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Abstract: We explore the status of quiescence, stemness and adipogenic differentiation capacity in
adipose stem/progenitor cells (ASCs) ex vivo, immediately after isolation from human subcutaneous white adipose tissue, by sorting the stromal vascular fraction into cell-surface DLK1+ /CD34− ,
DLK1+ /CD34dim and DLK1− /CD34+ cells. We demonstrate that DLK1− /CD34+ cells, the only
population exhibiting proliferative and adipogenic capacity, express ex vivo the bonafide quiescence
markers p21Cip1 , p27Kip1 and p57Kip2 but neither proliferation markers nor the senescence marker
p16Ink4a . The pluripotency markers NANOG, SOX2 and OCT4 are barely detectable in ex vivo ASCs
while the somatic stemness factors, c-MYC and KLF4 and the early adipogenic factor C/EBPβ are
highly expressed. Further sorting of ASCs into DLK1− /CD34+ /CD24− and DLK1− /CD34+ /CD24+
fractions shows that KLF4 and c-MYC are higher expressed in DLK1− /CD34+ /CD24+ cells correlating with higher colony formation capacity and considerably lower adipogenic activity. Proliferation capacity is similar in both populations. Next, we show that ASCs routinely isolated by
plastic-adherence are DLK1− /CD34+ /CD24+ . Intriguingly, CD24 knock-down in these cells reduces
proliferation and adipogenesis. In conclusion, DLK1− /CD34+ ASCs in human sWAT exist in a
quiescent state, express high levels of somatic stemness factors and the early adipogenic transcription
factor C/EBPβ but senescence and pluripotency markers are barely detectable. Moreover, our data
indicate that CD24 is necessary for adequate ASC proliferation and adipogenesis and that stemness is
higher and adipogenic capacity lower in DLK1− /CD34+ /CD24+ relative to DLK1− /CD34+ /CD24−
subpopulations.
Keywords: ex vivo; human adipose stem/progenitor cells; quiescence; senescence; stemness; proliferation; adipogenesis
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1. Introduction
Adipose stem/progenitor cells (ASCs) play a crucial role in adipose tissue homeostasis, regeneration [1–4], expansion [5] and aging [6–9]. Beside adipocyte hypertro-
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phy/hypotrophy, proliferation and terminal adipogenic differentiation of ASCs are the
main causes for the high degree of plasticity in white adipose tissue (WAT), which is
unique among organs in adults and crucial for the maintenance of metabolic health [10].
Furthermore, over the past two decades, WAT has emerged as an alternative tissue source
for stromal cells in translational regenerative medicine and regarding the multipotent
differentiation potential and regenerative properties of adult stem cells [11–14]. The mechanisms regulating ASC self-renewal and differentiation are a current focus of research into
obesity, aging and regenerative medicine.
In subcutaneous (s)WAT, ASCs reside at the vascular interface surrounding small
blood vessels [15–17]. These cells can be isolated from the stromal vascular fraction
(SVF). Sorting of SVF cells for surface staining of the stem cell markers Delta-like protein 1 (DLK1)/Preadipocyte factor-1 (Pref-1) [18,19] and Cluster of differentiation 34
(CD34) [20,21] identifies three main subpopulations: DLK1+ /CD34− , DLK1+ /CD34dim and
DLK1− /CD34+ cells [16]. Only the latter shows a DLK1− /CD34+ /CD90+ /CD45− /CD31−
immune phenotype and exhibits proliferative and adipogenic differentiation capacity [16].
This ASC population still contains heterogeneous cell types and its further subclassification
is important. Another interesting ASC surface marker, which was used to characterize
murine ASCs, is CD24 [2], a glycosylphosphatidylinositol-linked cell surface receptor [22].
CD24 is expressed by several stem cell types, plays a role in the regulation of cell proliferation and differentiation [23,24] and tracks various pluripotent states in mouse and human
cells [25]. The functional importance of CD24 in human ASCs remains to be elucidated.
Quiescence, a state of reversible proliferation arrest, is a common feature of adult stem
cells that increases stress resistance and most likely self-renewal capacity [21,22]. Although
the turnover of adipocytes in sWAT of adult humans is low [1,9], suggesting that ASCs
proliferate at a low rate and presumably reside predominantly in a quiescent state in sWAT;
this has so far not been demonstrated. In general, quiescent cells leave the cell cycle and
undergo a reversible G0-phase arrest preventing proliferation and differentiation. Studies
in hematopoietic, muscle and neural stem cells showed that the cyclin-dependent kinase
inhibitors (CDKIs) p21Cip1 , p27Kip1 and p57Kip2 play a key role in inducing and maintaining
quiescence [26,27]. Beside the presence of CDKIs, the absence of differentiation, senescence
(e.g., p16Ink4a ) and proliferation markers (e.g., Ki67, cyclins) characterize the quiescent state.
Features linked to quiescence in stem cells are a high self-renewal capacity and tissue regeneration potential. The core regulatory network suppressing differentiation and
maintaining pluripotency of embryonic stem cells consists of the three transcription factors NANOG, SOX2 and OCT4 [28]. Contradictory results exist regarding the expression
and importance of these factors in adult stem cells including ASCs [29–35]; however,
their expression has so far not been analyzed ex vivo in human ASCs immediately after their isolation from sWAT but only in in vitro expanded passages of ASCs. Two
additional transcription factors, c-MYC and KLF4, belonging to the four somatic cell
reprogramming factors together with OCT4 and SOX2 [36,37], have been shown to ensure high stemness in hematopoietic stem cells by balancing quiescence/proliferation
(self-renewal) and differentiation [38,39]. c-MYC is crucial for inhibiting terminal differentiation [38,40] and KLF4 inhibits cell cycle progression and is involved in the proliferation/differentiation switch [41–44]. Both transcription factors are transiently induced in
murine 3T3-L1 preadipocytes as very early genes after induction of adipogenesis [45,46]. It
was suggested that the expression of c-MYC is a hub at which growth arrested 3T3-L1 cells
are either directed toward cell cycle entry or committed to terminal differentiation [47].
KLF4 was identified as a negative regulator of proliferation and an activator of adipogenesis in 3T3-L1 cells, inducing the early pro-adipogenic regulator CCAAT/enhancer-binding
protein β (C/EBPβ) [46]. Thereupon, C/EBPβ induces the adipogenic key factor peroxisome proliferator-activated receptor-γ2 (PPARγ2) and additional members of the C/EBP
family [48] leading to activation of the adipogenic program to acquire the adipocyte phenotype [49]. The role of c-MYC and KLF4 in human ASCs is unknown and the expression of
early transcription factors regulating transition from cell cycle arrest to terminal differentia-
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tion, such as C/EBPβ, are little studied ex vivo in ASCs immediately after their isolation
from human sWAT.
The aims of the present study are to analyze the importance of CD24 and the status
of quiescence, stemness, proliferation and adipogenic differentiation capacity in ASCs ex
vivo, immediately after their isolation from human sWAT.
2. Materials and Methods
2.1. Donors
Human sWAT samples were taken from patients undergoing abdominoplasty at the
Department of Plastic, Reconstructive and Aesthetic Surgery at the Medical University of
Innsbruck, Austria. All patients gave their written informed consent and the study has been
approved by the Ethics Committee of Medical University of Innsbruck, Austria, according
to the Declaration of Helsinki (ethic committee board number: AN 3047 257/4.13). All
sWAT samples were obtained from the lower abdomen (low transverse incision) from
the subcutaneous fat layer between the rectus sheath and the fascia of scarpa. None of
the patients had malignant or severe metabolic diseases or were under any hormone
therapy. In total ASCs isolated from sWAT of 16 donors (12 females, 4 males) were used
for the experiments. Clinical anthropometric parameters of the donors can be found in
Supplementary Table S1.
2.2. Isolation of the Stromal Vascular Fraction (SVF) from Subcutaneous White Adipose Tissue
Abdominal sWAT samples were processed in a laminar flow sterile working bench
class II. After washing the tissue samples in PBS, blood vessels and connective fibrous
material were dissected and the tissue was cut into small pieces (ø~ 5 mm) to be 90 min
incubated at 37 ◦ C in digestion buffer consisting of 200 U/mL collagenase (CLS Type I,
Worthington Biochemical Corp., Lakewood, NJ, USA) and 2% w/v BSA in PBS. The dispersed cells were poured through a sieve to remove remaining connective tissue and
centrifuged at 200× g for 10 min. The pelleted cells were resuspended in erythrocyte
lysis buffer (0.155M Na4 Cl, 5.7 Mm K2 HPO4 , 0.1 mM EDTA, pH 7.3), incubated at room
temperature for 10 min and filtered through 100 µm cell strainer. After centrifugation,
the resuspended cells were filtered through 35 µm cell strainer to obtain pure single cell
suspensions. The resulting cell population is referred to as the SVF and was suspended in
DMEM/F-12 medium with HEPES and L-glutamine (Gibco, Vienna, Austria) containing
33 µM biotin, 17 µM pantothenate and 20 µg/mL Ciprofloxacin) supplemented with 10%
FBS (Sigma, Vienna, Austria) which we refer to as ASC2 medium. For standard isolation
of ASCs by plastic-adherence, SVF was seeded in ASC2 in 6-well plates at a density of
70,000 cells/cm2 . After 16 h, medium was changed to serum-free ASC medium for 6 days
and non-adherent cells were continuously removed through washing. The remaining
cells are referred to as passage -1 (P-1) and were re-seeded in ASC2 medium. After 16 h,
medium was changed to proliferation medium PM4 (DMEM/F-12 medium with HEPES
and L-glutamine containing 33 µM biotin, 17 µM pantothenate, 10 ng/mL EGF, 1 ng/mL
FGF, 500 ng/mL Insulin and 20 µg/mL Ciprofloxacin, supplemented with 2.5% FBS) for
amplification. At 70% confluence these cells were harvested, now referred to as P0, frozen
and stored in liquid nitrogen. Re-thawed cell aliquots taken into culture were referred
to as P1.
2.3. Flow Cytometric Sorting and Analyses of Freshly Isolated Cells
The SVF was isolated as described above and cells were directly subjected to immunofluorescence staining with anti-CD34-PE-Cy7 (BD Pharmingen, #556626), a rat monoclonal anti-human-DLK1/PREF1 antibody (Adipogen, AG-25A-0091) along with an antirat-APC antibody (BD Pharmingen, #551019) and anti-CD24-BV421 (Biolegend, #311121).
Cells were sorted using a FACS Aria machine (BD, Bioscience, Vienna, Austria) and collected in ASC2 medium. Directly after sorting, cells were counted and immediately used
for experiments.
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2.4. Flow Cytometric Analysis of Cultivated ASCs
ASCs were processed for several passages in cell culture. For FACS analysis, cells
were trypsinized and washed with PBS before immunofluorescence staining with antiCD24-BV421 (Biolegend, #311121). For intracellular staining, cells were permeabilized
using the BD Cytofix/Cytoperm Kit (BD Bioscience, #554714, Vienna, Austria). Cells were
measured using a FACS Canto II (BD Bioscience, Vienna, Austria) and analyzed using
FlowJo 10.5.2 software.
2.5. Cell Culture
Cells were always seeded in ASC2 medium and after 16 h the medium was changed
either to proliferation medium PM4 (DMEM/F-12 medium with HEPES and L-glutamine
containing 33 µM biotin, 17 µM pantothenate, 10 ng/mL EGF, 1 ng/mL FGF, 500 ng/mL Insulin and 20 µg/mL Ciprofloxacin) supplemented with 2.5% FBS or to serum-free medium
ASC1 (DMEM/F-12 medium with HEPES and L-glutamine containing 33 µM biotin, 17 µM
pantothenate and 20 µg/mL Ciprofloxacin) depending on the experimental setup.
2.6. Adipogenic Differentiation
For adipogenic differentiation, cells were seeded densely and after cell adherence
the medium was changed to ASC1 for 48 h in order to synchronize the cells. In confluent
cells adipogenic differentiation was induced by adding differentiation medium (ASC1
containing 0.2 µM Insulin, 0.25 µM Dexamethasone, 10 µg/mL Transferrin, 0.5 mM IBMX
and 2.5% FBS). After 3 days and 6 days the medium was changed to differentiation medium
without IBMX. Subsequently, cells were cultivated until d9 when RNA or protein samples
were taken. Oil Red-O staining was performed to visualize lipid droplets that are formed
in differentiated adipocytes. For Oil Red-O staining, cells were seeded in standing drops
with 15,000 cells per drop. On day 9 or day 14 post induction of adipogenesis cells were
fixed in 4% paraformaldehyde in PBS for 1 h, washed with PBS and stained with 0.5% Oil
Red-O in Isopropanol/water (60:40) for 1 h at room temperature. After final washing steps
with aqua dest representative pictures of the stained cells were taken and staining was
quantified using ImageJ 1.51n software.
2.7. Real-Time Quantitative PCR
RNA was isolated using the RNeasy Plus Micro Kit (Qiagen, #74034, Hilden, Germany)
according to the manufacturer´s instructions and RNA concentration was measured by
Nano Drop (Thermo Scientific, Vienna, Austria). The First Strand cDNA Synthesis Kit
(Thermo, #1622, Vienna, Austria) was used for reverse cDNA synthesis according to the
manufacturer´s protocol. For cDNA synthesis 200ng RNA were used and cDNA was
diluted 1:5 for real-time quantitative PCR (RT-qPCR). Gene expression was measured with
a QuantStudioTM 7 Flex System (Thermo Fisher Scientific, Vienna, Austria) using AceQ
SYBR Green Master Mix (Vazyme, Q111-02, Nanjing, China). The number of biological
replicates (i.e., donors) per group was n = 3 for every experiment and all samples were
measured in technical triplicates. All primer sequences can be found in Supplementary
Table S2. Gene expression was calculated as e = 2ˆ-∆ct and is shown as relative gene
expression normalized to the highest expressed gene which was set to 100.
2.8. Western Blot Analysis
For protein analysis, cells were harvested in SDS lysis buffer and sonicated. The
determination of protein concentration was done using the Compat-Able Protein Assay
Preparation Reagent Set (Thermo Scientific, #23215, Vienna, Austria) and the Pierce BCA
Protein Assay Kit (Thermo Scientific, #23227, Vienna, Austria). Samples (20 µg total protein)
were separated on a 10% SDS-polyacrylamide gel and blotted onto a PVDF membrane.
The membranes were probed with anti-perilipin antibody (Cell Signaling, #9349, Frankfurt
am Main, Germany), anti-PPARγ2 antibody (Cell Signaling, #2435, Frankfurt am Main,
Germany), anti-FABP4 antibody (Cayman, #10004944, Tallinn, Estonia), anti-CD24 antibody
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(Abcam, #179821) and anti-GAPDH (Thermo Scientific, AM4300, Vienna, Austria). Goat
anti-rabbit IgG-HRP (DAKO, Vienna, Austria) and goat anti-mouse IgG-HRP (Promega,
Walldorf, Germany) served as secondary antibodies and signals were detected with a chemiluminescence detection system. Membranes were stained with Ponceau S for normalization
to total protein. Densitometric analysis was done using ImageJ software.
2.9. Proliferation Assay
After sorting, cells were seeded in 6-well plates with a density of 30,000 cells per well
or in 48-well plates with a density of 5000 cells per well in ASC medium containing 10%
FBS. After 16 h, medium was changed to PM4. Medium was changed every 2–3 days and
cells were harvested for counting on indicated time points. Therefore, medium from the
wells was removed, cells were washed once with PBS and 500 µL of trypsin were added
to each well. The cells were incubated with trypsin at 37 ◦ C for 5 min or until cells were
detached. Then 1 mL of ASC medium containing 10% FBS was added and the 1.5 mL in
each well were transferred into FACS tubes. The relative cell number was measured by
acquiring the number of events recorded in 90 seconds at a medium flow rate using a FACS
Canto II (BD, Bioscience, Vienna, Austria) or cells were counted using a Neubauer chamber.
2.10. BrdU Assay
5-Bromo-2´-deoxy-uridine Labeling and Detection Kit III (Roche, #11444611001, Vienna, Austria) was used and the assay was performed as described in the manufacturer´s
manual. Briefly, cells were seeded in 96-well plates with a density of 1600 cells per well in
ASC2 medium. After 16h, medium was changed to PM4 supplemented with BrdU (final
concentration 10 µM). Control wells without BrdU were included. After 6 days of incubation the cells were fixed with 70% ethanol + 0.5M HCl at −20 ◦ C for 30 min. In the following,
cells were incubated with Nuclease working solution at 37 ◦ C without CO2 for 30 min.
Between the steps cells were washed with PBS+10% FBS several times. Then, cells were
stained with anti-BrdU-POD Fab fragments diluted in washing buffer + 10 mg/mL BSA
(final concentration anti-BrdU-POD 200 mU/mL) at 37 ◦ C without CO2 for 30 min. POD
substrate was added and after 30 min of incubation at room temperature the absorption at
490 nm was measured.
2.11. Cell Cycle Analysis
Propidium Iodide (PI) staining was used to analyze cell cycle. ASCs in passage 3
were seeded in a density of 100,000 cells per 6-well in ASC2 medium. After 16 h, medium
was changed to PM4 and on day 4 post seeding cells were harvested for analysis. After
trypsinizing and centrifugation, cells were resuspended in fixation solution (70% ethanol
in PBS), again centrifuged and then resuspended in PI-solution (0.1% Triton X-100, 0.1%
sodium citrate, 50 µg/mL propidium iodide in Aqua bidest). After 30 min of incubation in
the dark at room temperature, cells were analyzed by using a FACS Canto II (BD, Bioscience,
Vienna, Austria).
2.12. Colony Formation Assay
To test the self-renewal capacity of CD34+ /DLK1− ASCs, 1000 cells per well were
seeded directly after sorting in 6-well plates in ASC2 medium. After 16h, when cells were
attached, medium was changed to PM4. Medium was changed every 2–3 days. On day 15
post seeding the cells were fixed with methanol/acetone (1:1) for 10 min and stained with
crystal violet for 15 min to count colonies.
2.13. shRNA Mediated CD24 Knock Down
To knock down CD24, pLKO.1 vectors encoding shRNAs targeting the human CD24
gene were purchased from a commercial supplier (Dharmacon, Lafayette, LA, USA). sh1
(TRCN0000057520), sh2 (TRCN0000057522) and a non-targeting control (scr) were used.
All plasmids were amplified in E. coli Stbl3 and endotoxin-free plasmids were prepared
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using the Endo Free Plasmid Maxi Kit (Qiagen, #12362, Hilden, Germany). Generation of
lentiviral particles and infection of ASCs was performed as described previously [50].
2.14. Statistics
All experiments were replicated with at least three donors. For statistical analysis,
unpaired student´s t-test was performed. Significances are indicated like this: * = p < 0.05;
** = p < 0.01; *** = p < 0.001
3. Results
3.1. Isolation of ASC Populations Defined by DLK1, CD34 and CD24 from Human sWAT
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The quiescence state is a reversible proliferation arrest that is important for stress
resistance and self-renewal capacity of adult stem cells. To explore whether DLK1−/CD34+
ASCs in sWAT are in a quiescent state, mRNA was prepared immediately after sorting of
ASC populations from 6 different donors and analyzed for the expression of p21Cip1,
p27Kip1 and p57Kip2 (Figure 2A,B). The 3 CDKIs were considerably expressed in
DLK1−/CD34+ ASCs of all 6 donors. p21Cip1 mRNA levels were always the highest followed
by p57Kip2 and p27Kip1. While the p21Cip1 mRNA expression levels were constantly high, the
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3.2. DLK− /CD34+ ASCs in Human sWAT Are in a Quiescent State and Express High Levels of
the Stemness Factors KLF4 and c-MYC and of the Early Pro-Adipogenic Factor C/EBPβ
The quiescence state is a reversible proliferation arrest that is important for stress
resistance and self-renewal capacity of adult stem cells. To explore whether DLK1− /CD34+
ASCs in sWAT are in a quiescent state, mRNA was prepared immediately after sorting of
ASC populations from 6 different donors and analyzed for the expression of p21Cip1 , p27Kip1
and p57Kip2 (Figure 2A,B). The 3 CDKIs were considerably expressed in DLK1− /CD34+
ASCs of all 6 donors. p21Cip1 mRNA levels were always the highest followed by p57Kip2
and p27Kip1 . While the p21Cip1 mRNA expression levels were constantly high, the expression level of p57Kip2 and p27Kip1 fluctuated more, revealing donor dependent variations.
ASCs from 3 donors showed similar levels of p21Cip1 and p57Kip2 mRNA while others
contained over 10 times more p21Cip1 than p57Kip2 mRNA. p27Kip1 was always considerably lower expressed than p21Cip1 . Both the proliferation marker Ki67, which is known to
be expressed in all phases of the cell cycle except G0 and the S-phase marker Cyclin A2
were not detectable (Figure 2A). The senescence marker p16Ink4a was either undetectable
or expressed at a very low level (Figure 2A). In conclusion, all ASCs in sWAT express
considerable levels of p21Cip1 , p57Kip2 and p27Kip1 and neither proliferation nor senescence
markers (Figure 2B), indicating that they are most likely in a quiescent state.
The pluripotency markers NANOG, SOX2 and OCT4 were barely detectable in ASCs
isolated from 5 out of 6 donors. One donor had ASCs showing low but significant expression of NANOG, SOX2 and OCT4 mRNA (Figure 2A,B). We conclude, in the vast majority
of donors NANOG, SOX2 and OCT4 are hardly detectable in ASCs of sWAT.
In contrast to the pluripotency markers, the two somatic cell reprogramming factors, cMYC and KLF4, which have been shown to ensure high stemness in human hematopoietic
stem cells (HSCs) [38,44], were strongly expressed in DLK1− /CD34+ ASCs derived from
6 out of 6 donors (Figure 2A,B). In 3T3-L1 preadipocytes, KLF4 acts as a negative regulator
of proliferation and an activator of the early adipogenic transcription factor C/EBPβ [46].
The analysis in DLK1− /CD34+ ASCs derived from 4 different donors showed that C/EBPβ
was always considerably expressed together with c-MYC and KLF4 (Figure 2A,B), suggesting an active KLF4 axis in these cells. The early adipogenic C/EBP family transcription
factor C/EBPδ was also detectable in ASCs from 4 out of 4 donors but at much lower levels. The adipogenic key transcription factor peroxisome proliferator-activated receptor-γ2
(PPARγ2) was undetectable in ASCs derived from sWAT of 3 out of 4 donors while ASCs
derived from a fourth donor expressed PPARγ2 at the same level as C/EBPβ.
In summary, our data show a scenario, in which proliferation markers are not expressed but the anti-proliferative CDKIs p21Cip1 , p57Kip2 and p27Kip1 , the pro-proliferative
transcription factor c-MYC, the terminal differentiation promoting transcription factors
KLF4 and the early pro-adipogenic factor C/EBPβ are expressed in DLK1− /CD34+ ASCs
of human sWAT. This indicates a balance between proliferation and differentiation and
eventually the maintenance of the quiescent state in the ASCs while major pluripotency
factors are barely expressed. Thus, the vast majority of DLK1− /CD34+ ASCs in sWAT
consists most likely of quiescent cells with high stemness but no pluripotency.
3.3. Expression of Quiescence, Proliferation, Senescence, Stemness and Adipogenesis Markers in
DLK1− /CD34+ Relative to DLK1+ /CD34dim and DLK1+ /CD34− SVF Cell Populations
The comparison of DLK1− /CD34+ ASCs with the two other DLK1/CD34 defined
subpopulations (DLK1+ /CD34− and DLK1+ /CD34dim ) reveals hardly any differences in
the expression pattern of the quiescence, proliferation, senescence, stemness and adipogenic
differentiation markers analyzed (Figure 2C). We see only some gradual differences. cMYC is significantly higher (~70%) and p21Cip1 significantly lower (~50%) expressed in
DLK1− /CD34+ ASCs than in DLK1+ /CD34− and DLK1+ /CD34dim cells. Moreover, the
pro-adipogenic factor KLF4 is significantly higher expressed in the two CD34 positive
cell types (DLK1+ /CD34dim and DLK1− /CD34+ cells) than in DLK1+ /CD34− cells. Thus,
all DLK1/CD34 defined subpopulations in the SVF of sWAT consist of quiescent cells
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expressing somatic stemness factors. Despite the similarities, higher c-MYC and lower
p21Cip1 expression levels in DLK1− /CD34+ ASCs might reflect their known proliferative
capacity in contrast to the other two cell types [16]. Moreover, the higher level of the very
early adipogenic factor KLF4 in the CD34+ cell types could mirror a better9 ofadipogenic
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3.4. Stemness Is Higher and Adipogenic Differentiation Potential Lower in Human
DLK− /CD34+ /CD24+ than in DLK1− /CD34+ /CD24− ASC Populations
While CD24 is considered as a marker for high stem-like capacity of murine adipose
stem cells [2], the importance of CD24 in human ASCs is unknown. We compared the
expression of quiescence, proliferation, senescence and stemness markers in freshly isolated
DLK1− /CD34+ /CD24+ versus DLK1− /CD34+ /CD24− ASCs (Figure 3A,B). We found
no significant differences between the two ASC types regarding the expression levels of
the quiescence markers p21Cip1 , p27Kip1 and p57Kip2 , the proliferation markers Ki67 and
Cyclin A2, the senescence marker p16Ink4a and the pluripotency markers NANOG, SOX2
and OCT4 (Figure 3A). However, both stemness factors, KLF4 and c-MYC, are significantly
higher expressed in DLK1− /CD34+ /CD24+ ASCs (Figure 3A,B). This correlates with a significant higher colony formation capacity (Figure 3C) and a considerably lower adipogenic
differentiation activity of DLK1− /CD34+ /CD24+ relative to DLK1− /CD34+ /CD24− ASCs
(Figure 4). Oil Red-O staining on day 9 post induction of adipogenesis indicates dramatically higher accumulation of triglycerides in DLK1− /CD34+ /CD24− ASCs (Figure 4A) and
Western Blot analysis shows higher levels of the adipocyte marker perilipin in these cells
(Figure 4B). Gene expression of the adipogenic key regulator PPARγ2 and the adipocyte
markers FABP4 and perilipin are also considerably higher in the DLK1− /CD34+ /CD24−
ASCs (Figure 4C). Moreover, boosting of adipogenesis by the PPARγ2 agonist Troglitazone
leads to an ~80 fold higher induction of the expression of PPARγ2 and to an ~300 fold
higher gene expression of FABP4 and perilipin in DLK1− /CD34+ /CD24− ASCs than in
DLK1− /CD34+ /CD24+ cells (Supplementary Figure S1). The proliferative capacity is
similar in both ASC subpopulations, as measured by BrdU incorporation and cell counting
(Figure 4D,E). These data suggest that the stemness of human DLK1− /CD34+ /CD24+ ASCs
is higher than of DLK1− /CD34+ /CD24− ASCs, while the CD24− cells have a considerably
higher adipogenic potential.
3.5. Expression of Quiescence, Stemness, Proliferation, Senescence and Adipogenesis Markers in
Routinely Isolated and In Vitro Cultivated Human DLK1− /CD34+ ASCs
Gene expression analysis in cultivated passage 2 DLK1− /CD34+ ASCs routinely isolated from the SVF by differential centrifugation, plating and plastic-adherence [16,51,52]
(Supplementary Figure S2A) shows that the expression pattern of markers for quiescence,
stemness, proliferation, senescence and adipogenesis is similar as in sorted DLK1− /CD34+
ASCs analyzed ex vivo, immediately after isolation (Figure 2). Pluripotency markers are
barely detectable, the stemness markers KLF4 and c-MYC are highly expressed, C/EBPβ
is highly expressed and the levels of C/EBPδ and PPARγ2 are relatively low. However,
the expression levels of the CDKIs p27Kip1 and p57Kip2 are reduced in in vitro cultivated
DLK1− /CD34+ ASCs concomitant with a significant expression of the key proliferation
markers Ki67 and CycA2. Intriguingly, p21Cip1 is as high expressed as in ex vivo ASCs suggesting that mainly p21Cip1 , as an G0/G1-phase cell cycle inhibitor, contributes to the long
doubling time (~4 days) of proliferating primary human ASCs in culture (Figure 4) [7,53].
In fact, the analysis of the cell cycle profile of asynchronously proliferating ASCs reveals
that ~92% of the cells are in the G0/G1-phase but only ~4.5% in S and ~3.5% in G2/M
(Supplementary Figure S2B), indicating that the slow proliferating ASCs have a prolonged
G0/G1 phase. This is in sharp contrast to the cell cycle profile of fast asynchronously
proliferating embryonic stem cells (ESCs) and immortalized or transformed cell lines,
which contain considerably less cells in G0/G1, as shown elsewhere. To corroborate
that cultured ASCs actually proliferate despite a prolonged G0/G1 phase a serum arrest/release experiment was performed. As demonstrated in Supplementary Figure S2C,
serum-arrested G0/G1 ASCs enter S-phase and progress throughout the cell cycle into
G2/M after serum-restimulation.
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3.6. Characterization of CD24 in Human ASCs
Monitoring of the CD24 mRNA expression in sorted DLK1− /CD34+ /CD24+ and
DLK1− /CD34+ /CD24− cells showed that CD24 is expressed in both ASC types; however,
CD24 is ~15 times lower expressed in DLK1− /CD34+ /CD24− cells (Figure 5A). Moreover,
sorted cell surface DLK1− /CD34+ /CD24− ASCs contain intracellular CD24 protein (Figure
5B), indicating that CD24 in ASCs is regulated at the level of gene expression and subcellular
localization. The analysis of the CD24 mRNA level in cultures of routinely, by plasticadherence, isolated DLK1− /CD34+ ASCs shows that they contain similar CD24 mRNA
level as ex vivo sorted DLK1− /CD34+ /CD24− ASCs (Figure 5A). Interestingly, monitoring
of CD24 protein in passage 3 DLK1− /CD34+ ASCs shows that all cells contain intracellular
as well as extracellular CD24 protein (Figure 5C). The level of CD24 protein on the surface
of these cells (Figure 5C) and of sorted ex vivo DLK1− /CD34+ /CD24+ ASCs is similar
(Figure 1B). Given the low percentage of DLK1− /CD34+ /CD24+ ASCs in the SVF and the
similar proliferative activity of CD24+ and CD24− ASCs, it is likely that routinely isolated
ASC populations convert from a DLK1− /CD34+ /CD24− to a DLK1− /CD34+ /CD24+
phenotype in the course of isolation or cultivation. To prove this, CD24 protein was
monitored in these ASCs during their isolation by plastic-adherence and in vitro cultivation
(Figure 5D). In fact, we found that these cells are initially DLK1− /CD34+ /CD24− and
begin to express CD24 protein at the cell surface when cultivated in growth factor/mitogen
containing PM4 medium, suggesting that the translocation of CD24 to the cell surface is
induced by serum components.
3.7. Knock-Down of CD24 Reduces Proliferative and Adipogenic Capacity of Human ASCs
To analyze whether CD24 is of functional importance for human ASCs it was knocked
down (KD) in routinely isolated human ASCs by a lentiviral based gene-silencing approach
using shRNAs (Figure 6A). Cell counting and BrdU incorporation experiments show that
the CD24 KD significantly reduces the proliferation capacity of ASCs (Figure 6B,C). The
adipogenic potential is also considerably decreased in CD24 KD ASCs as shown by reduced
accumulation of triglycerides (Figure 6D) and reduced expression of PPARγ2 and FABP4
mRNA (Figure 6E) and protein (Figure 6F). These data indicate that CD24 is necessary for
appropriate proliferation and adipogenic differentiation of human ASCs. Intriguingly, we
have shown in the present study that human cell surface DLK1− /CD34+ /CD24+ ASCs
differentiate much less than DLK1− /CD34+ /CD24− cells (Figure 4A–C) and, similarly,
Rodeheffer et al (2008) showed that mouse cell surface CD24+ ASCs differentiate less good
into adipocytes than CD24− ASCs. Together these data suggest a role of intracellular CD24
protein in the regulation of adipogenesis.
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4. Discussion
In the present study, we analyzed the status of quiescence, stemness, proliferation,
senescence and terminal adipogenic differentiation capacity in populations of human ASCs
defined by the cell surface markers DLK1, CD34 and CD24 ex vivo, directly after isolation
from human sWAT. Furthermore, we studied the function of CD24 in human ASCs by
gene-silencing experiments.
Quiescence is an important feature of adult stem cells, considered to increase stress
resistance and self-renewal capacity [21,22]. The quiescence program is mediated by cell
cycle regulatory proteins in response to different stimuli that regulate quiescence versus
cell cycle progression and are interconnected at the restriction point in the G1-phase of the
cell cycle [54]. At this checkpoint several signals flow together regulating the activity of the
retinoblastoma protein and other members of the pocket protein family, that are controlled
through phosphorylation by cyclin-dependent kinase 4 (CDK4), CDK6 and CDK2, which
are activated in response to mitogenic stimuli by binding to D- and E-cyclins leading to cell
cycle progression into S-phase. The proliferation stimulating effects of these CDK/cyclin
complexes are counteracted by CDKIs of the CIP/KIP family (p21CIP1 , p27KIP1 and p57KIP2 )
that block CDK activity leading to cell cycle exit and entry into quiescence. Previous studies
investigated the expression of quiescence markers in cultivated ASCs [55]. However, to our
knowledge, the status of quiescence has so far not been analyzed in ex vivo ASCs. In our
present study, we show considerable expression of all three quiescence markers p21CIP1 ,
p27KIP1 and p57KIP2 in ASCs analyzed immediately after isolation from sWAT of several
donors. Quiescence-inducing signals and the response to them can be in part different. It
was shown that low transient DNA damage, induced by mild DNA replication stress in
normal proliferating cells induces quiescence by the induction of p21CIP1 as an endogenous
DNA damage response [54]. We find that the p21Cip1 levels are the highest among the
CDKIs in quiescent ASCs and previous studies of our laboratory have detected significant
DNA damage in ASCs freshly isolated from human sWAT [7,53]. Thus, it is conceivable
that DNA damage contributes to the induction of p21CIP1 and, as a consequence, quiescence
in ASCs. There is precedence that paucity of growth factors and mitogens and/or contact
inhibition leads to upregulation of p27Kip1 and p57KIP2 and promotion of the quiescent
state [26,54]. Such conditions frequently exist in solid tissues and paucity of growth factors
and mitogens in sWAT is indicated by our finding that ASCs ex vivo do neither express
G1-phase cyclins (data not shown) nor S-phase cyclins. Thus, it is very likely that paucity
of growth factors and mitogens and, as a consequence, low cyclin levels and induction of
p27Kip1 and p57KIP2 contribute to quiescence in ASCs of sWAT. Our findings that cyclins
are down and all CIP/KIP family CDKIs (p21CIP1 , p27KIP1 and p57KIP2 ) are upregulated in
ASCs is in keeping with the current model that quiescence decisions rely on the expression
of not only one but several CDKIs and modulation of additional proliferation-regulating
signals that are integrated by their combined effects on G1- and G1/S-CDKs [54].
In routinely isolated proliferating ASCs in cell culture, we detected similar high
expression levels of p21Cip1 as in ex vivo ASCs, while p27Kip1 and p57Kip2 were considerably
lower expressed, likely due to the high growth factor/mitogen levels in FBS containing cell
culture medium. Given that early passage ASCs contain moderate levels of DNA damage
and proliferate slow [7,53] and that the majority of the ASC population (>90%) are most of
the time in the G0/G1 phase of the cell cycle [55], it is likely that mild DNA damage stress
occurring during normal cell division in cultivated ASCs leads to moderate induction of
p21Cip1 and decelerated progression through the G0/G1-phase of the cell cycle. Since we
more recently showed that ~80% of ASCs at passage 5 robustly express Ki67 [7], one can
conclude that the majority of ASCs in asynchronous culture are in the G1-phase of the cell
cycle while some ASCs are in G0.
While according to the current model low, transient DNA-damage is the initial stimulus triggering a moderate p53/p21CIP1 response leading to cell cycle arrest and exit to
quiescence [54], sustained and robust activation of the DNA-damage response p53/p21CIP1
pathway promotes induction of the p16Ink4a /RB cell cycle inhibitory pathway, further
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accumulation of the CDKIs p21CIP1 and p16Ink4a and eventually cellular senescence [56,57].
We could barely detect p16Ink4A expression in ASCs isolated from 5 out of 6 donors while
ASCs from 1 out of 6 donors expressed significant but still low amounts of p16Ink4A mRNA.
This is in accordance with a more recent study of our laboratory demonstrating that only
~5% of routinely cultivated ASCs in passage 5 express senescence markers [7,53]. These
findings indicate that the vast majority of ASCs in sWAT are in a quiescent but not senescent
state. However, our data underscore also that senescent ASCs exist in sWAT, as has been
previously shown especially in conditions of obesity, diabetes and aging [6,7,9,58,59].
Since contradictory results exist about the expression of NANOG, SOX2 and OCT4 in
adult stem cells [29–35,60], it was interesting to analyze the expression of these pluripotency
factors in ASCs ex vivo immediately after their isolation from sWAT. Our study shows
that all 3 factors are hardly detectable in ASCs from 5 out of 6 donors while ASCs isolated
from one donor showed low but significant expression of the three pluripotency factors
with OCT4 mRNA levels being the highest. This indicates that in the majority of ASCs
NANOG, OCT4 and SOX2 are hardly detectable; however, rare conditions may exist, as for
example shown in the environment of senescent cells [61], in which pluripotency factors
are significantly expressed in human ASCs. In our study, a high expression of the CDK
inhibitors p21CIP1 , p27KIP1 and p57KIP2 and a non-detectability of the CDK activators cyclin
D1 - D3 correlate with the absence of NANOG, OCT4 and SOX2 in ASCs. It is interesting
to note, that recent findings indicate that low levels of G1-cyclins and the inhibition of
CDK activity leads to proteasomal degradation and, hence, clearance of pluripotency
factors in ESCs [62]. The question whether similar as in ESCs low CDK activity and the
proteasome-ubiquitin system contributes to the absence of NANOG, OCT4 and SOX2 in
ASCs warrants further studies.
Cell cycle arrest by quiescence-inducing signals suppresses terminal differentiation in
human diploid fibroblasts [63] suggesting that unique signaling mechanisms are linked
to the quiescence state to promote the action of multipotency factors and/or to inhibit
terminal differentiation transcriptional programs. In our study, we show that the somatic
cell reprogramming factors, c-MYC and KLF4 [36], which have been shown to ensure
high stemness in hematopoietic stem cells by balancing quiescence, proliferation and
differentiation [38,39], are strongly expressed ex vivo in ASCs isolated from 6 out of 6
donors. Interestingly, previous studies suggest that both c-MYC and KLF4 act at a hub
at which growth arrested murine 3T3-L1 preadipocytes are either directed toward cell
cycle re-entry or committed to terminal differentiation [45–47]. Moreover, KLF4 has been
shown to activate expression of p21CIP1 , thereby suppressing cell proliferation [42]. This
anti-proliferative function of KLF4 can be counteracted by c-MYC, which suppresses the
expression of p21CIP1 in response to DNA damage [40]. Thus, our data that c-MYC, KLF4
and p21CIP1 are highly expressed in quiescent ASCs warrants further studies to analyze
whether the balance between these factors is important for the maintenance of the quiescent
state and hence stemness in ASCs.
KLF4 acts as an inducer of the early adipogenic transcription factor C/EBPβ in 3T3L1 preadipocytes [46]. It has been shown that C/EBPβ is already expressed in murine
3T3-L1 preadipocytes [64,65] and human ASCs [66] before adipogenic stimulation and
it is particularly important that C/EBPβ is genome-wide bound to almost all quiescent
adipogenic regions of open chromatin, where it is required for the formation of adipogenic
transcription factor complexes to induce the adipogenic differentiation program [48]. In
our study, we show that KLF4 and C/EBPβ but not C/EBPδ and PPARγ2, are always
highly expressed in quiescent ASCs. This suggests a scenario, in which the KLF4/C/EBPβ
axis is already established in quiescent ASCs in sWAT and C/EBPβ serves as origin for the
formation of PPARγ2-containing adipogenic transcription factor complexes that induce
adipogenic differentiation after given stimuli.
CD24 is expressed by various stem cell types and plays a role in the regulation of cell
proliferation and differentiation [24]. The comparison of ex vivo DLK1− /CD34+ /CD24−
and DLK1− /CD34+ /CD24+ ASC populations from several donors in our study demon-
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strated that KLF4 and c-MYC are higher expressed in the DLK1− /CD34+ /CD24+ population correlating with a higher colony formation capacity and a considerably lower
adipogenic differentiation activity. Thus, the balance between c-MYC and KLF4 may be
important for stem-like capacity (stemness) and adipogenic differentiation potential of
human CD24+ vs CD24− ASCs and stemness is most likely higher in CD24+ ASCs than in
CD24− ASCs in human sWAT. Similar data were shown in the mouse model. CD24 was
identified as a marker for high stem-like capacity of murine ASCs; while both CD24+ and
CD24− subpopulations can undergo proliferation and adipogenic differentiation in cell
culture only CD24+ ASCs are capable of reconstituting functional WAT depots in A-Zip
lipodystrophic mice [2]. Moreover, data suggest that CD24+ cells give rise to CD24− cells in
mice during adipogenesis [67]. In the present study, we found no differences regarding the
expression levels of the quiescence markers p21Cip1 , p27Kip1 and p57Kip2 , the proliferation
markers Ki67 and Cyclin A2 and the senescence marker p16Ink4a between CD24− and
CD24+ ASCs and the pluripotency markers are hardly detectable in both ASC types. Thus,
in human sWAT both CD24 ASC types are in the quiescent state and show almost no
pluripotent capacity. Analyzing the role of CD24 in human ASCs routinely isolated from
the SVF and propagated in cell culture revealed that ex vivo DLK1− /CD34+ /CD24− ASCs
most likely convert to DLK1− /CD34+ /CD24+ ASCs in the course of cultivation in PM4 cell
culture medium containing growth factors and mitogens. Intriguingly, silencing of CD24 in
these cells reduces both proliferation and adipogenic differentiation capacity. This suggests
that CD24 is necessary for adequate ASC proliferation and adipogenesis although ex vivo
cell-surface DLK1− /CD34+ /CD24− ASCs differentiate much stronger into adipocytes than
DLK1− /CD34+ /CD24+ ASCs. Based on these data one could hypothesize that intracellular
CD24 protein plays a role in the regulation of ASC proliferation and adipogenesis. This
hypothesis is supported by a study showing that CD24 is not only localized at the cell
surface but also in the nucleus [68]. The same study shows that intracellular CD24 protein
plays a role in the regulation of proliferation and differentiation. The complete elucidation
of the mechanisms underlying the effects of CD24 in human ASCs warrants further studies.
Beside the importance of our new findings for the basic understanding of the biology of
human ASCs, the identification of DLK1− /CD34+ /CD24+ ASCs as stromal cells with high
stemness also underscores their importance as multipotent stromal cells for applications in
regenerative medicine and tissue engineering, as reviewed elsewhere [12–14,69].
5. Conclusions
In conclusion, we show that the vast majority of ASCs in human sWAT exist in a
quiescent state, express high levels of the somatic stemness factors c-MYC and KLF4 and of
the early adipogenic transcription factor C/EBP β but barely senescence and pluripotency
markers. Moreover, our data indicate that stemness is higher and adipogenic capacity much
lower in DLK1− /CD34+ /CD24+ relative to DLK1− /CD34+ /CD24− ASC subpopulations
and that CD24 is necessary for adequate ASC proliferation and adipogenic differentiation. Furthermore, the present study demonstrates that human ASCs, which are routinely isolated from the SVF by differential centrifugation, plating and plastic-adherence
and further cultivated in vitro, express the functional cell-surface marker combination
DLK1− /CD34+ /CD24+ and possess high stemness and relatively low adipogenic differentiation capacity.
Supplementary Materials: The following data are available online at https://www.mdpi.com/2073
-4409/10/2/214/s1. Table S1: Clinical anthropometric parameters of the donors; Table S2: Primer
sequences; Figure S1: Adipogenic differentiation boosted with Troglitazone; Figure S2: Marker gene
expression and cell cycle profile in routinely cultivated ASCs.
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