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Abstract: The development of obesity is associated with substantial modulation of adipose tissue
(AT) structure. The plasticity of the AT is reflected by its remarkable ability to expand or reduce
in size throughout the adult lifespan, which is linked to the development of its vasculature. This
increase in AT vasculature could be mediated by the differentiation of adipose tissue-derived stem
cells (ASCs) into endothelial cells (ECs) and form new microvasculature. We have already shown
that microRNA (miRNA)-145 regulates the differentiation of ASCs into EC-like (ECL) cells. Here,
we investigated whether ASCs-differentiation into ECs is governed by a miRNAs signature that
depends on fat depot location and /or the metabolic condition produced by obesity. Human ASCs,
which were obtained from white AT by surgical procedures from lean and obese patients, were
induced to differentiate into ECL cells. We have identified that miRNA-29b-3p in both subcutaneous
(s)ASCs and visceral ASCs and miRNA-424-5p and miRNA-378a-3p in subcutaneous (s)ASCs are
involved in differentiation into EC-like cells. These miRNAs modulate their pro-angiogenic effects
on ASCs by targeting FGFR1, NRP2, MAPK1, and TGF-β2, and the MAPK signaling pathway. We
show for the first time that miRNA-29b-3p upregulation contributes to ASCs’ differentiation into
ECL cells by directly targeting TGFB2 in both sASCs and visceral ASCs. Moreover, our results
reveal that, independent of sASCs’ origin (obese/lean), the upregulation of miRNA-378a-3p and the
downregulation of miRNA-424-5p inhibit MAPK1 and overexpress FGFR1 and NRP2, respectively.
In summary, both the adipose depot location and obesity affect the differentiation of resident ASCs
through the expression of specific miRNAs.

Keywords: adipose tissue; miRNAs; angiogenesis; ASCs; endothelial cells

1. Introduction

The prevalence of obesity has risen rapidly worldwide. Obesity is associated with the
leading causes of death worldwide, including diabetes, cardiovascular diseases, stroke,
and several site-specific cancers [1]. Unlike most other tissues, adipose tissue (AT) continu-
ously undergoes expansion and regression throughout adult life. AT consists of mature
adipocytes surrounded by a stromal–vascular cell fraction (SVF) containing preadipocytes,
endothelial cells (ECs), pericytes, fibroblasts, macrophages, and mesenchymal stem cells
(adipose-derived stem cells [ASCs]) surrounded by a well-defined vascular system. AT
expansion requires continuous remodeling of the vascular network, formation of new cap-
illaries (for adipocyte hyperplasia), or remodeling from existing capillaries (for adipocyte
hypertrophy) [2,3].
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ASCs stimulate angiogenesis through the secretion of growth factors, cytokines, ex-
tracellular vesicles, and pro-angiogenic molecules that participate in the formation of
neovascular-like structures interacting with microvascular ECs [4–11]. Moreover, ASCs
may differentiate into EC-like (ECL) cells to form new blood vessels.

Importantly, fat depot localization seems to impact the resident ASCs’ proliferative
capacity and their potential to differentiate into cells of the adipogenic lineage [12,13].
ASCs in subcutaneous AT have a higher ability to proliferate and differentiate than those
obtained from visceral AT [13]. Moreover, different gene expression profiles have been
identified in ASCs from subcutaneous AT and visceral AT. In subcutaneous AT, ASCs
overexpress genes involved in proliferation, whereas in visceral AT, ASCs enhance gene
clusters related to lipid biosynthesis and metabolism and downregulate genes associated
with adipocyte differentiation and proliferation [13]. In addition, it has been demonstrated
that obesity exerts a negative influence on AT functions [14]. AT from obese subjects has
a significantly lower number of stem cells with reduced differentiation potential and is
unable to form enough tube-like structures under angiogenic stimuli [15]. Moreover, ASCs
derived from obese subjects present a reduced ability to migrate and invade, together
with reduced angiogenic and growth potential [16]. Differences in cell surface marker
expression, exosome content, percentage of senescent cells, and transcriptomic profile have
also been demonstrated [14].

ASCs have the ability to differentiate into preadipocytes, chondrocytes, and osteoblasts,
both in vitro and in vivo [11]. Likewise, there are numerous reports on ASCs’ differentia-
tion into other cell types: hepatocytes [17], neuronal cells [18], cardiomyocytes [19], and
ECs [20,21]. Induction of ASC differentiation into ECL cells in vitro requires the presence
of high concentrations of growth factors, 3D cultures, or cocultures with other cell lines to
induce lineage-specific differentiation [22,23].

MicroRNAs (miRNAs) are single-stranded short noncoding RNA molecules (approxi-
mately 20–25 nucleotides) that can bind to complementary target sites in mRNA molecules
and repress translation or reduce mRNA stability, consequently blocking their translation
into proteins [24]. The term angio-miR emerged to identify specific miRNA signatures
involved in angiogenesis regulation and vessel remodeling [25]. Some of the angio-miRNAs
identified are: miRNA-126, miRNA-145, miRNA-21, and miRNA-31. In obese patients, the
expression of miRNA-126 in microvesicles secreted by ASCs is reduced compared to that in
lean subjects. This miRNA reduction resulted in microvesicles that are biologically inactive
for new vessel formation [26,27]. miRNA-31 expression was found to be upregulated in vis-
ceral AT from obese and type 2 diabetes mellitus patients compared to healthy subjects [28].
miRNA-21 seems to activate TGF-β signaling, which contributes to ASCs’ differentiation
into adipocytes [29]. On the other hand, the inhibition of miRNA-145 has been shown to
regulate ASCs’ differentiation toward ECs through the regulation of the ETS1 transcription
factor [30].

Here, we hypothesize that the fat location and the metabolic state of a patient due to
obesity may influence the differentiation capacity of ASCs into ECL cells to form micro-
vessel networks through epigenetic-miRNA controlled mechanisms. Understanding these
mechanisms may be used as future therapeutic targets to control the expansion and devel-
opment of AT vasculature and obesity.

2. Materials and Methods
2.1. ASC Isolation and Characterization

To prepare the ASC cultures, AT was obtained via surgical resection from young
individuals with morbid obesity (BMI > 40 kg/m2) who underwent bypass gastric surgery.
AT was obtained simultaneously from subcutaneous and visceral fat depots from the
same subject. Additionally, we collected AT from young individuals with normal weight
(BMI ≤ 25 kg/m2) who underwent abdominal lipectomy. Samples were kept as a biological
repository approved by the Hospital de Sant Pau Ethical Committee (Colección 01/2020).
The tissue samples were anonymized when passed from the surgical room to the laboratory
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technician in charge of taking the tissue to the cell culture facilities. Another code was
provided when entering the tissue culture facility. Therefore, no possible relation from the
tissue to the donor could be established. The isolated cells in passage 1 were kept frozen
until used. Information on a minimal set of clinical parameters is associated with the code.
Information on the cells used in this study is presented in Supplemental Table S1.

Isolation of primary human ASCs was performed, as previously described in Arderiu
et al. [26]. Briefly, subcutaneous and visceral AT were washed with sterile phosphate
buffered saline supplemented with 100 U/mL penicillin and 100 µg/mL streptomycin
(Gibco, Life Technologies, Grand Island, NY, USA). The tissue was digested by a 1 mg/mL
type I collagenase solution (Sigma-Aldrich, St. Louis, MO, USA) and incubated for 1 h in
a 37 ◦C prewarmed orbital shaker. Collagenase activity was neutralized with the same
amount of fetal bovine serum (FBS) (Biological Industries, Kibbutz Beit-Haemek, Israel),
and the suspension was filtered through a 100 µm mesh filter (Corning Costar Corp.,
Corning, NY, USA) to eliminate remaining tissue fragments. Then, the solution was
centrifuged at 1200 rpm for 10 min to obtain the adipocyte-containing SVF collected from
the pellet. Isolated SVF cells were counted and either analyzed by flow cytometry or
plated onto 25 cm2 culture flasks (TPP, Reactiva, Trasadingen, Suwitzerland). After 24 h,
nonadherent cells were removed, and the medium was replaced. Cells were expanded in
a humidified environment at 37 ◦C with 5% CO2 and maintained at subconfluent levels
prior to phenotypic analysis. The identity of ASCs was defined using the following criteria:
adherence to plastic, cell surface antigen phenotyping, and differentiation into multiple
cell lineages, as described in Oñate et al. [31]. CD105, CD90, CD29, CD44, CD45, and CD34
were determined. Cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)-
Low Glucose (Gibco) supplemented with 10% FBS, 100 U/mL penicillin, and 0.1 mg/mL
streptomycin. ASCs were used between passages 2 and 4.

2.2. MTS Viability/Proliferation Assay

Cell proliferation was determined by a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymetho-
xyphe-nyl)-2-(4-sulfopheny)-2H-tetrazolium (MTS) Cell Proliferation Assay kit (colorimet-
ric) (ab197010) (Abcam, Cambridge, UK). For this assay, 1 × 103 cells were seeded in
quadruplicate into a 96-well microtiter plate (Corning Costar Corp.). ASCs were cul-
tured for 24 h with DMEM or DMEM supplemented with 10% FBS, 100 U/mL penicillin,
0.1 mg/mL streptomycin, and 10 ng/mL bFGF (233-FB, R&D Systems, Minneapolis, MN,
USA). Finally, 20 µL of MTS per well were added and incubated for an additional 4 h, while
MTS tetrazolium was reduced to formazan (490 nm absorbance) by metabolically active
cells. The absorbance was then quantified with the spectrophotometer Spectramax 250 and
analyzed with SoftMax software v2.0.16 (Molecular Devices, San Jose, CA, USA). Formazan
production was directly related to the number of cells alive in the culture.

2.3. Induction of Endothelial Differentiation and Characterization

To induce ASC differentiation into ECL cells, ASCs were cultured in DMEM-Low
Glucose supplemented with 10% FBS, 100 U/mL penicillin, 0.1 mg/mL streptomycin
10 ng/mL, and bFGF. Cells were supplied with fresh medium every three days and cul-
tured for a total of nine days. ECL differentiation was confirmed by the expression of
vascular EC markers, as described in Arderiu et al. [30]. Briefly, RNA from cell lysates was
extracted by a RNeasy isolation kit (Qiagen, Valencia, CA, USA) and reverse transcribed by
a High-Capacity cDNA Archive Kit (4368812, Applied Biosystems, Foster City, CA, USA).
TaqMan qRT-PCR was run on the ABIPRISM 7900HT Fast Real-Time PCR System (Applied
Biosystems), and the analysis was performed using SDS 2.4 software (Applied Biosys-
tems). Transcript levels of EC markers were measured for PECAM-1 (Hs01065282m1),
VE-cadherin (Hs00901465m1), vWF (Hs01182962m1), and eNOS (Hs01574659m1) (Applied
Biosystems). The housekeeping gene GAPDH (Hs02786624_g1) (Life Technologies, Madrid,
Spain) was used to normalize the results.
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2.4. miRNA Isolation and Quantification

After endothelial induction for nine days, cells were harvested, and miRNA was
isolated using a mirVana™ miRNA Isolation Kit with phenol (Life Technologies), ac-
cording to the manufacturer’s instructions. cDNA was synthesized by the TaqMan™
Advanced miRNA cDNA Synthesis Kit (Life Technologies). An ND-1000 ultraviolet spec-
trophotometer (Nanodrop Technologies, Wilmington, DE, USA) was used to quantify the
extracted miRNA.

2.5. miRNA 4.0 Affymetrix Library Preparation and Sequencing

Five hundred nanograms from each extracted miRNA sample were analyzed using
GeneChip miRNA 4.0 arrays (Thermo Fisher Scientific). Samples were processed according
to the manufacturer’s instructions with minimal modifications using the FlashTag Biotin
HSR RNA Labeling Kit (Thermo Fisher Scientific) and the GeneChip Scanner 3000 7G
System (including the GeneChip Scanner 3000 7G, Fluidics Station 450, and Hybridization
Oven 645). Briefly, a poly-A tail was incorporated into RNA, followed by a ligation
reaction. Every biotin-labeled RNA sample was hybridized into GeneChip miRNA 4.0 array
cartridges and detected with avidin–streptavidin–phycoerythrin conjugate, which binds to
biotin-labeled RNA. Hybridization was performed by incubating miRNA array cartridges
at 48 ◦C with 60 rpm rotation for 18 h. Upon hybridization, each array was washed and
stained using the FS450_002 fluidics script. Arrays were scanned, and data were exported
for further analysis.

2.6. miRNA Data Analysis

A total of 4603 sequences were analyzed using miRNA arrays in human subcutaneous
(s)ASCs from lean subjects and sASCs/ visceral (v)ASCs from obese subjects under undif-
ferentiated and ECL cell differentiation conditions. Specifically, we analyzed the expression
of 2025 pre-miRNAs and 2578 mature miRNAs under each condition. The results of the
microarray data allowed us to differentiate between upregulated and downregulated miR-
NAs in ASCs from the different fat depots. MiRNAs with a p-value < 0.05 were considered
significant for further analysis. MiRNAs with a log2 (fold change (FC)) ±6 were considered
either upregulated or downregulated.

2.7. qRT-PCR Analysis of miRNA Expression

To validate the regulation of different miRNAs, TaqMan real-time quantitative reverse–
transcriptase polymerase chain reaction (qRT-PCR) was run on the ABIPRISM 7900HT
Fast Real-Time PCR System (Applied Biosystems), and the analysis was performed using
SDS 2.4 software (Applied Biosystems). MiRNA levels were quantified using hsa-miRNA-
424-5p (000604), hsa-miRNA-378a-3p (000567), hsa-miRNA-29b-3p (000413), hsa-miRNA-
27b-5p (002174), hsa-miRNA-146a-5p (000468), hsa-miRNA30c-2-3p (002110) and hsa-
miRNA-214-5p (002293), and internal normalized control hsa-miRNA-186-5p (002285)
(Applied Biosystems). The results were determined and normalized to the reference
miRNA hsa-miRNA-186-5p.

2.8. Integrated Target Prediction of Differentially Expressed miRNAs and Enrichment Analysis

Bioinformatic prediction of potential target genes and miRNA binding sites was per-
formed using TarBase v8.0 available at “https://carolina.imis.athena-innovation.gr/ (accessed
on 12 November 2021)”, TargetScan v7.2 available at “http://www.targetscan.org/ (accessed
on 12 November 2021)”, MiRWalk v3.0 available at “http://mirwalk.umm.uni-heidelberg.de/
(accessed on 12 November 2021)”, and miRDB v6.0 available at “http://mirdb.org (accessed
on 12 November 2021)”. Only the target genes predicted by all software programs were
considered for further analysis. Differentially expressed Gene Ontology (GO) classes and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis were ap-
plied using The Database for Annotation, Visualization and Integrated Discovery (DAVID)

https://carolina.imis.athena-innovation.gr/
http://www.targetscan.org/
http://mirwalk.umm.uni-heidelberg.de/
http://mirdb.org
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Bioinformatics Resources, available at “https://david.ncifcrf.gov/home.jsp (accessed on
18 January 2022)”. p-values < 0.05 were considered significant.

2.9. miRNA or Anti-miRNA Transfection

miRNAs and miRNA inhibitors were transfected into ASCs in 6-well plates at the
following concentrations: miRNA-29b-3p mimic (50 nM) (MC10432), miRNA-378a-3p
mimic (50 nM) (MC11360), miRNA-424-5p inhibitor (200 nM) (MH10306), or 50 nM mirVana
negative control mimic/inhibitor (AMBION by Life Technologies Corporation) in each
respective ASC sample. Cells were transfected using Lipofectamine RNAiMAX reagent
(Life Technologies Corporation), according to the manufacturer’s protocol.

2.10. RNA Isolation and qRT-PCR of Target Genes

To assess the levels of regulated target genes, RNA from cell lysates was extracted by
an RNeasy isolation kit (Qiagen) and reverse transcribed by a High-Capacity cDNA Archive
Kit (4368812, Applied Biosystems). TaqMan qRT-PCR was run on the ABIPRISM 7900HT
Fast Real-Time PCR System (Applied Biosystems), and the analysis was performed using
SDS 2.4 software (Applied Biosystems). RNA levels were quantified using fibroblast growth
factor receptor 1 (FGFR1) (Hs00241111_m1), mitogen-activated protein kinase 1 (MAPK1)
(Hs01046830_m1), neuropilin 2 (NRP2) (Hs00187290_m1), and transforming growth factor-
beta 2 (TGF-β2) (Hs00234244_m1). The results were determined and normalized to the
reference gene GAPDH (Hs02786624_g1) (Thermo Fisher Scientific).

2.11. Constructs and Plasmids

The human FGFR1 3′-untranslated region (UTR) (136 bp) and NRP2 3′-UTR (270 bp),
which included the predicted miRNA-424-5p seed sequences (TargetScan, miRDB), the
MAPK1 3′-UTR (139 bp) that included the predicted miRNA-378a-3p seed sequence, and
the TGF-β2 3′-UTR (177 bp) that included the predicted miRNA-29b-3p seed sequence,
were amplified from genomic DNA by PCR and confirmed by sequencing. The following
oligonucleotides were used (restriction digestion sites are underlined):

FGFR1: FOR-5′-CCCACAGAGCTCGTCGTTACCAGAGATTTACCCA-3′ and
REV-5′-GGAGGTCTAGAGGACATTCCCACCCTTTTCA;
NRP2: FOR-5′-CCC ACAGAGCTCTCAAAGGGAGGCATCAGGAA-3′ and
REV-5′-GGAGGTCTAGACATATTAACGCCTAAGGATTGCC-3′;
MAPK1: FOR-5′-CCCACAGAGCTCCGGTTTCTGGTAGTTGTGGC-3′ and
REV-5′-GGAGGTCTAGATGGTTTGAAAGATGCAGTGGT-3′;
TGF-β2: FOR-5′-CCCACAGAGCTCCAATTTGATCGTTGGCATGGT-3′ and

REV-5′-GGAGGTCTAGACTCGATGATGGTACTGATAGGA-3′; and cloned and in-
serted into the pmirGLO vector (Promega, Madison, WI, USA). CTGCT in two predicted
seed sequences of FGFR1 and three predicted seed sequences of NRP2 were mutated
to TAATACT, AGTCCAGA in the predicted seed sequence of MAPK1 was mutated to
AACGTCGA, and TGGTGCT in the predicted seed sequence of TGF-β2 was mutated
to GTAATAAT.

2.12. Luciferase Reporter Assay

An immortalized human epithelial cell line (HeLa) and human embryonic kidney
(HEK) 293 cells from the Center for Disease Control (Atlanta, GA, USA) were routinely
maintained in DMEM-High glucose media (Thermo Fisher Scientific) supplemented with
10% FBS, 100 U/mL penicillin, 0.1 mg/mL streptomycin, and 1% sodium pyruvate (Thermo
Fisher Scientific).

https://david.ncifcrf.gov/home.jsp
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To analyze the effects of miRNA-424-5p on 3′-UTR-FGFR1, 3′-UTR-NRP2 miRNA-
378a-3p on 3′-UTR-MAPK1, and miRNA-29b-3p on 3′-UTR-TGF-β2, HeLa or HEK293 cells
were co-transfected with 50 ng of pmirGLO empty vector, pmirGLO wild-type FGFR1,
NRP2, MAPK1, or TGF-β2 3′-UTR, or pmirGLO-mutated FGFR1, NRP2, MAPK1, or TGF-
β2 3′-UTR vector, along with hsa-miRNA-424-5p mimic (MC10306), hsa-miRNA-424-5p
inhibitor, hsa-miRNA-378a-3p mimic, hsa-miRNA-378a-3p inhibitor (MH11360), or hsa-
miRNA-29b-3p mimic, hsa-miRNA-29b-3p inhibitor (MH10103), or a negative control at a
final concentration of 50 nM, using the Lipofectamine 2000 assay kit (Invitrogen, Carlsbad,
CA, USA). Thirty-six hours after transfection, cells were lysed with 1X passive lysis buffer,
and Renilla luciferase activity was measured using the Dual Luciferase Assay kit (Promega)
in cell extracts using a luminometer Infinite 200Pro (Tecan, Barcelona, Spain) following the
manufacturer’s protocol. The results were normalized to Renilla luciferase activity (relative
luciferase units, RLU) and referred to the pmirGLO empty vector as a control. Experiments
were performed at least three times in triplicate to obtain statistical significance.

2.13. Statistical Analysis

Statistical calculations were performed on at least three independent experiments for
each treatment. For in vitro experiments with more than six experiments, data normality
was calculated with the Shapiro–Wilk test to prove Gaussian distribution. Values were
tested for significant differences by using the parametric analysis of two-tailed Student’s t
test, Wilcoxon matched-pairs signed rank test, or ANOVA for independent measures and
the Tukey post hoc test when normally distributed. For not normally distributed data,
the nonparametric analysis of variance U de Mann–Whitney or H–Kruskal–Wallis test for
independent measures was used. The statistical software package GraphPad Prism version
8.0.0 (GraphPad Software Inc., San Diego, CA, USA) was used for statistical analyses.
The results are expressed as the mean ± standard deviation (SD), and the number of
experiments is indicated in the figure legends. Differences were considered statistically
significant when p < 0.05.

3. Results
3.1. bFGF Induces Subcutaneous ASCs and Visceral ASCs to Differentiate into ECL Cells

To characterize the dynamics of ASCs’ differentiation into ECL cells, we determined
ASCs’ morphology, proliferation, and expression of vascular EC markers. ASCs were
cultured in DMEM supplemented with 10 ng/mL bFGF for nine days (Figure 1A). ASCs
changed to a spindle-shaped morphology and reduced their size after five days with bFGF.
The MTS assay showed significant differences in growth rates between DMEM and DMEM-
bFGF ASCs cultures over the nine-day treatment. In sASCs from lean and obese subjects,
bFGF significantly induced increased growth on day 5 (p-value < 0.01 and p-value < 0.05,
respectively) but not in vASCs (a mild inhibitory effect was seen on day 7) (Figure 1B).
Moreover, both lean and obese sASCs reached confluence faster in DMEM supplemented
with bFGF than in DMEM culture medium. In addition, the MTS assay demonstrated
that vASCs from obese individuals had slower growth than sASCs from both lean and
obese subjects (Figure 1C). ASCs’ acquisition of the ECL phenotype was further assessed by
evaluating PECAM-1, VE-cadherin, vWF, and eNOS transcript levels using qRT-PCR. ASCs
differentiated into ECL cells significantly expressed vascular EC markers (p-value < 0.05),
but undifferentiated ASCs did not (Figure 1D).
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Figure 1. Characterization of the dynamic process of ASCs’ differentiation into ECL cells. ASCs
were cultured with 10 ng/mL bFGF for nine days, and the medium was replaced every three days.
(A) sASCs from lean and obese subjects and vASCs of the same obese subject in an undifferentiated
state and after nine days of culture with DMEM supplemented with bFGF (Magnification 4×). (B) MTS
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cell proliferation assay of lean sASCs and obese sASCs and vASCs cultured with DMEM or DMEM
supplemented with bFGF on days 1, 3, 5, 7, and 9. Results are shown as the arithmetic mean
± SD of four independent experiments, and statistical analysis was performed by the Wilcoxon
matched-pairs signed rank test. * p-value < 0.05, ** p-value < 0.01, **** p-value < 0.0001 bFGF vs.
DMEM, and ## p-value < 0.01 Day 1 bFGF vs. Day 7 bFGF (n = 4). (C) MTS cell proliferation assay of
lean sASCs and obese sASCs and vASCs cultured with DMEM supplemented with bFGF on days
1, 3, 5, 7, and 9. Data represent the mean ± SD of four independent experiments, and statistical
analysis was performed by two-way ANOVA followed by Tukey’s post hoc test. * p-value < 0.05,
**** p-value < 0.0001 obese sASCs vs. vASCs, and #### p-value < 0.0001 lean sASCs vs. vASCs (n = 4).
(D) mRNA expression of vascular EC markers after nine days of culture with 10 ng/mL bFGF. Results
are shown as the arithmetic mean ± SD of six independent experiments, and statistical analysis was
performed by two-way ANOVA followed by Tukey’s post hoc test. * p-value < 0.05 Undiff ASCs vs.
Diff ASCs to ECL cells (n = 6).

3.2. Differential miRNA Profile in ASCs from Different Fat Depots and Metabolic Conditions after
Their Differentiation into ECL Cells

Arrays were run on ECL cells differentiated from the three types of ASCs after nine
days in bFGF-DMEM culture. The expression patterns of the miRNAs obtained are shown
in volcano plots (Figure 2A). In ECL cells differentiated from sASCs of lean subjects, we
found 18 miRNAs significantly upregulated and 10 significantly downregulated with re-
spect to the undifferentiated sASCs (Figure 2A). Among these, miRNA-424 and miRNA-29b
were present in both arms (-3p and -5p). The top five most significantly regulated miRNAs
were miRNA-29b-3p (10.7-fold), miRNA-146a-5p (10.6-fold), miRNA-181a-2-3p (-10.6-fold),
miRNA-542-5p (-10.2-fold), and miRNA-378c (10.1-fold) (Supplemental Table S2). In con-
trast, in ECL cells differentiated from sASCs of obese individuals, 12 miRNAs were signifi-
cantly upregulated, and 34 were significantly downregulated (Figure 2A). In the following
miRNAs, both arms were involved in endothelial differentiation: miRNA-424, miRNA-143,
miRNA-493, miRNA-503, and miRNA-210. Notably, miRNA-424 was also represented
by its immature sequence (Supplemental Table S3). The top five downregulated miRNAs
were miRNA-181a-2-3p (-14.3-fold), miRNA-1290 (-12.2-fold), miRNA-542-5p (-10.7-fold),
miRNA-424-5p (-10.7-fold), and miRNA-23b-5p (-9.5-fold) (Supplemental Table S3). Finally,
in ECL cells differentiated from the vASCs of obese individuals (from the same obese donors
of sASCs), only two miRNAs were significantly overexpressed, and four miRNAs were
significantly downregulated (Figure 2B): miRNA-214-5p (up, 7.5-fold), miRNA-222-5p (up,
6.1-fold), miRNA-1290 (-8.4-fold), miRNA-30c-2-3p (-7.6-fold), miRNA-27b-5p (-7.2-fold),
and miRNA-200b-3p (-6-fold) (Supplemental Table S4).

Sixty differentially expressed miRNAs were identified in the differentiated ECL cells
from the three ASC-tested sources. Common miRNAs across the three sources were dis-
played using Venn diagrams (Figure 2B). Notably, 17 were common between differentiated
ECL cells from sASCs of lean and obese subjects (Figure 2B), and two of them were in the
top five of both metabolic conditions (miRNA-181a-2-3p and miRNA-542-5p). On the other
hand, only one miRNA was common to differentiated ECL cells from vASCs and sASCs of
the same obese donor (miRNA-1290). Similarly, only one miRNA was shared by differenti-
ated ECL cells from vASCs and sASCs of lean subjects (miRNA-222-5p) (Figure 2B).

Importantly, miRNA-27b-5p was present in all three conditions as a significantly
downregulated miRNA after differentiation into ECL cells. No miRNA showed an opposite
expression pattern between different conditions. Additionally, it should be noted that we
found the same miRNAs in ECL cells differentiated from sASCs of lean and obese subjects.
The miRNA-378-3p family comprises miRNA-378a-3p, miRNA-378c, miRNA-378i, and
miRNA-378f in differentiated ECL cells from sASCs of lean subjects and miRNA-378a-3p,
miRNA-378c, and miRNA-378f in differentiated ECL cells from sASCs of obese individuals.
In differentiated ECL cells from sASCs of both lean and obese subjects, we identified
miRNA-143/145 and miRNA-424/503 clusters. Additionally, in differentiated ECL cells
from sASCs of obese individuals, miRNA-23b/27b/24-1 and DLK1-DIO3 miRNA clusters
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were found. Importantly, two of the miRNAs selected for further validation were present
within these clusters. Interestingly, in cells from visceral tissue, no cluster or family of
miRNAs was identified in the differentiated ECL cells.
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sASCs from lean donors and sASCs and vASCs from the same obese individual differentiated into
ECL cells with a significance threshold of ±6-fold (p-value < 0.05). (B) Venn diagram showing the
number of miRNAs differentially expressed in ASCs differentiated into ECL cells.
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3.3. MiRNA-424-5p, miRNA-378a-3p, and miRNA-29b-3p Regulate ASCs’ Angiogenic Differentiation

We have previously demonstrated that miRNA-145-5p regulates sASCs’ differentiation
into ECL cells and induces vascular network formation [30]. Herein, we have identified
additional miRNAs that contribute to the differentiation of ASCs into ECL cells. To investi-
gate the main molecular mechanisms and functions of miRNAs, we designed a workflow
of in silico analyses and in vitro validations to explore the role of these miRNAs and their
putative direct targets in the angiogenic differentiation of ASCs.

Six of the most significantly regulated miRNAs were selected as potential candi-
dates for further study: miRNA-27b-5p, miRNA-424-5p, miRNA-378a-3p, miRNA-29b-3p,
miRNA-146a-5p, and miRNA-214-5p. MiRNA-27b-5p was selected because it was sig-
nificantly downregulated in the differentiated ECL cells from the three original ASCs
investigated (Supplemental Tables S2–S4). Both miRNA-146a-5p and miRNA-378a-3p
were in the top 10 most significantly upregulated miRNAs with high average expression
in differentiated ECL cells, whereas miRNA-424-5p was one of the top five differentially
downregulated miRNAs (Supplemental Tables S2 and S3). MiRNA-214-5p and miRNA-
29b-3p were selected because they were the most upregulated miRNAs in differentiated
ECL cells from vASCs and sASCs of obese and lean subjects, respectively (Supplemental
Tables S3 and S4).

Different miRNAs were validated by qRT-PCR analysis. In sASCs differentiated into
ECL cells from both lean and obese subjects, the same miRNAs were validated. MiRNA-146-
5p (p-value < 0.05), miRNA-29b-3p (p-value < 0.05), and miRNA-378a-3p (p-value < 0.01
and p-value < 0.001) showed an increase, whereas miRNA-424-5p was downregulated
(p-value < 0.01 and p-value < 0.0001, respectively (Figure 3A,B). On the other hand, in
ECL cells from vASCs of obese subjects, two miRNAs were validated. Both miRNAs,
miRNA-214-5p and miRNA-29b-3p, were upregulated (p-value < 0.05) (Figure 3C). It is
important to note that vASCs from obese subjects showed high variability between samples,
which could be attributed to individual obesity metabolic effects.
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Figure 3. Differentially expressed miRNAs in ASCs differentiated into ECL cells. ASCs were treated
for nine days with basal DMEM or DMEM supplemented with bFGF, and hsa-miRNA-146a-5p,
hsa-miRNA-214-5p, hsa-miRNA-27b-5p, hsa-miRNA-29b-3p, hsa-miRNA-378a-3p, and hsa-miRNA-
424-5p expression was quantified by qRT-PCR in (A) sASCS from lean individuals, (B) in sASCS from
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obese individuals, and (C) in vASCs from obese individuals. Cells in B and C are from the same
donors. Results are shown as the arithmetic mean ± SD of six independent experiments, and
statistical analysis was performed by ANOVA followed by Tukey’s post hoc test. * p-value < 0.05,
** p-value < 0.01, and **** p-value < 0.0001 (n = 6).

3.4. In Silico Analysis: miRNAs Target Angiogenesis-Associated Genes FGFR1, NRP2, MAPK1,
and TGF-β2 in Differentiated ASCs into ECL Cells

Target genes of each miRNA were identified using four different online target predict-
ing software programs, identifying a total of 154 target genes. The intersection targets for
each miRNA were displayed using Venn diagrams (Figure S1). Common targets across
all databases for each miRNA are presented in Supplemental Table S5. To restrict the
number of genes for in vitro validation, we carried out literature searches to confirm the
contribution of selected targets to angiogenesis [32–41]. Only genes with biological mean-
ing related to angiogenesis, neovessel formation, or cell differentiation were selected for
further validation (Supplemental Table S5). However, none of the predicted target genes
for miRNA-146a-5p and miRNA-214-5p were related to angiogenesis; therefore, we did not
investigate these two miRNAs any further. Specifically, we analyzed the effects of miRNA-
424-5p on FGFR1 and NRP2 and miRNA-378a-3p on MAPK1 in sASCs independent of
the BMI status of subjects and the effects of miRNA-29b-3p on TGF-β2 in sASCs from lean
donors and in sASCs/vASCs from obese subjects.

As shown in Figure 4A, after mimic transfection, the expression of miRNA-29b-
3p was significantly upregulated (p-value < 0.0001, p-value < 0.01, and p-value < 0.01,
respectively) in all ASC types. Moreover, this upregulation resulted in reduced expression of
its direct target TGF-β2 (p-value < 0.05 and p-value < 0.01) after 24 h of transfection and was
maintained for 48 h, also in all tissue samples (Figure 4A). Similarly, miRNA-378a-3p mimic
transfection in sASCs from lean and obese subjects significantly upregulated miRNA-378a-
3p expression (p-value < 0.001 and p-value < 0.0001, respectively) at 24 h and 48 h (Figure 4B).
However, significant downregulation of the expression of its direct target MAPK1 was only
observed 48 h post-transfection, while a mild increase was observed at 24 h post-transfection
(Figure 4B). Finally, in sASCs from lean and obese individuals, miRNA-424-5p inhibition
at 24 h and 48 h (p-value < 0.01 and p-value < 0.001, respectively) (Figure 4C) resulted in
increased expression of both FGFR1 (p-value < 0.05 and p-value < 0.001, respectively) and
NRP2 (p-value < 0.0001 and p-value < 0.01, respectively) at 24 h and 48 h post-transfection
(Figure 4C). However, NRP2 was more regulated in sASCs from obese subjects than in
sASCs from lean individuals.

Finally, we determined the direct binding between miRNAs and the predicted target
site by performing a luciferase reporter assay. We analyzed the relative expression of
miRNAs of interest in HeLa and HEK 293 cell lines. Gene expression assays showed that
the relative expression of miRNA-378a-3p (Figure S2a) and miRNA-424-5p (Figure S2b) in
HeLa cells was similar to that in sASCs. Even if relative miRNA-29b-3p expression was
higher in HEK 293 cells than in sASCS cells, the difference was not statistically significant
(Figure S2c). We determined whether miRNA-424-5p, miRNA-378a-3p, and miRNA-29b-3p
had direct binding to their predicted target sites in the FGFR1, MAPK1, NRP2, and TGF-
β2 3′-UTRs (Figure 5A). Luciferase reporter plasmids containing either the wild-type or
mutated miRNA binding site in the FGFR1, MAPK1, NRP2, and TGF-β2 3′-UTR regions
were cotransfected with mimic, inhibitor, or negative controls. Transfection of the miRNA-
424-5p mimic resulted in increased luciferase activity of the wild-type reporter vector but
not the mutated reporter vector for FGFR1 (p-value < 0.001 negative control vs. mimic
and p-value < 0.001 mimic vs. inhibitor) (Figure 5B) and NRP2 (p-value < 0.0001 negative
control vs. mimic and p-value < 0.0001 mimic vs. inhibitor) (Figure 5C). On the other
hand, the overexpression of miRNA-378a-3p resulted in reduced luciferase activity of
the wild type but not the mutated reporter vector (p-value < 0.001 negative control vs.
mimic and p-value < 0.01 mimic vs. inhibitor) (Figure 5D), an effect that has also been
detected for miRNA-29b-3p/TGF-β2 interaction (p-value < 0.01 negative control vs. mimic
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and p-value < 0.001 mimic vs. inhibitor) (Figure 5E). Thus, the 3′-UTR of FGFR1 and
NRP2, MAPK1, and TGF-β2 are direct targets of miRNA-424-5p, miRNA-378a-3p, and
miRNA-29b-3p, respectively.
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Figure 4. Effects of miRNAs on their direct target genes that mediate ASCs’ differentiation into ECL
cells. ASCs were treated with the mimic or inhibitor negative control (NC), mimics or inhibitors of
significant miRNAs for 24 h and 48 h. The relative miRNA expression as well as the regulation of
the direct target gene were quantified by qRT-PCR. sASCs from lean individuals are shown in white
columns, sASCs from obese subjects are shown in black columns, and vASCs from the same obese
subject are shown in gray columns. (A) Relative miRNA-29b-3p expression and TGF-β2 regulation
after ASC treatment with the miRNA-29b-3p mimic. (B) Relative miRNA-378a-3p expression and



Cells 2024, 13, 513 13 of 19

MAPK1 regulation after ASC treatment with the miRNA-378a-3p mimic. (C) Relative miRNA-
424-5p expression and, FGFR1 and NRP2 regulation after ASC treatment with the miRNA-424-5p
inhibitor. Results are shown as the arithmetic mean ± SD of six independent experiments, and
statistical analysis was performed by ANOVA followed by Tukey’s post hoc test. * p-value < 0.05,
** p-value < 0.01, *** p-value < 0.001, and **** p-value < 0.0001 (n = 6).
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Figure 5. FGFR1, MAPK1, NRP2, and TGF-β2 are direct targets of miRNA-29b-3p, miRNA-378a-3p,
and miRNA-424-5p. (A) Bioinformatics-based prediction of the miRNA-424-5p, miRNA-378a-3p, and
miRNA-29b-3p target sites in the 3′-UTR of FGFR1, MAPK1, NRP2, and TGF-β2 mRNA. Red letters
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indicate the mutated sites in the miRNA seed region. (B) Relative luciferase activities 36 h after
cotransfection of HeLa cells with miRNA-424-5p mimic, inhibitor, or negative control, and a luciferase
reporter vector containing the wild-type or mutated 3′-UTR of FGFR1. (C) Relative luciferase activities
36 h after cotransfection of HeLa cells with miRNA-424-5p mimic, inhibitor, or negative control, and a
luciferase reporter vector containing the wild-type or mutated 3′-UTR of NRP2. (D) Relative luciferase
activities 36 h after cotransfection of HeLa cells with miRNA-378a-3p mimic, inhibitor, or negative
control, and a luciferase reporter vector containing the wild-type or mutated 3′-UTR of MAPK1.
(E) Relative luciferase activities 36 h after cotransfection of HEK 293 cells with miRNA-29b-3p mimic,
inhibitor, or negative control, and a luciferase reporter vector containing the wild-type or mutated
3′-UTR of TGF-β2. Results are shown as the arithmetic mean ± SD of three independent experiments,
and statistical analysis was performed by ANOVA followed by Tukey’s post hoc test. * p-value < 0.05,
** p-value < 0.01, *** p-value < 0.001, and **** p-value < 0.0001 (n = 3). (F) Regulation of the angiogenic
differentiation of ASCs. KEGG and PANTHER analysis predicted that the represented miRNAs
are targeting the genes associated with the pathways, as shown using Cytoscape software v3.9.0.
The miRNAs are shown in red (downregulated) or green ellipses (upregulated), with black lines
indicating the targeted upregulated (green) or downregulated (red) genes represented in diamonds,
and the pathways involved in the mechanism are depicted by purple nodes.

Importantly, we show for the first time that miRNA-29b-3p upregulation contributes to
ASCs’ differentiation into ECL cells by directly targeting TGF-β2 in both sASCS and vASCS.
Moreover, our results reveal that, independent of sASC origin, the upregulation of miRNA-
378a-3p and the downregulation of miRNA-424-5p inhibit MAPK1 and overexpress FGFR1
and NRP2, respectively (Figure 5F).

4. Discussion

AT angiogenesis is at the heart of AT expandability. Given the multiple, pivotal
roles of the AT vasculature, impairments in angiogenic capacity may underlie obesity-
associated diseases such as diabetes and cardio-metabolic disease. ASCs resident in AT
have the capacity to differentiate into multiple cell lineages [42], including ECs [21,43,44],
promoting angiogenesis. Here, we have investigated the epigenetic regulation of ASCs’
differentiation into ECL cells by searching their specific miRNA profiles with respect
to their fat tissue depot and metabolic condition. The present study compares, for the
first time, miRNA profiles between sASCs and vASCs from the same obese donor after
endothelial differentiation.

Obesity impairs ASCs’ proliferation potential and survival. However, there are con-
troversies between different studies. While Frazier et al. [45] found that BMI affects the
proliferation rates of ASCs, no significant differences were observed by Todoya et al. [12].
In our study, we found that obesity did not modify the proliferation rates of ASCs. How-
ever, after bFGF treatment, significant differences in growth rates depending on fat depot
location were found. sASCs from lean and obese subjects showed a doubling time of nine
days. However, in vASCs from obese patients, bFGF had no significant effect on growth
kinetics. These results are in line with those of Khan et al. [44] and Ma et al. [46]. The
novelty of our results is that these studies only used sASCs, whereas for the first time, we
demonstrate that bFGF does not change vASCs’ proliferation rates. Thus, we show that
sASCs from different lean and obese subjects respond to bFGF treatment more similarly
than ASCs from the same obese subjects but originating from different fat depots (sASCs
and vASCs), regarding their induced proliferation rates.

The expansion of AT is functionally and necessarily related to angiogenesis. AT is a
highly vascularized tissue with high angiogenic capacities. The cells that form this tissue
are surrounded by an extensive capillary network, which requires constant regulation by
several angiogenic modulators [47,48]. The crosstalk and cell-to-cell interactions between
ASCs and ECs involve numerous paracrine factors associated with angiogenesis and/or cell
differentiation, which underlie the changes in vascularization seen in obesity [47,49]. Recent
publications suggest that miRNAs play a pivotal role in adipocyte differentiation [50–52].
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Therefore, we believe that ASCs’ differentiation into ECL cells represents the perfect
method to improve angiogenesis. We have previously demonstrated that bFGF successfully
induces sASCs’ differentiation into ECL cells by regulating miRNA/mRNA interactions.
MiRNA expression profiles seem to be fat-depot specific and are correlated with obesity
and metabolic disorders [50,53]. Toyoda et al. characterized and compared ASCs from
subcutaneous AT and omental AT from lean subjects and demonstrated that sASCs have a
higher differentiation capacity into different lineages than omental ASCs [12]. Moreover, it
has been reported that subcutaneous AT and sASCs have a higher pro-angiogenic capacity
compared to visceral AT and vASCs [26]. We have demonstrated that sASCs, regardless of
the BMI status of the individual, are enriched in miRNAs involved in the differentiation
capacity of ASCs, in contrast to vASCs. Moreover, miRNA characterization reinforced
these results; sASCs from lean and obese subjects had the same miRNA levels as well as
vascular EC marker expression, whereas they differed in vASCs. However, miRNA-378a-3p
levels were higher in sASCs and vASCs from obese subjects compared to sASCS from lean
subjects. This suggests that this miRNA may be regulated by the metabolic conditioning of
obesity. It should also be noted that even if obesity did not influence proliferation, it did
influence miRNA expression. In sASCS from lean subjects, the majority of the miRNAs
were upregulated after bFGF treatment, whereas in sASCs and vASCs from the same obese
donor, the majority of the miRNAs were downregulated. So, these results suggest that
obesity did not influence the quantity of expressed miRNAs, as sASCs from lean and
obese subjects expressed the same number of miRNAs, but it did influence the type of
miRNA regulation.

Using a miRNA-based sequencing approach, we identified miRNAs associated with
ASCs’ differentiation into ECL cells after nine days of exposure to bFGF. From our reported
miRNAs, all three miRNAs (29b-3p, 378a-3p, and 424-5p) target downstream genes of
the MAPK pathway, which induces human-induced pluripotent stem cells to differentiate
into ECs [54]. MiRNA-424-5p regulates cell-intrinsic angiogenic responses such as pro-
liferation, migration, and differentiation of ECs and cancer cells. The overexpression of
miRNA-424-5p reduces cell proliferation, migration, and invasion by regulating different
genes [32,55–57]. Herein, we found that this miRNA is downregulated in sASCs differenti-
ated into ECL cells and regulates ASCs’ differentiation through FGFR1- and NRP2-targeting.
FGFR1 is a tyrosine–kinase receptor selectively expressed on ECs both in vivo and in vitro.
This receptor mediates the pro-angiogenic effects of bFGF [58,59]. miRNA-424-5p/FGFR1
activation stimulates the angiogenic signal transduction pathways that induce the pro-
liferation, migration, and differentiation of ECs [32]. In addition, NRP2 is a cell surface
transmembrane protein characterized as a VEGFR1 and VEGFR2 coreceptor. It is primarily
expressed in the vascular system during VEGF signaling. EC-CD34+ tip cells express high
levels of NRP2. Although it does not play a role in tip cell formation, it does support the
formation of new vessel sprouts [41,60]. Therefore, this is the first report describing the role
played by FGFR1 and NRP2 in ASCs’ differentiation into ECL cells.

MiRNA-378a-3p has been described to contribute to the formation of vascular branches
in ECs by targeting FGF in skeletal muscle [61]. Moreover, this miRNA participates in
cell differentiation processes, and its overexpression contributes to ASCs’ differentiation
into smooth muscle cells, similar to TGF-β1 treatment [62]. Regarding the differentia-
tion mechanism, accumulating evidence has previously demonstrated the importance of
miRNA-378a-3p in cell differentiation. In this article, we demonstrate that the upregulation
of this miRNA plays a key role in sASCs’ differentiation into ECL cells and contributes to
ASCs’ angiogenic differentiation by directly targeting MAPK1. EKR1/2 is a kinase that
plays a prominent role in EC angiogenic functions by regulating their proliferation and
migration. In particular, ERK2, also known as MAPK1, is the primary driver of endothe-
lial proliferation and regulates eNOS expression, while migration is controlled by both
isoforms [34,35].

Finally, for the first time, we describe a specific miRNA that regulates ECL cell differ-
entiation in both sASCs and vASCs. The literature indicates that the role of miRNA-29b in
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cell growth and apoptosis is cell-type-specific. MiRNA-29b-3p is involved in EC migration,
proliferation, and tube formation [63,64]. Here, we have demonstrated that the upregula-
tion of miRNA-29b-3p directly targets TGF-β2, inhibiting its translation and promoting
ASCs’ ECL cell differentiation. TGF-β2 is one of the three isoforms of TGF-β. Different
molecular functions, such as cell differentiation of mesenchymal stem cells, growth of
vascular ECs, and angiogenesis, are influenced by TGF-β [65]. KEGG analysis revealed that
the MAPK and VEGF signaling pathways associated with TGF-β2 play regulatory roles in
endothelial differentiation.

This study is not free of certain limitations. Subcutaneous and visceral AT were ob-
tained from the same donor, but we could not obtain visceral AT from lean individuals.
Indeed, visceral AT is a difficult tissue to obtain because it is necessary to undergo bypass
gastric surgery, and the donors of lean subcutaneous tissue were individuals who under-
went abdominal lipectomy only. However, our results reveal different expression profiles
in ASCs from the same donors but with different origins.

5. Conclusions

In conclusion, we have revealed several miRNAs that are differentially expressed in
ASC to ECL differentiation. Although each miRNA has many potential targets, which
indicates that different signal transduction pathways can be regulated by the same miRNA
and that several miRNAs regulate the same signaling pathway, we have identified specific
effects of miRNas expressed during the differentiation programming of ASCs into ECL.
We show for the first time that miRNA-29b-3p upregulation contributes to ASCs’ differen-
tiation into ECL cells by directly targeting TGF-β2 in both sASCS and vASCS. Moreover,
our results reveal that, independent of sASC origin, the upregulation of miRNA-378a-3p
and the downregulation of miRNA-424-5p inhibit MAPK1 and overexpress FGFR1 and
NRP2, respectively. We have also demonstrated that the adipose local depot affects the
differentiation of resident ASCs through the expression of specific miRNAs. Our findings
provide a new paradigm for the role of miRNAs in orchestrating ASCs’ differentiation into
ECL cells, depending on ASCs’ adipose tissue depot.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells13060513/s1, Figure S1: Predicted targeted genes of signifi-
cantly expressed miRNAs. Venn diagram of the candidate target genes predicted by four databases;
Figure S2: miRNAs’ relative expression in HeLa and HEK 293 cell lines; Table S1: Clinical characteris-
tics of the subjects who participate in the study; Table S2: Differential expression of miRNAs in ECL
cells differentiated from sASCs of lean individuals versus the parental undifferentiated sASCs (signif-
icantly changed); Table S3: Differential expression of miRNAs in ECL cells differentiated from ASCs
of obese individuals versus the parental undifferentiated sASCs (significantly changed); Table S4:
Differential expression of miRNAs in ECL cells differentiated from vASCs of obese individuals versus
the parental undifferentiated vASCs (significantly changed); Table S5: List of the candidate target
genes predicted by four databases and their relation to angiogenesis and neovessel formation.

Author Contributions: Conceptualization, G.A., A.C-U. and L.B.; methodology, G.A. and A.C-U.;
formal analysis, A.C.-U.; data curation A.D.-C., F.M. and C.B.; sample acquisition, A.D.-C., F.M.
and C.B.; writing—original draft preparation, G.A. and A.C.-U.; writing—review and editing, G.A.,
A.C.-U. and L.B.; supervision, G.A. and L.B.; funding acquisition, G.A. and L.B. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by grants from MICIN-PID2019-107160RB-I00 to L.B.; from
Instituto de Salud Carlos III: Red Española de Terapias Avanzadas -TERAV-RD21/0017/0013 to L.B.;
Centro de Investigación Biomédica en Red Cardiovascular (CIBERCV-CB16/11/00411 to L.B.); and
PI20/01517 and PI23/01136 to G.A, co-founded by Fondo Europeo de Desarrollo Regional (FEDER)
“Una Manera de Hacer Europa”. We thank the Generalitat of Catalunya (Secretaria d’Universitats i
Recerca, Departament d’Economia i Coneixement, 2021 SGR 01006) and the Fundación Investigación
Cardiovascular Fundación Jesus Serra for their continuous support.

https://www.mdpi.com/article/10.3390/cells13060513/s1
https://www.mdpi.com/article/10.3390/cells13060513/s1


Cells 2024, 13, 513 17 of 19

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of Hosìtal de Sant Pau (code colección 01/2020
approved on 24 March 2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author upon reasonable request.

Acknowledgments: We thank Olaya Garcia for her excellent technical assistance.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Vecchié, A.; Dallegri, F.; Carbone, F.; Bonaventura, A.; Liberale, L.; Portincasa, P.; Frühbeck, G.; Montecucco, F. Obesity Phenotypes

and Their Paradoxical Association with Cardiovascular Diseases. Eur. J. Intern. Med. 2018, 48, 6–17. [CrossRef] [PubMed]
2. Rupnick, M.A.; Panigrahy, D.; Zhang, C.Y.; Dallabrida, S.M.; Lowell, B.B.; Langer, R.; Folkman, M.J. Adipose Tissue Mass Can Be

Regulated through the Vasculature. Proc. Natl. Acad. Sci. USA 2002, 99, 10730–10735. [CrossRef] [PubMed]
3. Hausman, G.J.; Kauffman, R.G. The Histology of Developing Porcine Adipose Tissue. J. Anim. Sci. 1986, 63, 642–658. [CrossRef]

[PubMed]
4. Bachmann, S.; Jennewein, M.; Bubel, M.; Guthörl, S.; Pohlemann, T.; Oberringer, M. Interacting Adipose-Derived Stem Cells and

Microvascular Endothelial Cells Provide a Beneficial Milieu for Soft Tissue Healing. Mol. Biol. Rep. 2020, 47, 111–122. [CrossRef]
[PubMed]

5. Wosnitza, M.; Hemmrich, K.; Groger, A.; Gräber, S.; Pallua, N. Plasticity of Human Adipose Stem Cells to Perform Adipogenic
and Endothelial Differentiation. Differentiation 2007, 75, 12–23. [CrossRef] [PubMed]

6. Planat-Benard, V.; Silvestre, J.S.; Cousin, B.; André, M.; Nibbelink, M.; Tamarat, R.; Clergue, M.; Manneville, C.; Saillan-Barreau, C.;
Duriez, M.; et al. Plasticity of Human Adipose Lineage Cells Toward Endothelial Cells: Physiological and Therapeutic Perspectives.
Circulation 2004, 109, 656–663. [CrossRef] [PubMed]

7. Vilahur, G.; Oñate, B.; Cubedo, J.; Béjar, M.T.; Arderiu, G.; Peña, E.; Casaní, L.; Gutiérrez, M.; Capdevila, A.; Pons-Lladó, G.;
et al. Allogenic Adipose-Derived Stem Cell Therapy Overcomes Ischemia-Induced Microvessel Rarefaction in the Myocardium:
Systems Biology Study. Stem Cell Res. Ther. 2017, 8, 52. [CrossRef]

8. Bian, X.; Ma, K.; Zhang, C.; Fu, X. Therapeutic Angiogenesis Using Stem Cell-Derived Extracellular Vesicles: An Emerging
Approach for Treatment of Ischemic Diseases. Stem Cell Res. Ther. 2019, 10, 158. [CrossRef]

9. Frese, L.; Dijkman, P.E.; Hoerstrup, S.P. Adipose Tissue-Derived Stem Cells in Regenerative Medicine. Transfus. Med. Hemotherapy
2016, 43, 268–274. [CrossRef]

10. Rehman, J.; Traktuev, D.; Li, J.; Merfeld-Clauss, S.; Temm-Grove, C.J.; Bovenkerk, J.E.; Pell, C.L.; Johnstone, B.H.; Considine, R.V.;
March, K.L. Secretion of Angiogenic and Antiapoptotic Factors by Human Adipose Stromal Cells. Circulation 2004, 109, 1292–1298.
[CrossRef]

11. Si, Z.; Wang, X.; Sun, C.; Kang, Y.; Xu, J.; Wang, X.; Hui, Y. Adipose-Derived Stem Cells: Sources, Potency, and Implications for
Regenerative Therapies. Biomed. Pharmacother. 2019, 114, 108765. [CrossRef]

12. Toyoda, M.; Matsubara, Y.; Lin, K.; Sugimachi, K.; Furue, M. Characterization and Comparison of Adipose Tissue-Derived Cells
from Human Subcutaneous and Omental Adipose Tissues. Cell Biochem. Funct. 2009, 27, 440–447. [CrossRef]

13. Kim, B.; Lee, B.; Kim, M.K.; Gong, S.P.; Park, N.H.; Chung, H.H.; Kim, H.S.; No, J.H.; Park, W.Y.; Park, A.K.; et al. Gene Expression
Profiles of Human Subcutaneous and Visceral Adipose-Derived Stem Cells. Cell Biochem. Funct. 2016, 34, 563–571. [CrossRef]

14. Vyas, K.S.; Bole, M.; Vasconez, H.C.; Banuelos, J.M.; Martinez-Jorge, J.; Tran, N.; Lemaine, V.; Mardini, S.; Bakri, K. Profile of
Adipose-Derived Stem Cells in Obese and Lean Environments. Aesthetic Plast. Surg. 2019, 43, 1635–1645. [CrossRef]

15. Oñate, B.; Vilahur, G.; Ferrer-Lorente, R.; Ybarra, J.; Díez-Caballero, A.; Ballesta-López, C.; Moscatiello, F.; Herrero, J.; Badimon, L.
The Subcutaneous Adipose Tissue Reservoir of Functionally Active Stem Cells Is Reduced in Obese Patients. FASEB J. 2012,
26, 4327–4336. [CrossRef]

16. Pérez, L.M.; Bernal, A.; San Martín, N.; Gálvez, B.G. Obese-Derived ASCs Show Impaired Migration and Angiogenesis Properties.
Arch. Physiol. Biochem. 2013, 119, 195–201. [CrossRef] [PubMed]

17. Seo, M.J.; Suh, S.Y.; Bae, Y.C.; Jung, J.S. Differentiation of Human Adipose Stromal Cells into Hepatic Lineage in Vitro and in Vivo.
Biochem. Biophys. Res. Commun. 2005, 328, 258–264. [CrossRef] [PubMed]

18. Safford, K.M.; Hicok, K.C.; Safford, S.D.; Halvorsen, Y.D.C.; Wilkison, W.O.; Gimble, J.M.; Rice, H.E. Neurogenic Differentiation of
Murine and Human Adipose-Derived Stromal Cells. Biochem. Biophys. Res. Commun. 2002, 294, 371–379. [CrossRef] [PubMed]

19. Planat-Bénard, V.; Menard, C.; André, M.; Puceat, M.; Perez, A.; Garcia-Verdugo, J.M.; Pénicaud, L.; Casteilla, L. Spontaneous
Cardiomyocyte Differentiation from Adipose Tissue Stroma Cells. Circ. Res. 2004, 94, 223–229. [CrossRef] [PubMed]

20. Miranville, A.; Heeschen, C.; Sengenès, C.; Curat, C.A.; Busse, R.; Bouloumié, A. Improvement of Postnatal Neovascularization
by Human Adipose Tissue-Derived Stem Cells. Circulation 2004, 110, 349–355. [CrossRef] [PubMed]

21. Cao, Y.; Sun, Z.; Liao, L.; Meng, Y.; Han, Q.; Zhao, R.C. Human Adipose Tissue-Derived Stem Cells Differentiate into Endothelial
Cells in Vitro and Improve Postnatal Neovascularization in Vivo. Biochem. Biophys. Res. Commun. 2005, 332, 370–379. [CrossRef]

https://doi.org/10.1016/j.ejim.2017.10.020
https://www.ncbi.nlm.nih.gov/pubmed/29100895
https://doi.org/10.1073/pnas.162349799
https://www.ncbi.nlm.nih.gov/pubmed/12149466
https://doi.org/10.2527/jas1986.632642x
https://www.ncbi.nlm.nih.gov/pubmed/3759695
https://doi.org/10.1007/s11033-019-05112-y
https://www.ncbi.nlm.nih.gov/pubmed/31583562
https://doi.org/10.1111/j.1432-0436.2006.00110.x
https://www.ncbi.nlm.nih.gov/pubmed/17244018
https://doi.org/10.1161/01.CIR.0000114522.38265.61
https://www.ncbi.nlm.nih.gov/pubmed/14734516
https://doi.org/10.1186/s13287-017-0509-2
https://doi.org/10.1186/s13287-019-1276-z
https://doi.org/10.1159/000448180
https://doi.org/10.1161/01.CIR.0000121425.42966.F1
https://doi.org/10.1016/j.biopha.2019.108765
https://doi.org/10.1002/cbf.1591
https://doi.org/10.1002/cbf.3228
https://doi.org/10.1007/s00266-019-01397-3
https://doi.org/10.1096/fj.12-207217
https://doi.org/10.3109/13813455.2013.784339
https://www.ncbi.nlm.nih.gov/pubmed/23672297
https://doi.org/10.1016/j.bbrc.2004.12.158
https://www.ncbi.nlm.nih.gov/pubmed/15670778
https://doi.org/10.1016/S0006-291X(02)00469-2
https://www.ncbi.nlm.nih.gov/pubmed/12051722
https://doi.org/10.1161/01.RES.0000109792.43271.47
https://www.ncbi.nlm.nih.gov/pubmed/14656930
https://doi.org/10.1161/01.CIR.0000135466.16823.D0
https://www.ncbi.nlm.nih.gov/pubmed/15238461
https://doi.org/10.1016/j.bbrc.2005.04.135


Cells 2024, 13, 513 18 of 19

22. Clark, K.; Janorkar, A.V. Milieu for Endothelial Differentiation of Human Adipose-Derived Stem Cells. Bioengineering 2018, 5, 82.
[CrossRef] [PubMed]

23. Colazzo, F.; Alrashed, F.; Saratchandra, P.; Carubelli, I.; Chester, A.H.; Yacoub, M.H.; Taylor, P.M.; Somers, P. Shear Stress and
VEGF Enhance Endothelial Differentiation of Human Adipose-Derived Stem Cells. Growth Factors 2014, 32, 139–149. [CrossRef]
[PubMed]

24. Winter, J.; Jung, S.; Keller, S.; Gregory, R.I.; Diederichs, S. Many Roads to Maturity: MicroRNA Biogenesis Pathways and Their
Regulation. Nat. Cell Biol. 2009, 11, 228–234. [CrossRef] [PubMed]

25. Di Stefano, A.B.; Massihnia, D.; Grisafi, F.; Castiglia, M.; Toia, F.; Montesano, L.; Russo, A.; Moschella, F.; Cordova, A. Adipose
Tissue, Angiogenesis and Angio-MIR under Physiological and Pathological Conditions. Eur. J. Cell Biol. 2019, 98, 53–64. [CrossRef]

26. Arderiu, G.; Lambert, C.; Ballesta, C.; Moscatiello, F.; Vilahur, G.; Badimon, L. Cardiovascular Risk Factors and Differential
Transcriptomic Profile of the Subcutaneous and Visceral Adipose Tissue and Their Resident Stem Cells. Cells 2020, 9, 2235.
[CrossRef] [PubMed]

27. Togliatto, G.; Dentelli, P.; Gili, M.; Gallo, S.; Deregibus, C.; Biglieri, E.; Iavello, A.; Santini, E.; Rossi, C.; Solini, A.; et al. Obesity
Reduces the Pro-Angiogenic Potential of Adipose Tissue Stem Cell-Derived Extracellular Vesicles (EVs) by Impairing MiR-126
Content: Impact on Clinical Applications. Int. J. Obes. 2016, 40, 102–111. [CrossRef] [PubMed]

28. Gottmann, P.; Ouni, M.; Saussenthaler, S.; Roos, J.; Stirm, L.; Jähnert, M.; Kamitz, A.; Hallahan, N.; Jonas, W.; Fritsche, A.; et al. A
Computational Biology Approach of a Genome-Wide Screen Connected MiRNAs to Obesity and Type 2 Diabetes. Mol. Metab.
2018, 11, 145–159. [CrossRef]

29. Heyn, G.S.; Corrêa, L.H.; Magalhães, K.G. The Impact of Adipose Tissue–Derived MiRNAs in Metabolic Syndrome, Obesity, and
Cancer. Front. Endocrinol. 2020, 11, 563816. [CrossRef]

30. Arderiu, G.; Peña, E.; Aledo, R.; Juan-Babot, O.; Crespo, J.; Vilahur, G.; Oñate, B.; Moscatiello, F.; Badimon, L. MicroRNA-145
Regulates the Differentiation of Adipose Stem Cells toward Microvascular Endothelial Cells and Promotes Angiogenesis. Circ.
Res. 2019, 125, 74–89. [CrossRef]

31. Oñate, B.; Vilahur, G.; Camino-López, S.; Díez-Caballero, A.; Ballesta-López, C.; Ybarra, J.; Moscatiello, F.; Herrero, J.; Badimon, L.
Stem Cells Isolated from Adipose Tissue of Obese Patients Show Changes in Their Transcriptomic Profile That Indicate Loss in
Stemcellness and Increased Commitment to an Adipocyte-like Phenotype. BMC Genomics 2013, 14, 625. [CrossRef] [PubMed]

32. Chamorro-Jorganes, A.; Araldi, E.; Penalva, L.O.F.; Sandhu, D.; Fernández-Hernando, C.; Suárez, Y. MicroRNA-16 and MicroRNA-
424 Regulate Cell-Autonomous Angiogenic Functions in Endothelial Cells via Targeting Vascular Endothelial Growth Factor
Receptor-2 and Fibroblast Growth Factor Receptor-1. Arterioscler. Thromb. Vasc. Biol. 2011, 31, 2595–2606. [CrossRef] [PubMed]

33. Alghamdi, A.A.A.; Benwell, C.J.; Atkinson, S.J.; Lambert, J.; Johnson, R.T.; Robinson, S.D. NRP2 as an Emerging Angiogenic
Player; Promoting Endothelial Cell Adhesion and Migration by Regulating Recycling of A5 Integrin. Front. Cell Dev. Biol. 2020,
8, 395. [CrossRef]

34. Ricard, N.; Zhang, J.; Zhuang, Z.W.; Simons, M. Isoform-Specific Roles of ERK1 and ERK2 in Arteriogenesis. Cells 2019, 9, 38.
[CrossRef] [PubMed]

35. Srinivasan, R.; Zabuawala, T.; Huang, H.; Zhang, J.; Gulati, P.; Fernandez, S.; Karlo, J.C.; Landreth, G.E.; Leone, G.; Ostrowski, M.C.
Erk1 and Erk2 Regulate Endothelial Cell Proliferation and Migration during Mouse Embryonic Angiogenesis. PLoS ONE 2009,
4, e8283. [CrossRef]

36. Liao, K.H.; Chang, S.J.; Chang, H.C.; Chien, C.L.; Huang, T.S.; Feng, T.C.; Lin, W.W.; Shih, C.C.; Yang, M.H.; Yang, S.H.;
et al. Endothelial Angiogenesis Is Directed by RUNX1T1-Regulated VEGFA, BMP4 and TGF-B2 Expression. PLoS ONE 2017,
12, e0179758. [CrossRef]

37. Di Bernardini, E.; Campagnolo, P.; Margariti, A.; Zampetaki, A.; Karamariti, E.; Hu, Y.; Xu, Q. Endothelial Lineage Differentiation
from Induced Pluripotent Stem Cells Is Regulated by MicroRNA-21 and Transforming Growth Factor B2 (TGF-B2) Pathways.
J. Biol. Chem. 2014, 289, 3383. [CrossRef]

38. Walker, A.M.N.; Warmke, N.; Mercer, B.; Watt, N.T.; Mughal, R.; Smith, J.; Galloway, S.; Haywood, N.J.; Soomro, T.; Griffin, K.J.;
et al. Endothelial Insulin Receptors Promote VEGF-A Signaling via ERK1/2 and Sprouting Angiogenesis. Endocrinology 2021,
162, bqab104. [CrossRef]

39. Geretti, E.; Shimizu, A.; Klagsbrun, M. Neuropilin Structure Governs VEGF and Semaphorin Binding and Regulates Angiogenesis.
Angiogenesis 2008, 11, 31–39. [CrossRef]

40. Zachary, I. Neuropilins: Role in Signalling, Angiogenesis and Disease. Chem. Immunol. Allergy 2014, 99, 37–70. [CrossRef]
41. Dallinga, M.G.; Habani, Y.I.; Schimmel, A.W.M.; Dallinga-Thie, G.M.; van Noorden, C.J.F.; Klaassen, I.; Schlingemann, R.O.

The Role of Heparan Sulfate and Neuropilin 2 in VEGFA Signaling in Human Endothelial Tip Cells and Non-Tip Cells during
Angiogenesis In Vitro. Cells 2021, 10, 926. [CrossRef] [PubMed]

42. Zuk, P.A.; Zhu, M.; Mizuno, H.; Huang, J.; Futrell, J.W.; Katz, A.J.; Benhaim, P.; Lorenz, H.P.; Hedrick, M.H. Multilineage Cells
from Human Adipose Tissue: Implications for Cell-Based Therapies. Tissue Eng. 2001, 7, 211–228. [CrossRef] [PubMed]

43. Ning, H.; Liu, G.; Lin, G.; Yang, R.; Lue, T.F.; Lin, C.S. Fibroblast Growth Factor 2 Promotes Endothelial Differentiation of Adipose
Tissue-Derived Stem Cell. J. Sex. Med. 2009, 6, 967–979. [CrossRef] [PubMed]

44. Khan, S.; Villalobos, M.A.; Choron, R.L.; Chang, S.; Brown, S.A.; Carpenter, J.P.; Tulenko, T.N.; Zhang, P. Fibroblast Growth Factor
and Vascular Endothelial Growth Factor Play a Critical Role in Endotheliogenesis from Human Adipose-Derived Stem Cells.
J. Vasc. Surg. 2017, 65, 1483–1492. [CrossRef] [PubMed]

https://doi.org/10.3390/bioengineering5040082
https://www.ncbi.nlm.nih.gov/pubmed/30282912
https://doi.org/10.3109/08977194.2014.945642
https://www.ncbi.nlm.nih.gov/pubmed/25112491
https://doi.org/10.1038/ncb0309-228
https://www.ncbi.nlm.nih.gov/pubmed/19255566
https://doi.org/10.1016/j.ejcb.2018.11.005
https://doi.org/10.3390/cells9102235
https://www.ncbi.nlm.nih.gov/pubmed/33022994
https://doi.org/10.1038/ijo.2015.123
https://www.ncbi.nlm.nih.gov/pubmed/26122028
https://doi.org/10.1016/j.molmet.2018.03.005
https://doi.org/10.3389/fendo.2020.563816
https://doi.org/10.1161/CIRCRESAHA.118.314290
https://doi.org/10.1186/1471-2164-14-625
https://www.ncbi.nlm.nih.gov/pubmed/24040759
https://doi.org/10.1161/ATVBAHA.111.236521
https://www.ncbi.nlm.nih.gov/pubmed/21885851
https://doi.org/10.3389/fcell.2020.00395
https://doi.org/10.3390/cells9010038
https://www.ncbi.nlm.nih.gov/pubmed/31877781
https://doi.org/10.1371/journal.pone.0008283
https://doi.org/10.1371/journal.pone.0179758
https://doi.org/10.1074/jbc.M113.495531
https://doi.org/10.1210/endocr/bqab104
https://doi.org/10.1007/s10456-008-9097-1
https://doi.org/10.1159/000354169
https://doi.org/10.3390/cells10040926
https://www.ncbi.nlm.nih.gov/pubmed/33923753
https://doi.org/10.1089/107632701300062859
https://www.ncbi.nlm.nih.gov/pubmed/11304456
https://doi.org/10.1111/j.1743-6109.2008.01172.x
https://www.ncbi.nlm.nih.gov/pubmed/19207272
https://doi.org/10.1016/j.jvs.2016.04.034
https://www.ncbi.nlm.nih.gov/pubmed/27514438


Cells 2024, 13, 513 19 of 19

45. Frazier, T.P.; Gimble, J.M.; Devay, J.W.; Tucker, H.A.; Chiu, E.S.; Rowan, B.G. Body Mass Index Affects Proliferation and Osteogenic
Differentiation of Human Subcutaneous Adipose Tissue-Derived Stem Cells. BMC Cell Biol. 2013, 14, 34. [CrossRef] [PubMed]

46. Ma, Y.; Kakudo, N.; Morimoto, N.; Lai, F.; Taketani, S.; Kusumoto, K. Fibroblast Growth Factor-2 Stimulates Proliferation of
Human Adipose-Derived Stem Cells via Src Activation. Stem Cell Res. Ther. 2019, 10, 1–9. [CrossRef] [PubMed]

47. Corvera, S.; Solivan-Rivera, J.; Yang Loureiro, Z. Angiogenesis in Adipose Tissue and Obesity. Angiogenesis 2022, 25, 439–453.
[CrossRef]

48. Lemoine, A.Y.; Ledoux, S.; Larger, E. Etienne Adipose Tissue Angiogenesis in Obesity. Arthritis Res. Ther. 2013, 110, 661–669.
[CrossRef]

49. Ledoux, S.; Queguiner, I.; Msika, S.; Calderari, S.; Rufat, P.; Gasc, J.M.; Corvol, P.; Larger, E. Angiogenesis Associated with Visceral
and Subcutaneous Adipose Tissue in Severe Human Obesity. Diabetes 2008, 57, 3247–3257. [CrossRef]

50. Klöting, N.; Berthold, S.; Kovacs, P.; Schön, M.R.; Fasshauer, M.; Ruschke, K.; Stumvoll, M.; Blüher, M. MicroRNA Expression in
Human Omental and Subcutaneous Adipose Tissue. PLoS ONE 2009, 4, e4699. [CrossRef]

51. Gauthier, B.R.; Wollheim, C.B. MicroRNAs: ‘Ribo-Regulators’ of Glucose Homeostasis. Nat. Med. 2006, 12, 36–38. [CrossRef]
[PubMed]

52. Berndt, J.; Klo, N.; Kralisch, S.; Kovacs, P.; Fasshauer, M.; Scho, M.R.; Stumvoll, M.; Blu, M. Plasma Visfatin Concentrations and
Fat Depot – Specific MRNA Expression in Humans. Diabetes 2005, 54, 2911–2916. [CrossRef]

53. Ortega, F.J.; Moreno-Navarrete, J.M.; Pardo, G.; Sabater, M.; Hummel, M.; Ferrer, A.; Rodriguez-Hermosa, J.I.; Ruiz, B.; Ricart, W.;
Peral, B.; et al. MiRNA Expression Profile of Human Subcutaneous Adipose and during Adipocyte Differentiation. PLoS ONE
2010, 5, e9022. [CrossRef] [PubMed]

54. Harding, A.; Cortez-Toledo, E.; Magner, N.; Beegle, J.; Coleal-Bergum, D.; Hao, D.; Wang, A.; Nolta, J.; Zhou, P. Highly Efficient
Differentiation of Endothelial Cells from Pluripotent Stem Cells Requires the MAPK and the PI3K Pathways. Stem Cells 2017,
35, 409–419. [CrossRef] [PubMed]

55. Kalantzakos, T.J.; Sullivan, T.B.; Gloria, T.; Canes, D.; Moinzadeh, A.; Rieger-christ, K.M. Mirna-424-5p Suppresses Proliferation,
Migration, and Invasion of Clear Cell Renal Cell Carcinoma and Attenuates Expression of O-glcnac-transferase. Cancers 2021,
13, 5160. [CrossRef] [PubMed]

56. Zhao, C.; Zhao, F.; Chen, H.; Liu, Y.; Su, J. MicroRNA-424-5p Inhibits the Proliferation, Migration, and Invasion of Nasopharyngeal
Carcinoma Cells by Decreasing Akt3 Expression. Braz. J. Med. Biol. Res. 2020, 53, e9029. [CrossRef]

57. Du, H.; Xu, Q.; Xiao, S.; Wu, Z.; Gong, J.; Liu, C.; Ren, G.; Wu, H. MicroRNA-424-5p Acts as a Potential Biomarker and Inhibits
Proliferation and Invasion in Hepatocellular Carcinoma by Targeting TRIM29. Life Sci. 2019, 224, 1–11. [CrossRef] [PubMed]

58. Gerwins, P.; Sköldenberg, E.; Claesson-Welsh, L. Function of Fibroblast Growth Factors and Vascular Endothelial Growth Factors
and Their Receptors in Angiogenesis. Crit. Rev. Oncol. Hematol. 2000, 34, 185–194. [CrossRef]

59. Bastaki, M.; Nelli, E.E.; Dell’Era, P.; Rusnati, M.; Mollinari-Tosatti, M.P.; Parolini, S.; Auerbach, R.; Ruco, L.P.; Possati, L.; Presta, M.
Basic Fibroblast Growth Factor–Induced Angiogenic Phenotype in Mouse Endothelium. Arterioscler. Thromb. Vasc. Biol. 1997,
17, 454–464. [CrossRef]

60. Favier, B.; Alam, A.; Barron, P.; Bonnin, J.; Laboudie, P.; Fons, P.; Mandron, M.; Herault, J.P.; Neufeld, G.; Savi, P.; et al. Neuropilin-2
Interacts with VEGFR-2 and VEGFR-3 and Promotes Human Endothelial Cell Survival and Migration. Blood 2006, 108, 1243–1250.
[CrossRef]

61. Krist, B.; Podkalicka, P.; Mucha, O.; Mendel, M.; Sepioł, A.; Rusiecka, O.M.; Józefczuk, E.; Bukowska-Strakova, K.;
Grochot-Przeczek, A.; Tomczyk, M.; et al. MiR-378a Influences Vascularization in Skeletal Muscles. Cardiovasc. Res. 2020,
116, 1386–1397. [CrossRef]

62. Gu, W.; Nowak, W.N.; Xie, Y.; Le Bras, A.; Hu, Y.; Deng, J.; Issa Bhaloo, S.; Lu, Y.; Yuan, H.; Fidanis, E.; et al. Single-Cell
RNA-Sequencing and Metabolomics Analyses Reveal the Contribution of Perivascular Adipose Tissue Stem Cells to Vascular
Remodeling. Arterioscler. Thromb. Vasc. Biol. 2019, 39, 2049–2066. [CrossRef]

63. Tang, W.; Guo, J.; Gu, R.; Lei, B.; Ding, X.; Ma, J.; Xu, G. MicroRNA-29b-3p Inhibits Cell Proliferation and Angiogenesis by
Targeting VEGFA and PDGFB in Retinal Microvascular Endothelial Cells. Mol. Vis. 2020, 26, 64–75. [PubMed]

64. Yang, J.; Gao, J.; Gao, F.; Zhao, Y.; Deng, B.; Mu, X.; Xu, L. Extracellular Vesicles-Encapsulated MicroRNA-29b-3p from Bone
Marrow-derived Mesenchymal Stem Cells Promotes Fracture Healing via Modulation of the PTEN/PI3K/AKT Axis. Exp. Cell
Res. 2022, 412, 113026. [CrossRef] [PubMed]

65. Miyazono, K.; Katsuno, Y.; Koinuma, D.; Ehata, S.; Morikawa, M. Intracellular and Extracellular TGF-β Signaling in Cancer:
Some Recent Topics. Front. Med. 2018, 12, 387–411. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1186/1471-2121-14-34
https://www.ncbi.nlm.nih.gov/pubmed/23924189
https://doi.org/10.1186/s13287-019-1462-z
https://www.ncbi.nlm.nih.gov/pubmed/31775870
https://doi.org/10.1007/s10456-022-09848-3
https://doi.org/10.1160/TH13-01-0073
https://doi.org/10.2337/db07-1812
https://doi.org/10.1371/journal.pone.0004699
https://doi.org/10.1038/nm0106-36
https://www.ncbi.nlm.nih.gov/pubmed/16397558
https://doi.org/10.2337/diabetes.54.10.2911
https://doi.org/10.1371/journal.pone.0009022
https://www.ncbi.nlm.nih.gov/pubmed/20126310
https://doi.org/10.1002/stem.2577
https://www.ncbi.nlm.nih.gov/pubmed/28248004
https://doi.org/10.3390/cancers13205160
https://www.ncbi.nlm.nih.gov/pubmed/34680309
https://doi.org/10.1590/1414-431x20209029
https://doi.org/10.1016/j.lfs.2019.03.028
https://www.ncbi.nlm.nih.gov/pubmed/30876939
https://doi.org/10.1016/S1040-8428(00)00062-7
https://doi.org/10.1161/01.ATV.17.3.454
https://doi.org/10.1182/blood-2005-11-4447
https://doi.org/10.1093/cvr/cvz236
https://doi.org/10.1161/ATVBAHA.119.312732
https://www.ncbi.nlm.nih.gov/pubmed/32165827
https://doi.org/10.1016/j.yexcr.2022.113026
https://www.ncbi.nlm.nih.gov/pubmed/35026284
https://doi.org/10.1007/s11684-018-0646-8
https://www.ncbi.nlm.nih.gov/pubmed/30043220

	Introduction 
	Materials and Methods 
	ASC Isolation and Characterization 
	MTS Viability/Proliferation Assay 
	Induction of Endothelial Differentiation and Characterization 
	miRNA Isolation and Quantification 
	miRNA 4.0 Affymetrix Library Preparation and Sequencing 
	miRNA Data Analysis 
	qRT-PCR Analysis of miRNA Expression 
	Integrated Target Prediction of Differentially Expressed miRNAs and Enrichment Analysis 
	miRNA or Anti-miRNA Transfection 
	RNA Isolation and qRT-PCR of Target Genes 
	Constructs and Plasmids 
	Luciferase Reporter Assay 
	Statistical Analysis 

	Results 
	bFGF Induces Subcutaneous ASCs and Visceral ASCs to Differentiate into ECL Cells 
	Differential miRNA Profile in ASCs from Different Fat Depots and Metabolic Conditions after Their Differentiation into ECL Cells 
	MiRNA-424-5p, miRNA-378a-3p, and miRNA-29b-3p Regulate ASCs’ Angiogenic Differentiation 
	In Silico Analysis: miRNAs Target Angiogenesis-Associated Genes FGFR1, NRP2, MAPK1, and TGF-2 in Differentiated ASCs into ECL Cells 

	Discussion 
	Conclusions 
	References

