7. (A) In vitro cardiomyogenesis by 5-azacytidine of the human stromal vascular fraction c-Kit positive population, revealed by GATA4 nuclear immunostaining in brown
with DAB and hematoxylin counterstain. Black arrows: DAB (brown) positive cells. White arrow: Hematoxylin (blue) negative cell. 200� . (B) Measurement of differentiation
efficiency. Data shows mean and standard deviation of one representative experiment performed in triplicate. No differences were found. (C) In vitro cardiomyogenesis of
the human stromal vascular fraction c-Kit positive population by coculture with mouse embryo cardiomyocytes, revealed by immunofluorescence against human troponin
(red fibers, positive cell), and DAPI nuclear counterstain (negative cells). �400. (D) Measurement of differentiation efficiency. Data shows mean and standard deviation of
one representative experiment performed in triplicate. No differences were found. (E) In vitro mouse embryonic cardiomyocyte progenitor maintenance by incubation with
the c-Kit positive population conditioned medium in transwells, revealed by GATA4 nuclear immunostaining and hematoxylin counterstain. Black arrow: DAB (brown)
positive cell. White arrow: Hematoxylin (blue) negative cell. 200� . (C) Measurement of differentiation efficiency. Data shows mean and standard deviation of one
representative experiment performed in triplicate. Star indicates significant difference at po0.05. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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with embryonic cardiomyocytes instead of the more differentiated
neonatal cardiomyocytes. This might improve the outcome of
in vivo experiments because cells that feature a true cardiomyo-
genic phenotype may have the potential for ensuring a true
regeneration of dead myocardium (Menasché, 2005). In fact,
depletion of myocardial resident c-Kitþ cells from mouse heart
abolished cardiac regeneration and functional recovery in an
experimental model of myocardial infarct (Ellison et al., 2013).

We achieved up to 45% maintenance of the cardiac progenitor
phenotype when cultured with c-Kitþ ADSCs in transwells;
therefore, the supernatant of c-Kitþ cells from SVF might serve
a cardioprotective role in vivo. In fact, the primary effect of
mesenchymal cells is to secrete a wide variety of growth factors,
which likely makes them more suitable for paracrine-enhancing
angiogenesis than for generating intrinsically contractile cells
(Murry et al., 2004; Alvarez-Dolado et al., 2003; Kinnaird et al.,
2004; Paul et al., 2012; Kim et al., 2012; Li et al., 2012). Interest-
ingly, the cardiac c-Kitþ cell population increases in response to
ischemic injury and contributes to in vivo cardioprotection
(Altarche-Xifró et al., 2009). In addition, when SVF is precondi-
tioned with cardiomyocyte-conditioned medium (Bai et al., 2007)
or specifically with EGF and PDGF (Chang et al., 2011), more
c-Kitþ cells are found, and these cells improve the myocardial
function in infarcted rats (Chang et al., 2011). Our data provides
further support for ADSCs as a valuable tool for cell therapy for the
ischemic heart, in particular, c-Kitþ secreted factors might
improve the outcome.

4.3. In vitro differentiation efficiency to pancreatic cells

Our data showed up to 39% insulin-producing cells differentia-
tion efficiency achieved by the c-Kitþ/CD105þ subpopulation
after only one week in culture, a statistically significant increased
capability respect to the rest of the SVF. Kucia et al. (2006) using
a previous protocol and BM-derived VSEL achieved very low
efficiency as revealed by c-peptide immunofluorescence. With
improved protocols and ADSCs, Timper et al. (2006) and Scholz
et al. (2009) – with the same protocol used in this study, –

achieved better efficiencies, assessed by dual morphological char-
acterization and competitive chemiluminescent enzyme immu-
noassay for insulin peptide at 2 weeks in culture. Differences with
our data could be due to differences in the protein chosen to reveal
the pancreatic phenotype, the method of detection as well as the
duration of the differentiation period.

In vivo, injection of transfected mADSCs with Pdx-1 pancreatic
differentiation transcription factor into the pancreas of strepto-
zotocin-injured mice promoted the differentiation of the mADSCs
into insulin and c-peptide secreting cells and partially restored the
pancreatic function (Lin et al., 2009; Kajiyama et al., 2010). More-
over, when clonal populations of human or mouse ADSCs are
predifferentiated into insulin-producing cells in vitro, and injected
peritoneally in mice, the glycemic index was nearly restored
(Chandra et al., 2009, 2011). The use of the c-Kitþ subpopulations,
previously differentiated into insulin-producing cells, could
further improve these results.

Fig. 8. (A) In vitro pancreatogenesis of the human stromal vascular fraction c-Kit positive population, revealed by insulin immunostaining (Fast Red) and hematoxylin
counterstain. Black arrow shows a positive cell and white arrow shows a negative cell. 200� . Inset shows higher magnification of one cell with an insulin granule. 400� .
(B) Measurement of differentiation efficiency of the four subpopulations based on c-Kit and CD105 expression. Data shows mean and standard deviation of one
representative experiment performed in triplicate. Stars indicate significant difference at po0.05. (C) In vitro hepatogenesis of the human stromal vascular fraction c-Kit
positive population, revealed by albumin cytoplasm immunostaining (Fast Red) and hematoxylin counterstain. Black arrow shows a positive cell and white arrow shows a
negative cell. 200� . (D) Measurement of differentiation efficiency of the four populations based on c-Kit and CD105 expression. Data shows mean and standard deviation of
one representative experiment performed in triplicate. Stars indicate significant difference at po0.05. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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4.4. In vitro differentiation to hepatocytes efficiency

We achieved up to 70% efficiency in the hepatocyte differentia-
tion of the c-Kitþ/CD105þ subpopulation, measured by albumin
production after only 10 days, a remarkable improvement com-
pared with previous studies using CD105þ cells (presumable c-Kit
negative) (Banas et al., 2009).

Banas et al. (2007) have shown that both naïve and prediffer-
entiated human ADSCs integrate in vivo in the hepatic parenchyma
24 h after injection of the ADSCs in mice with CCl4 chemical hepatic
damage. Longer-term studies (Aurich et al., 2009) have shown a
remarkably increased engraftment (10� ) of the predifferentiated
hADSCs when compared with undifferentiated hADSCs. In terms of
hepatic regeneration, mice with CCl4 chemical hepatic damage
achieved significantly lower levels of ammonia, aspartate amino-
transferase, alanine aminotransferase and uric acid 24 h after
injection of the ADSCs. This was accomplished with only 20%
efficiency of in vitro differentiation (Banas et al., 2009). The use of
the c-Kitþ subpopulations, with a mean of 70% in vitro differentia-
tion efficiency, could improve this type of treatment. In a recent
study (Wang et al., 2012), undifferentiated rat ADSCs lowered
fibrosis and improved microcirculation in rats with hepatic damage
after 6 weeks, but no data was provided regarding engraftment.
Again, we expect the use of the c-Kitþ subpopulation to further
improve these results.

We believe that the higher differentiation efficiency towards
endodermal lineages of the c-Kitþ cells is due to the lower
differentiated state of this subpopulation than the rest of the
SVF. In other tissue settings, Fang et al. (2012), describe a
c-KitþCD105þ(Lin-CD31þ) population isolated from lung vascu-
lature corresponding to a subpopulation of endothelial progenitors
which are clonogenic, and capable of generating functional blood
vessels. Bearzi et al. (2009), found isolated c-Kitþ cells in human
heart vascular walls, which show stem cell characteristics such as
clonogenicity and self-renewal, and higher endothelial, smooth
muscle and cardiomyogenic potential. Our data also shows that
the c-Kitþ population is isolated in the SVF from perivascular
locations and show higher differentiation potential as well.
In accordance to our hypothesis, Gupta et al. (2012) and Tran
et al. (2012), by in vivo cell tracing, demonstrate that in adult
adipose tissue, endothelial cells give rise to pericytes which in turn
give rise to MSC. Then MSC differentiate into preadipocytes and
adipocytes when necessary. All these data suggests that cells
closer to endothelial progenitors are less differentiated and sup-
port higher differentiation potential.

The differentiation potential of other ADSC subpopulations has
been previously characterized in a number of studies. Sengenès
et al. (2007) isolated a subpopulation (CD34þ/CD31�) that could
differentiate into the endothelial lineage. Rada et al. (2011)
demonstrated the higher osteogenic potential exhibited by
cells isolated by Stro1 and the higher chondrogenic potential by
CD105 and CD29. Traktuev et al. (2008) found that CD34þ/
CD31�/CD140þ ADSCs enhanced the stabilization of endothelial
networks when cocultured with endothelial cells. Quirici et al.
(2010) isolated a L-NGFRþ subpopulation that showed an
increased cell proliferation rate as well as increased adipogenic,
chondrogenic and osteogenic potential, Interestingly, a high per-
centage (66%) of L-NGFR also coexpressed c-Kit, but these authors
did not study the L-NGFRþ subpopulation's endodermal differ-
entiation potential.

In conclusion, our data suggests that the isolation of ADSC
subpopulations with anti-c-Kit antibodies allows for the selec-
tion of a more homogeneous subpopulation with higher telo-
merase activity and expression, increased adipogenic poten-
tial, increased cardioprotective properties and a higher prolif-
erative and endodermal differentiation potential, providing a

useful tool for specific therapies in regenerative medicine
applications.
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