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Human adipose-derived stem/stromal cells (hASCs) can differentiate into specialized
cell types and thereby contribute to tissue regeneration. As such, hASCs have drawn
increasing attention in cell therapy and regenerative medicine, not to mention the
ease to isolate them from donors. Culture conditions are critical for expanding hASCs
while maintaining optimal therapeutic capabilities. Here, we identified a role for
transforming growth factor p1 (TGFB1) in culture medium in influencing the fate of
hASCs during in vitro cell expansion. Human ASCs obtained after expansion in stan-
dard culture medium (Standard-hASCs) and in endothelial cell growth medium
2 (EGM2-hASCs) were characterized by high-throughput transcriptional studies, gene
set enrichment analysis and functional properties. EGM2-hASCs exhibited enhanced
multipotency capabilities and an immature phenotype compared with Standard-
hASCs. Moreover, the adipogenic potential of EGM2-hASCs was enhanced, including
toward beige adipogenesis, compared with Standard-hASCs. In these conditions,
TGFp1l acts as a critical factor affecting the immaturity and multipotency of
Standard-hASCs, as suggested by small mother of decapentaplegic homolog
3 (SMAD3) nuclear localization and phosphorylation in Standard-hASCs vs
EGM2-hASCs. Finally, the typical priming of Standard-hASCs into osteoblast, cho-
ndroblast, and vascular smooth muscle cell (VSMC) lineages was counteracted by
pharmacological inhibition of the TGFp1 receptor, which allowed retention of
SMADZ into the cytoplasm and a decrease in expression of osteoblast and VSMC lin-
eage markers. Overall, the TGFB1 pathway appears critical in influencing the commit-
ment of hASCs toward osteoblast, chondroblast, and VSMC lineages, thus reducing
their adipogenic potential. These effects can be counteracted by using EGM2 culture

medium or chemical inhibition of the TGFp1 pathway.

Abbreviations: ASCs, adipose-derived stem/stromal cells; BM-MSCs, bone marrow mesenchymal stem/stromal cells; BMP, bone morphogenetic protein; CFU-f, colony-forming unit fibroblast;
EGM2, endothelial cell growth medium 2; FBS, fetal bovine serum; GO, Gene Ontology; GSEA, gene set enrichment analysis; hrTGFB1, human recombinant transforming growth factor-beta 1;
MEM, minimum essential media; MSCs, mesenchymal stem/stromal cells; PCA, principal component analysis; SMAD, small mother of decapentaplegic homolog; SVF, stromal vascular fraction;
TGFB1R, transforming growth beta 1 receptor; TGFpR1, transforming growth beta receptor type 1; UCP1, uncoupling protein 1; VSMCs, vascular smooth muscle cells.
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1 | INTRODUCTION

Mesenchymal stem/stromal cells (MSCs) are multipotent cells that can
differentiate into multiple cell types and contribute to tissue regenera-
tion.! Hence, MSCs hold important interest in cell therapy and regener-
ative medicine.2 MSCs were first identified in bone marrow (BM-MSCs),
which remains their main biological source in research and cell therapy.®
Alternatively, adipose-derived stromal cells (ASCs) are MSCs accessible
from adipose tissue, by simple procedures and at high cell yield.*

Subcutaneous adipose tissue contains at least 2 types of adipo-
cytes: mostly white adipocytes and beige adipocytes.> White adipo-
cytes store and release lipids, whereas beige adipocytes express the
uncoupling protein 1 (UCP1) promoting lipid and glucose oxidization.
Recently, beige adipocytes have drawn interest in medicine because
of their ability to prevent metabolic diseases, such as obesity and type
2 diabetes in animal models.”® Therefore, the differentiation of hASCs
and/or the conversion of white adipocytes into beige adipocytes are
of clinical interest.”? By affecting ASC functionality but lacking stan-
dardization, hASC culture represents a major bottleneck and deserves
specific attention.® For expanding hASCs, we used the endothelial cell
growth medium 2 (EGM2), designed for culturing endothelial and peri-
vascular cells, a physiological location common to hASCs.2°1® Of
note, the most used condition for hASCs expansion, standard medium,
differs from EGM2 notably by a content of 10% of fetal bovine serum
(FBS), compared with 2% FBS for EGM2.

Transforming growth factor p1 (TGFp1) is one of the components
of FBS.X It belongs to the TGFp superfamily with bone morphoge-
netic proteins (BMPs), activins, and others.'® TGFp1 is secreted as a
latent protein complex and stored in the extracellular matrix (ECM).
Following tensile forces,*® pH changes,*” or plasmin's serine protease
activity,'® the noncovalent binding between the pro-TGFp1 and the
latency-associated peptide is disrupted and TGFp1 is activated.'?
TGFpB1 binds to cell surface receptors consisting of type | (TGFBRI)
and type Il (TGFBRII) receptor serine/threonine kinases that propagate
signaling via phosphorylation of effector proteins, such as small
mother of decapentaplegic homolog (SMAD), notably SMADS.
SMAD3 is phosphorylated by TGFpRI and heterodimerizes with
SMAD4 to form an active SMAD complex.?° Activated SMAD com-
plex translocates into the nucleus, thus enabling transcription of genes
involved in cell differentiation, growth, and proliferation.

Here, we observed that hASCs expanded in vitro in a standard
medium (Standard-hASCs) were essentially primed into osteoblast,
chondroblast, and vascular smooth muscle cell (VSMC) lineages. We
also showed that EGM2-hASCs retained features of cell immaturity
and exhibited an enhanced adipogenic potential, with beige adipocyte

Significance statement

Human adipose-derived stem/stromal cells (hASCs) are typi-
cally expanded in serum-containing media. The current
study shows that the transforming growth factor g1 (TGFp1)
contained in serum induces the commitment of hASCs
toward osteoblast, chondroblast, and vascular smooth mus-
cle cell lineages. This commitment impedes the immaturity
of hASCs and their adipogenic potential during in vitro cell
expansion, including toward the beige adipocyte. Standard
culture medium affects the cell multipotency of hASCs, a
crucial feature to consider when improving methods of
hASC expansion to obtain clinical grade hASCs. The study
details the effect of TGFB1 on hASC culture and propose
alternative culture methods to expand hASCs with optimal

therapeutic interests.

potential. Furthermore, high-throughput transcriptomic, gene set
enrichment analysis (GSEA), and functional experiments confirmed
the immaturity of EGM2-hASCs and allowed us to identify TGFp1 as
a critical factor affecting the hASC fate during in vitro cell expansion.
Accordingly, inhibition of TGFB1l receptor (TGFB1R) in Standard-
hASCs was sufficient to restore the immaturity of hASCs, with strong
beige adipogenic potential.

Our results highlight the need to consider the effect of TGFp1 on
hASCs during in vitro cell expansion in standard medium culture con-
ditions. These findings should prompt the alternative use of EGM2 to
expand hASCs, for optimal therapeutic potential in regenerative medi-

cine and metabolic disorders.

2 | MATERIALS AND METHODS
2.1 | Isolation of hASCs, expansion media, and cell
culture

Abdominal dermolipectomia tissues were obtained from 46 women after
reconstructive surgery (mean body mass index 26.9 + 0.4 kg/m? [range
18.7-32.7 kg/m?]; mean age 414+ 1.7 years [range 18-66 years)).
Experimental protocols were approved by an ethics committee (No:
DC-2015-23-49), and informed consent was obtained from all partici-
pants. Human adipose tissue was dissected with scissors and underwent
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enzymatic digestion with 13.6 U/mL collagenase NB4 (Serva Electropho-
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resis, Heidelberg, Germany) at 37°C under agitation for 45 minutes in
minimum essential media (MEM) containing Glutamax (Life Technologies,
Carlsbad, California) supplemented with 1% penicillin/streptomycin (Life
Technologies). Homogenates were 100-pm-filtered (Sterifip; Millipore,
Burlington, Massachusetts), and the stromal vascular fraction (SVF) was
isolated by centrifugation for 10 minutes at 500g. The SVF was plated at
4000 cells/cm? in a standard medium—MEM Glutamax 1% penicillin/
streptomycin, 10% FBS (Life Technologies), and 1 ng/mL fibroblast
growth factor 2 (Reliatech GmbH, Wolfenbdittel, Germany)—or EGM2
with 2% FBS and defined supplements (reference C-22011; PromoCell,
Heidelberg, Germany; https://www.promocell.com/product/endothelial-
cell-growth-medium-2/). After 7 days, hASCs were analyzed or treated
with 10 ng/mL TGFB1 (Miltenyi Biotech, Bergisch Gladbach, Germany)
or 1uM SB431542 or SB505124 ALK5 TGFB1R inhibitors (Tocris
Bioscience, Bristol, UK). All experiments were performed with hASCs at

passage O unless stated otherwise.

2.2 | Multipotential assays

Osteogenesis was induced by 50 uM ascorbic acid (Sigma-Aldrich,
Saint-Louis, Missouri) and 10 mM p-glycerophosphate (Sigma) in kcMEM
(Life Technologies), 2% FBS and 1% L-glutamine (Life Technologies). At
day 11, cultures were fixed with 4% formaldehyde (Sigma) and stained
with Alizarin red S (Sigma), then dissolved in 10% acetic acid. Absor-
bance was read at 405 nm by spectrophotometry (Varioskan, Thermo
Fisher; Waltham, Massachusetts).

Commitment toward chondrogenesis was induced by 3 weeks of
2D-culture in high-glucose DMEM (Life Technologies) complemented
with 1 mM sodium pyruvate, 0.1 uM dexamethasone, 0.17 mM
ascorbic-2-phosphate acid, 0.35 mM L-proline, 1% insulin transferrin
selenium+1 (all Sigma), and 10 ng/mL TGFB3 (R&D Systems; Minne-
apolis, Minnesota). Cells were fixed with 4% paraformaldehyde and
stained with Alcian blue (Sigma).

Adipogenesis was induced by culture for 11 days in MEM containing
Glutamax supplemented with 10% FBS, 1 pM dexamethasone, 5 ug/mL
insulin, 1 uM rosiglitazone, and 60 uM indomethacin (all Sigma) or MEM
supplemented with 2% FBS, 1 pM dexamethasone, 1 pg/mL insulin, and
0.5 mM isobutylmethylxanthine (Sigma). In some experiments, conver-
sion of white to beige adipocytes was induced by overnight treatment
with 2 pM forskolin (Sigma). Adipogenesis was assessed in cells fixed in
glutaraldehyde 3% and stained for neutral lipids with Qil-red O (Sigma),
then dissolved in 60% isopropanol. Absorbance at 510 nm was read by

using Varioskan spectrophotometry (ThermoFisher).

2.3 | Western blot analysis

Cells were lysed in RIPA buffer (Biotech; Markham, ON, Canada) sup-
plemented with a complete mini-EDTA-free protease inhibitors cocktail
(Roche, Bale, Suisse) and phosphatase inhibitors cocktail (Sigma). Pro-
teins were quantified with MicroBCA (Thermo Fisher). Electrophoresis

was performed in Mini Protean TGX Gel 12% SDS (Biorad, Hercules,
California), bathed in tris-glycine-SDS buffer (Biorad). Proteins were
transferred to polyvinylidene difluoride membrane (Biorad) in tris-
glycine buffer (Biorad). Membranes were incubated in PBS 0.1%
Tween-20 (Biorad), 5% nonfat dry milk and primary antibodies for
OCT4 (ab19857, Abcam, Cambridge, UK), SOX2 (ab97959, Abcam),
NANOG (AF1997, R&D), p-Actin (A5441, Sigma), PPARy (2443S, Cell
Signaling Technology [CST], Danvers, Massachusetts), Calponinl
(MAB9569 Abnova, Taiwan), FABP4 (AF1443, R&D), GAPDH (ab8245,
Abcam), p-SMAD3 (9520S, CST), or SMAD3 (9513S, CST). Proteins
were revealed with horseradish peroxidase-conjugated goat anti-rabbit
or anti-mouse 1gG (1 706 515 and 1 706 516, Biorad, respectively) or
rabbit anti-goat 1gG (81-1620, Thermo Fisher) and ECL detection
(Biorad). ImageJ (National Institutes of Health; Bethesda, Maryland) was

used for protein semi-quantification.

2.4 | Quantitative RT-PCR

Cells were lysed in RLT (Qiagen, Hilden, Germany). RNA was extracted by
using the RNeasy Plus Mini kit (Qiagen) and reverse-transcribed by using
the High-Capacity cDNA Reverse Transcription kit (Applied Biosystems,
Foster City, California) following the manufacturer's instructions for
10 minutes at 25°C, 120 minutes at 37°C, and 5 minutes at 85°C. gqPCR
involved using 300 nM primers listed in Table S1 and FAST SYBR Green
Reagent (Applied Biosystems) with a StepOne device (Applied Bio-
systems). Data were analyzed with StepOne software and normalized to
the housekeeping gene expression and the standard control sample
unless stated otherwise. Fold change in mRNA content was determined
according to the 2724t method. Relative comparison was calculated as
AACt(x) = ACt(x) — ACt(Ctrl) with ACt(x or Ctrl) = Ct{x or Ctrl) — Ct

(housekeeping genes) with x = the sample mRNA.

2.5 | Flow cytometry

Standard-hASCs or EGM2-hASCs were trypsinized (Life Technologies)
and blocked in 0.1% human serum albumin (LFB Biomedicaments;
Courtaboeuf, France). Cells were stained with CD90 (555596), CD73
(550257), CD13 (555394), CD45 (555483), CD31 (555446), and
CD34 (555822), all conjugated with phycoerythrine (BD Biosciences,
Franklin Lakes, New Jersey), and staining was analyzed with an ADP
Cyan flow cytometer (Beckman Coulter; Brea, California). Data were
analyzed with Kaluza v1.2 (Beckman Coulter). Dead cells were

excluded by DAPI staining (Sigma).

2.6 | Colony-forming unit-fibroblast analysis

SVF was serially diluted from 128 to 1 cells per well in 96-well plates.
After 10 days, cells were fixed in absolute methanol for 5 minutes and
stained in 10% Giemsa (Sigma) for 10 minutes. Colony-formation

assay involved using Poisson distribution statistics by determining the
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number of wells with no clonogenic growth at day 10. Aggregates of
>10 cells were scored as colony-forming unit-fibroblasts (CFU-f)-derived

colonies as previously described.2?

2.7 | Affymetrix assay

cDNA synthesis and amplification were performed on high-quality
mRNA (RQI >9.8) by using the Ovation PicoSL WTA-System V2 pro-
tocol (NuGEN, Redwood City, California). An amount of 25 ng mRNA
was reverse-transcribed in primer mix containing poly-T and random
sequences for whole-transcriptome coverage, followed by a second-
strand cDNA synthesis with Ribo-SPIA technology (NUGEN). An
amount of 2.5 ug SPIA ¢cDNA was fragmented and biotinylated in
Encore Biotin Module (NUGEN) and hybridized (48°C, 20 hours) with
the Affymetrix HuGene1.1STArray Strip Kit (Affymetrix, Santa Clara,
California). Arrays were scanned by using the Affymetrix GeneAtlas
imaging station. Scanned images (DAT files) were analyzed with
Affymetrix GeneChip Command Console software. Data were impo-
rted into Partek Genomics Suite software (Partek, Inc., Missouri). The
Robust Multichip Analysis algorithm was used for generating signal
values. Principal component analysis (PCA) was used for global 3D
unsupervised analysis. Partek Genomics Suite software was used for
generating specific gene expression signatures (fold change >2), and
for Gene Ontology (GO) enrichment analysis. Ingenuity Pathway
Analysis (Ingenuity Systems, www.ingenuity.com) was used for gene

networks and canonical pathways analysis.

2.8 | Gene set enrichment analysis

We used GSEA software from Broad Institute (http://software.
broadinstitute.org/gsea/index.jsp).222® Gene signatures and raw data
are accessible in the Gene Expression Omnibus repository platform
(GSE136778). Analyses of molecular pathways involved the Database

for Annotation, Visualization, and Integrated Discovery.242>

2.9 | Enzyme linked immunosorbent assay

Sandwich enzyme linked immunosorbent assay was performed on
medium or supernatant of cell cultures for bovine or human TGFp1
according to the manufacturer's instructions (Boster Biological

Technology; Pleasanton, California).

210 | Immunofluorescence assay

Cells were fixed in 3.7% paraformaldehyde (Sigma), permeabilized with
0.2% Triton X-100 (Sigma), and incubated overnight at 4°C with an
anti-SMAD3 primary antibody (9513S, CST). Staining was revealed
by using a donkey Alexa Fluor 488-nm anti-rabbit antibody
(A21206, Molecular Probes; Eugene, Oregon) along with DAPI staining

€@ STEM Crrrs—-2

(1:10000; D9542, Sigma). Images of cells were acquired on an
LSM 780 confocal microscope (Zeiss, Oberkochen, Germany) or
epifluorescence  biphotonic  microscope  (Leica Biosystems,
Nanterre, France). Fluorescence was analyzed with Image) (National

Institutes of Health).

211 | Statistical analysis

GraphPad Prism 5 (GraphPad Software; San Diego, California) was used
for statistical analysis and graph design. Data are expressed as mean
+ SEM. Wilcoxon or Mann-Whitney tests were used for statistical analy-
sis, with P < .05 considered statistically significant, and statistical signifi-

cance was shown with *P < .05, **P < .01, and ***P < .001.

3 | RESULTS

3.1 | EGM2-hASCs exhibit cell immaturity features
In culture, both Standard-hASCs and EGM2-hASCs displayed similar
fibroblast-like morphology (Figure S1a) and expressed CD90, CD73,
and CD13 but not CD45 or CD31 (Figure S1b). EGM2 culture condi-
tions led to fivefold less CFU-f from SVF compared with standard con-
ditions (Figure Sic), but we obtained twice more adherent cells with
EGM2 vs standard conditions after 7 days of cell expansion
(Figure S1d). These results suggest that although both Standard-
hASCs and EGM2-hASCs had a close phenotype, EGM2-hASCs
showed an enhanced proliferation ability compared with Standard-
hASCs. Also, under appropriate stimulations, EGM2-hASCs could
differentiate into osteoblasts and chondroblasts as efficiently as
Standard-hASCs (Figures 1A and Sle). Remarkably, EGM2-hASCs
exhibited enhanced ability to differentiate into adipocytes compared
with Standard-hASCs (Figures 1A and S1e).

immaturity of Standard-hASCs and
EGM2-hASCs, we studied the expression of stemness markers. Notably,

To compare the cell

sex-determining region Y-box (SOX) 2, octamer-binding transcription
factor (OCT) 4, and NANOG were found essential to maintain cell
immaturity via cooperative interactions.2® We found increased protein
content of SOX2, OCT4, and NANOG, by at least twofold in
EGM2-hASCs compared with Standard-hASCs (Figure 1B). Further-
more, EGM2-hASCs exhibited reduced priming toward the osteoblast
lineage, as shown by decreased mRNA content of distal-less homeobox 5
(DLX5), collagen type 1al (COL1a1), and alkaline phosphatase liver (ALPL),
compared with Standard-hASCs (Figure 1C). Moreover, levels of
chondroblast lineage-associated mRNAs such as hyaluronan and proteo-
glycan link protein 1 (HAPLN) and SOX9 were greatly reduced in
EGM2-hASCs compared with Standard-hASCs (Figure 1C). Similarly,
levels of VSMC lineage-associated mRNAs, including smooth muscle
actin 2 (ACTA2) and calponin 1 (CNN1), were decreased in EGM2-hASCs
compared with Standard-hASCs (Figure 1C). In contrast, EGM2-hASCs
exhibited increased levels of mRNAs associated with the adipocyte line-

age, including fatty acid-binding protein 4 (FABP4) and lipoprotein lipase
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FIGURE 1 Differentiation potential and immature state of EGM2-hASCs. A-C, Differentiation potential (A) and immature state (B-C)
evaluation of hASCs expanded in MEM with 10% FBS (Standard; black) or EGM2 medium (EGM2; red). * P < .05, ** P < .01, *** P < .001. A, Both
types of hASCs were submitted to osteogenic, chondrogenic and adipogenic differentiation and were then analyzed for calcium deposition
staining with Alizarin red (left panels), sulfated proteoglycan staining with Alcian blue (middle panels) and lipid staining with Oil-red O (right
panels), respectively. Photonic microscopy. The calcium deposition and lipid content was quantified by chemical processes. n = 3, Wilcoxon test.
Scale bar = 500 pm or 100 pm, magnification = 4x or 20x respectively. B, Western blot analysis of SOX2, OCT4, and NANOG proteins in both
types of hASCs after expansion. p-ACTIN was a loading control. Data were quantified according to band intensity normalized to the
corresponding B-ACTIN band and expressed as fold change relative to Standard condition. n = 4, Mann-Whitney test. ¢ RT-gPCR analysis of
mMRNA levels of characteristic markers for osteoblast (DLX5, COL1a1, and ALPL), chondroblast (HAPLN and SOX9), vascular smooth muscle cell
(VSMC; ACTA2 and CNN1) and adipocyte (FABP4 and LPL) lineages in both types of hASCs after expansion. Data are expressed as fold change
relative to both the housekeeping gene and Standard condition. n = 13, Wilcoxon test. EGM2, endothelial cell growth medium 2; FBS, fetal
bovine serum; hASCs, human adipose-derived stem/stromal cells; MEM, minimum essential media
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(LPL), compared with Standard-hASCs (Figure 1C). These findings sug-
gest that EGM2-hASCs were more immature than Standard-hASCs.

32 |
potential

EGM2-hASCs exhibit enhanced adipogenic

We further analyzed the adipogenic potential of EGM2-hASCs and
Standard-hASCs notably with rosiglitazone, an agonist of the master
adipogenic regulator peroxisome proliferator-activated receptor y2
(PPARy2). We observed an enhanced adipogenic potential for
EGM2-hASCs (Figure 2A,B). This was assessed by increased mRNA con-
tent of PPARy2 as well as FABP4, LPL, adiponectin (ADIPOQ) and CCAAT
enhancer-binding protein a (CEBPa) (Figure 2A). Accordingly, we detected
higher protein expression of PPARy2 in EGM2-hASCs than Standard-
hASCs and especially after adipogenic differentiation (Figure 2B).

Taking into account that EGM2-hASCs were prone to adipogenic dif-
ferentiation and considering that chronic treatment with rosiglitazone
promoted also the beige adipocyte phenotype,?” we evaluated the beige
adipocyte potential of EGM2-hASCs and Standard-hASCs. Our results
confirmed that adipocytes obtained from EGM2-hASCs overexpressed
beige adipocyte mRNAs, including UCP1, cell death-inducing DFFA like
effector A (CIDEA), and PPARy coactivator 1a (PGC1la) (Figure 2C). Subse-
quently, we used an alternative method to differentiate both
EGM2-hASCs and Standard-hASCs into adipocytes, with a differentiation
medium not containing rosiglitazone,” to avoid hASCs differentiation into
beige adipocytes. Under those conditions, PPARy2 mRNA content
increased about 10-fold in adipocytes derived from EGM2-hASCs com-
pared with those derived from Standard-hASCs (Figure S2a). This finding
confirmed that EGM2-hASCs were prone to differentiate to adipocytes
to a greater extent than were Standard-hASCs. Moreover, UCP1 mRNA
was virtually absent in adipocytes derived from both Standard-hASCs
and EGM2-hASCs (Figure S2a), which confirmed that this alternative
medium did not induce beige adipocytes. Subsequently, adipocytes were
exposed overnight to the AMPc inducer forskolin in order to upregulate
mMRNAs associated with beige adipocytes. An increase in UCP1 mRNA
content was measurable in adipocytes derived from both Standard-
hASCs and EGM2-hASCs after forskolin stimulation (Figure S2a). Remark-
ably, UCP1 mRNA content in adipocytes derived from EGM2-hASCs was
about ninefold higher than that observed in Standard-hASC-derived adi-
pocytes. Moreover, CIDEA and PGCla mRNA levels were significantly
increased by at least threefold in adipocytes derived from EGM2-hASCs,
compared with standard counterparts (Figure S2a).

To evaluate the preservation of adipocyte differentiation capabili-
ties during in vitro hASC expansion, we induced adipogenesis of
Standard-hASCs and EGM2-hASCs at passages O, 1, 2, 3, and 4. The
mMRNA levels of PPARy2, FABP4, LPL, and ADIPOQ in adipocytes from
Standard-hASCs were greatly decreased as early as passage 2, whereas
EGM2-hASCs retained intact adipogenic potential up to passage 4 (Fig-
ure 2D). Consistently, UCP1, CIDEA, and PGCla mRNA levels were
maintained in EGM2-hASC-derived adipocytes (Figure 2E). By contrast,
Standard-hASCs retained mRNAs levels associated with the osteoblast
lineage, DLX5 and RUNX2, and also the chondroblast lineage, SOX9, and
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VSMC lineage, including ACTA2, CNN1, and TGFf1. This was true after
the adipogenic differentiation of Standard-hASCs compared with
EGM2-hASCs (Figure S2b). Thus, EGM2-hASCs exhibited stronger
white and beige adipogenic potential than Standard-hASCs.

3.3 | Transcriptomic analysis of Standard-hASCs
confirms osteoblast, chondroblast, and VSMC priming

To validate our observations, we used a high-throughput transcriptomic
analysis of Standard-hASCs and EGM2-hASCs. We observed that
62.4% of the genes in four-dimension PCA diverged in expression
between Standard-hASCs and EGM2-hASCs (Figures 3A and S3A).
Hence, among all genes analyzed, 981 showed significant differential
expression by at least twofold in Standard-hASCs compared with
EGM2-hASCs, with 535 genes upregulated in Standard-hASCs and
446 downregulated.

We used GSEA to analyze specific transcripts associated with osteo-
blast, chondroblast, adipocyte, and VSMC lineages. We found a clear
adipocyte gene signature in EGM2-hASCs compared with Standard-
hASCs (Figure S3b). Remarkably, PPARy, perilipin (PLIN2), apolipoprotein
D (APOD), PPAR«, fatty acid synthase (FASN), CEBPj3, FABP5, FABP4, and
FABP3 were upregulated by 21.5-fold in EGM2-hASCs vs Standard-
hASCs (Figure S3c). Conversely, Standard-hASCs showed an anti-
adipogenic gene signature (Figure S3d) that was notably underscored by
the upregulation of Kruppel-like factor 2 (KLF2), KLF3, cyclin-dependant
kinase inhibitor 1B (CDKN1B), nuclear receptor coactivator 2 (NCOA2),
vitamin D receptor (VDR), and transcription factor 7 Like 2 (TCF7L2)
(Figure S3e). Furthermore, we found upregulation of osteoblast
(Figure S4a), chondroblast (Figure S4b), and VSMC (Figure S4c) lineage
gene signatures in Standard-hASCs compared with EGM2-hASCs.
Osteoblast-associated mRNAs, including COL12a1, podocan (PODN),
COL1al, ALPL, biglycan (BGN), and RUNX1, were upregulated by about
threefold in Standard hASCs vs EGM2-hASCs (Figure S4d). Similarly,
upregulated chondroblast-associated mMRNAs included  microfibril-
associated protein 4 (MFAP4), dermatopontin (DPT), fibromodulin (FMOD),
angiopoietin 1 (ANGPT1), cytochrome P450 family 1 subfamily B member 1
(CYP1B1), and ADAM metallopeptidase with thrombospondin type 1 motif 2
(ADAMTS2), with mRNA levels increased by at least twofold in Standard-
hASCs compared with EGM2-hASCs (Figure S4e). Finally, VSMC-
associated mRNAs upregulated in Standard-hASCs compared with
EGM2-hASCs included CNN1, gap junction protein alpha 1 (GJA1), phos-
phodiesterase 3A (PDE3A), myosin 1C (MYO1C), tropomyosin 1 (TPM1), and
endoglin (ENG) (Figure S4f). Hence, Standard-hASCs exhibited priming
toward osteoblast, chondroblast, and VSMC lineages compared with

EGM2-hASCs showing distinctive priming toward an adipocyte lineage.

34 | TGFp1 pathway is involved in influencing the
fate of Standard hASCs

To identify the molecular pathway regulating the biological properties
of Standard-hASCs and EGM2-hASCs, we performed GO pathway
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analysis of mRNAs isolated from Standard-hASCs and EGM2-hASCs.
We found a significant enrichment of GO terms associated with ECM-
receptor interaction, focal adhesion, malaria, PISK-Akt signaling, pro-

teoglycans in cancer, and TGFp-signaling pathway in Standard-hASCs
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pathways are known to be related to TGFp signaling pathways. There-
fore, we thought that TFGp pathways might be altering the immatu-
rity and multipotential of Standard-hASCs.

Following GSEA, we confirmed that mRNAs associated with TGFj

compared with EGM2-hASCs (Figure 3B). These upregulated pathways were greatly upregulated in Standard-hASCs compared with
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EGM2-hASCs (Figure 3C). Of note, transcriptomic analysis displayed on
a heatmap showed an upregulation of the 40 most-expressed genes
associated with TGFp pathways, including TGFp1-inducible TGFB111
and TGFpR1, in Standard-hASCs vs EGM2-hASCs (Figure 3D). We next
analyzed the TGFpl-associated mRNA contents. Consistently, we
found that TGFSR1, SMAD3, and TGF$111 mRNA levels were increased
by at least 1.25-fold in Standard-hASCs vs EGM2-hASCs (Figure 3E).
This observation was supported by the finding of a fivefold higher
content of bovine TGFB1 protein in standard medium than EGM2
medium. Also, Standard-hASCs secreted significantly more TGFp1
than did EGM2-hASCs (Figure 3F). Altogether, these results
emphasized the increased activity of the TGFp1l pathway in
Standard-hASCs.

To assess the actual implication of the TGFp1 pathway, we exam-
ined SMADS protein expression but also the cellular localization and
phosphorylation of SMAD3 in Standard-hASCs and EGM2-hASCs.
We found a pronounced SMADS nuclear staining in Standard-hASCs,
with only a diffuse SMAD3 signal pattern detected in the cytoplasm
of EGM2-hASCs (Figure 4A). The fluorescence intensity of SMAD3 in
the cytoplasm, compared with the nucleus, was higher by about 25%
in EGM2-hASCs than in Standard hASCs, which suggested lower
TGFB1 activity in EGM2-hASCs (Figure 4A). This finding strongly
suggested that the TGFf1 pathway activity was enhanced in
Standard-hASCs compared with EGM2-hASCs. Subsequently, we ana-
lyzed the capacity of Standard-hASCs and EGM2-hASCs to respond
to human recombinant TGFB1 (hrTGFB1) in vitro. All nuclei of
Standard-hASCs contained SMADS3 after 3 days of stimulation with
hrTGFp1, whereas in EGM2-hASCs, we did not detect nuclear
SMAD3 (Figure 4A). Consistently, the content of phosphorylated-
SMAD3 at Ser423-425, relative to whole SMADS3 protein content,
was intensively increased in Standard-hASCs compared with
EGM2-hASCs. Of note, this was observed with or without hrTGFp1
stimulation, which strengthens the former analysis suggesting the
presence of activated SMADS3 in the nucleus of Standard-hASCs

(Figure 4B).
Remarkably, the expression of SOX2 protein was not affected by
hrTGFp1 stimulation in EGM2-hASCs, which suggests that

EGM2-hASCs could retain their immaturity even upon TGFp1 stimula-
tion (Figure 4C). Likewise, the level of the VSMC-associated protein

CALPONIN1 was strongly augmented in Standard-hASCs, but
EGM2-hASCs did not express CALPONIN1 (Figure 4D). Also,
hrTGFp1 stimulation in Standard-hASCs induced an increase in
CALPONIN1 protein level by up to fourfold, with no effect in
EGM2-hASCs (Figure 4D). Accordingly, ACTA2 and CNN1 VSMC
lineage-associated mRNAs were upregulated by at least sixfold in
Standard-hASCs compared with EGM2-hASCs (Figure S5a). Similarly,
following hrTGFB1 stimulation, the mRNA levels of ACTA2 and CNN1
were increased by at least twofold in Standard-hASCs, but
EGM2-hASCs were not significantly affected (Figure S5a). In parallel,
we found an increase in mRNA levels associated with osteoblasts,
including DLX5, by about 6-fold; OSTERIX about 80-fold; and COL1al
about 1.5-fold, in Standard-hASCs stimulated with hrTGFp1 than
without hrTGFB1 (Figure S5b). Of note, the effect of hrTGFB1 on
DLX5 and OSTERIX mRNA expression was negligible in
EGM2-hASCs, yet COL1al mRNA level was significantly increased
in EGM2-hASCs with than without hrTGFB1 stimulation (Figure S5b).
In contrast, FABP4 protein, a landmark of adipocytes, was expressed
in EGM2-hASCs, but its expression was virtually absent in Standard-
hASCs (Figure 4E). Similar results were found with PPARy
(Figure 4F). Here, stimulation of Standard-hASCs or EGM2-hASCs
with hrTGFp1 tended to alter the protein expression of both FABP4
and PPARy (Figure 4E,F). Accordingly, adipogenic lineage-associated
mRNAs including FABP4 and LPL were upregulated about 10- and
2-fold, respectively, in EGM2-hASCs compared with Standard-
hASCs, which strengthens our previous findings suggesting an
enhanced adipogenic potential of EGM2-hASCs (Figure S5c). Upon
hrTGFp1 stimulation, FABP4 and LPL mRNA levels were significantly
decreased by at least twofold in both Standard-hASCs and
EGM2-hASCs (Figure S5c), so the adipogenic potential of hASCs can
be affected by TGFp1.

TGFB1 mRNA level was higher in Standard-hASCs than
EGM2-hASCs (Figure S5d). Of note, EGM2-hASCs stimulated with
hrTGFp1 exhibited a significant increase in TGFB1 mRNA level, which
suggests a TGFp1 amplification loop (Figure S5d). Hence, these data
confirmed that Standard-hASCs were sensitized to TGFf1 signaling
and that the addition of hrTGFf1 increased the Standard-hASC com-
mitment into osteoblast, chondroblast, and VSMC lineages at the

expense of adipocyte lineage.

FIGURE 5

Inhibition of TGFpB1 effects on Standard-hASCs. A-E, Standard-hASCs (black) and EGM2-hASCs (red) were treated (+) or not (-) with

1 pM TGFp1 receptor inhibitor for 3 days (SB431542 or SB505124, as specified in figure), and analyzed by immunofluorescence (A), Western blot
analysis (B, D) or RT-qPCR (C, E) before (A-D) or after (E) adipogenic differentiation. * P < .05, ** P < .01. A, SMADS protein staining (green) in hASCs.
Nuclei were stained with DAPI. Images are representative of six independent experiments. Confocal microscopy. Scale bar = 40 pm,

magnification = 20x. Mann-Whitney test. B, SOX2 protein levels. GAPDH was a loading control. Data were quantified according to band intensity
normalized to the corresponding GAPDH band and expressed as fold change relative to Standard untreated condition. n = 8, Wilcoxon test. C,
mMRNA expression of osteoblast (COL1a1), VSMC (ACTA2, CNN1, and TGFp1), and adipocyte (PGC1a, CEBPa, PPARy2, FABP4, LPL, and CEBPS)
characteristic markers in Standard-hASCs. Data are expressed as fold change relative to both the housekeeping gene and untreated condition. n = 7,
Wilcoxon test. D, CALPONIN1 protein level. -ACTIN was a loading control. Data were quantified according to band intensity normalized to the
corresponding B-ACTIN band and expressed as fold change relative to Standard untreated condition. n = 3, Mann-Whitney test. E, mRNA expression
of UCP1 in Standard-hASCs treated (+) or not () with 10 ng/mL recombinant hTGFb1 or 1 uM TGFp1 receptor inhibitor SB431542 for 3 days
before 11 days of adipogenic differentiation and overnight forskolin stimulation. Data are expressed as fold change relative to both the
housekeeping gene and untreated condition. n = 6, Mann-Whitney test. EGM2, endothelial cell growth medium 2; hASCs, human adipose-derived
stem/stromal cells; SMAD, small mother of decapentaplegic homolog; TGFp1, transforming growth factor 1
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3.5 | Blockade of TGFp1 pathway restores
immaturity and adipogenesis potential of Standard-
hASCs

To strengthen the hypothesis that TGFp1 influenced the fate of
Standard-hASCs, we evaluated the effect of inhibitors of the TGF31
pathway on the adipogenic potential. To this end, we used two phar-
macological inhibitors of TGFp1R, SB431542, and SB505124. The
addition of SB431542 was associated with a cytoplasmic SMAD3
localization in Standard-hASCs, to an extent comparable to
that observed in EGM2-hASCs (Figure 5A). Of note, SOX2 protein
content was increased in Standard-hASCs in the presence of
SB431542, which suggests a reinstatement of cell immaturity features
(Figure 5B). We next sought to determine whether TGFB1R inhibition
might restore the adipogenic potential in Standard-hASCs. In
Standard-hASCs, both SB431542 and SB505124 decreased the
mMRNA level of osteoblast lineage-associated COL1al as well as the
levels of VSMC lineage-associated ACTA2, CNN1, and TGFp1. Both
SB431542 and SB505124 greatly enhanced levels of adipocyte
lineage-associated mRNAs, including PGC1a, CEBPa, PPARy2, FABP4,
LPL, and CEBPB, in Standard-hASCs (Figure 5C). Remarkably,
SB431542 and SB505124 significantly reduced CALPONIN1 protein
content in Standard-hASCs to a comparable level to that observed in
EGM2-hASCs (Figure 5D). Importantly, SB431542 improved the
Standard-hASC ability to differentiate into beige adipocytes upon
forskolin stimulation, as assessed by the upregulation of UCP1 com-
pared with controls (Figure 5E).

4 | DISCUSSION

Human ASCs exhibit functional characteristics of interest in cell ther-
apy and regenerative medicine. Here, we studied the effect of culture
conditions on ASC characteristics. We compared a medium with low
TGFp1 content, as in EGM2, to one with higher TGFp1 content, as in
standard conditions. It appeared that low TGFf1 content was associ-
ated with a certain immaturity of primary hASCs during in vitro expan-
sion, with a higher concentration of TGFp1-primed hASCs toward
osteoblast, chondroblast and VSMC lineages. Importantly, this priming
was associated with reduced adipogenic potential (Figure Sé).

In dealing with adult multipotent cells in a cell therapy perspec-
tive, it is crucial to keep the differentiation potential of these cells, a
feature linked to cell immaturity. The immature state of cells is evalu-
ated by both the expression of specific pluripotency-associated genes
and the downregulation of specific lineage markers. We observed that
EGM2-hASCs exhibited increased SOX2, OCT4, and NANOG protein
levels compared with Standard-hASCs. The expression of those
“stemness markers” revealed the enhanced immature state of hASCs
under EGM2 conditions vs standard conditions.2832 This observation
underlies the strong ability of EGM2-hASCs to differentiate into oste-
oblast, chondroblast, and adipocytes. The differentiation process cor-
responds to sequential acquisition of specific features and markers of

the mature cell type.2324 This process is associated with the loss of
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the proliferative abilities of the cells.®> Here, we found low mRNA
levels of osteoblast, chondroblast, and VSMC-lineage markers in pro-
liferative EGM2-hASCs compared with Standard-hASCs. This finding
suggests that EGM2-hASCs were less engaged toward those lineages,
being in a more immature state. We previously found similar results
with EGM2-BM-MSCs, even if we did not identify in this study TGFp1
as a regulator of immaturity and differentiation abilities.*® Neverthe-
less, despite being more immature, both EGM2-hASCs and
EGM2-BM-MSCs still showed the expression, albeit at a low level, of
lineage markers. This observation agrees with the Dov Zipori hypoth-
esis and the results of Pierre Charbord's team on human BM-MSCs.%”
In clonal and non-clonal high throughput transcriptomic studies, BM-
MSCs expressed osteoblast, chondroblast, VSMC, and adipocyte line-
age markers at a basal state.3® Differentiation of BM-MSCs induced
an increase of the intended genomic program and downregulation of
lineage-unspecific genes.*® Other wide-range biocomputing studies,
gathering transcriptomic data from several published reports and
using MSCs from different tissue origins, also showed this lineage
priming.%? Our study highlighted that the TGFp1 contained in the
serum of standard medium induced the expression of osteoblast, cho-
ndroblast, and VSMC lineage markers in hASCs. In the literature, BM-
MSCs were mostly expanded in standard conditions. Thus, the expres-
sion at a low level of lineage markers detected in BM-MSCs could
result from TGFB1 activity. In order to determine whether immaturity
is associated to constitutive low-grade expression of lineage markers,
or to bias from culture conditions, the expression of lineage markers
could be evaluated in native BM-MSCs and hASCs.

Although EGM2-hASCs appeared more immature than Standard-
hASCs, overexpression of mRNAs and proteins related to the adipo-
cyte lineage suggested that EGM2-hASCs were committed toward an
adipocyte lineage. Given the significantly higher proliferation capaci-
ties (Figure S1d) and immaturity marks of EGM2-hASCs than
Standard-hASCs, we could wonder whether EGM2-hASCs were less
engaged toward an adipocyte lineage than Standard-hASCs were
toward osteoblast, chondroblast, and VSMC lineages. Because the
stiffness of plastic culture flasks can decrease the ability of BM-MSCs
to differentiate into mature adipocytes, we similarly could suspect
that EGM2-hASCs were restrained in their adipogenic commitment.*°
In our study, functional experiments demonstrated the deleterious
effects of TGFp1 on adipogenesis. Indeed, EGM2 contained 137.5
+12.6 pg/mL of TGFp1 protein (Figure 3F), fivefold less TGFp1 than
with standard medium. Hence, this TGFB1 could be sufficient to
impede the strong priming of EGM2-hASCs toward adipogenesis at
baseline. Finally, the immature state of EGM2-hASCs maintained a
potential to differentiate into osteoblasts and chondroblasts, to the
same extent as Standard-hASCs (Figures 1A and S1A). Altogether,
these observations suggested that EGM2-hASCs could be more
immature cells rather than committed to an adipocyte lineage.

Our data also confirmed that Standard-hASCs remained sensitive
to TGFp1 signaling and that further addition of hrTGFB1 increased the
commitment into osteoblast, chondroblast, and VSMC lineages at the
expense of adipogenesis. The role of TGFp1 in osteoblast, cho-

ndroblast, and VSMC lineages was previously evaluated in different
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cell models.**™*¢ Our data confirmed TGFp1 as a major factor with
broad influence on the fate of primary hASCs in their plasticity. Also,
we showed that EGM2-hASCs were not responsive to TGFp1 for
osteoblast, chondroblast, and VSMC lineages but were sensitive for
adipocyte priming. Recently, the SVF of mouse and human adipose
tissues were analyzed by single-cell RNA-seq and functional experi-
ments.*” This work demonstrated that the low adipogenic capabilities
of DPP4" cells, compared with ICAM1* cells, were due to differential
TGFp1 sensitivity. Our work confirmed that hASCs were heteroge-
neously sensitive to TGFp1l and suggested that EGM2 medium
maintained their adipogenic capacities.

Here, we demonstrated the negative effect of TGFp1 on adipogenic
differentiation of hASCs, particularly on beige adipocyte potential. The
ability of hASCs to differentiate in vitro in beige adipocytes is well
described.*8°° However, there was room for improvement of this
potential by adapting culture conditions, which we achieved by using
EGM2 medium. Nevertheless, functional experiments such as mitochon-
drial respiration measurements would be needed to complete the dem-
onstration of the beige phenotype in further studies. Of note, we
recently published that EGM2 conditions enabled the formation and
maintenance of highly vascularized 3D spheroids containing both uni-
locular and multilocular adipocytes.>® Importantly, we revealed the per-
sistence of human adipocytes after in vivo transplantation in mice,
together with chimeric human/murine vessels.>*

Although both being a member of the TGFp superfamily, BMP7
and TGFpB1 have opposite effect, BMP7 being inducer of beige/brown
adipogenesis in mice and human.>252 Similarly, BMP4 is essential for
adipogenesis, even if its ability to promote white-to-brown or brown-
to-white adipocyte conversion remains discussed.>*>> It is noteworthy
that BMPs signal through specific receptors and SMAD-1, SMAD-5,
SMAD-8, which differs from those involved in TGFp1 signaling path-
way. Even if BMPs and TGFp1 belong to the TGFf superfamily, they
might bear distinct effects on hASC differentiation.

We next showed that the TGFp1 effects on Standard-hASCs
could be overturned by using pharmacological inhibitors of TGFpR,
promoting immaturity and expression of adipogenic lineage bio-
markers. Furthermore, blocking the TGFB1 pathway increased beige
adipocyte potential. This finding agrees with the need for SB431542
in EGM2 medium to trigger strong beige adipocyte differentiation
from induced pluripotent stem cells.”® In addition, SMAD3-null mice
exhibited browning of their white adipose tissue with the appearance
of beige adipocytes among white adipocytes.857:°8 From a therapeutic
point of view, browning of adipose tissue enhanced systemic insulin
sensitivity and glucose tolerance in mice, and protected the animals
against high-fat diet-induced obesity and diabetes. Similar results
were recently obtained for TGFpR1-deficient mice.>® Conversely,
in vivo intraperitoneal injection of TGFp1 downregulated beige adipo-
cyte markers, including UCP1, in white adipose tissue.® Finally, beige
adipocytes obtained from human adipose-tissue explants cultured in
EGM2 conditions could improve the glucose metabolism of obese
NSG mice.”

Therefore, blockade of the TGFp1 pathway or utilization of
EGM2 medium to expand primary hASCs could help retain immature

features of hASCs in vitro and strong beige adipocyte differentiation
abilities. It is noteworthy that EGM2 medium contains EGF, FGF2,
IGF1, VEGF, ascorbic acid, heparin, and hydrocortisone, which could
influence immaturity and adipogenic potential of hASCs. For instance,
Hafner et al studied the impact of each factor on adipogenesis from
induced pluripotent stem cells.>® They showed that hydrocortisone,
ascorbic acid, and EGF were required for brown adipocyte differentia-
tion. The positive effect of EGF on adipocyte differentiation was con-
firmed in a mouse model.?° In addition, even if immaturity was not
studied, Suga et al described a positive effect of FGF2 on proliferative
abilities of EGM2-hASCs.°* These studies confirmed that media com-
position was crucial to improve and control the potentialities of
hASCs.

In the clinic, beige adipocyte differentiation abilities of hASCs
could be valorized to combat obesity and diabetes. Considering the
numerous clinical trials using hMSCs or hASCs to treat a large panel
of degenerative diseases or injuries, there is a need to optimize cul-
ture conditions to obtain high cell yields.

5 | CONCLUSION

Here, we showed that medium containing TGFp1 induced differen-
tiation toward osteoblast, chondroblast, and VSMC lineages of pri-
mary hASCs and reduced adipogenic potential. With reduced
TGFp1 content, EGM2 maintained the high immaturity features of
hASCs, allowing to exploit their strong white and beige adipogenic
potential. Hence, we encourage paying particular attention to
TGFpB1 content for MSC cultures in research as well as for clinical
objectives.
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