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Abstract Multi-potent mesenchymal stem/progenitor cells
are present in almost all organs and tissues, although their
identity remains elusive. Several isolation strategies have been
pursued to identify these cells prospectively, leading to the
isolation of various cell populations endowed with multi-
lineage mesodermal potential. Historically, mesenchymal stem
cells (MSCs) were the first cell population to be isolated from
the stromal fraction of most connective tissues. These cells are
able to differentiate towards various mesodermal lineages and
are currently the most studied adult mesodermal progenitors.
Recently, the isolation of a subpopulation of microvascular
pericytes (PCs) endowed with multi-lineage mesodermal po-
tential has led to the identification of mesenchymal progenitors
that reside in a defined anatomical location, namely the wall of
small blood vessels. To gain insight into these two related cell
populations, we performed a detailed analysis of the mesoder-
mal potential of isogenic human MSCs and PCs isolated from
white adipose tissue. Although both cell populations expressed
known mesodermal markers at similar levels and displayed a
comparable growth rate, PCs differentiated towards osteocytes,
adipocytes and myocytes more efficiently than their MSC
counterparts, as revealed by both histological and molecular
assays. Our results show that microvascular PCs are more
prone to mesenchymal differentiation than MSCs and therefore
represent a preferable source of human adult mesenchymal
progenitors when adipose tissue is used as a cell source.
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Introduction

Connective tissues maintain their homeostasis because of the
presence of resident undifferentiated progenitor cells that guar-
antee cellular turnover throughout life. In humans, these pro-
genitors were isolated for the first time from bone marrow
(Pittenger et al. 1999) and later, following similar isolation
procedures, from connective tissues and organs such as adipose
tissue, dermis, cord blood, liver, or pancreas (Zuk et al. 2001,
2002; Toma et al. 2001; In’t Anker et al. 2004; Beltrami et al.
2007; Gallo et al. 2007). Based on their differentiation abilities,
these cells are usually referred to as mesenchymal stem cells
(MSCs). Although several alternative protocols have been fur-
ther developed to obtain multi-potent progenitors from various
tissues, “standard” MSCs are currently defined as adult multi-
potent progenitors that are isolated following the enzymatic
digestion of the stromal fraction of organs and further selected
as plastic-adherent cells (Baksh et al. 2004; Da Silva Meirelles
et al. 2008). More recently, a distinct human adult stem cell
population endowed with multi-mesodermal potential has been
identified in the wall of small blood vessels and isolated fol-
lowing explant cultures and/or fluorescence-activated cell-
sorting (FACS) purification of the vascular portion of various
organs and tissues (Dellavalle et al. 2007; Crisan et al. 2008).
These progenitors have been further identified both by in vivo
and in vitro approaches as microvascular pericytes (PCs).
Although MSCs have been proposed to represent a subpopu-
lation of pericytes (Caplan 2008), lineage-tracing experiments
that definitively support this hypothesis have not as yet been
performed, because of the absence of highly selective markers
(Bianco 2011; Feng et al. 2011). Accordingly, MSCs and PCs
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are currently considered as two closely related multi-potent cell
populations that are present in several adult tissues and that can
be isolated by using various experimental protocols and ex-
panded under various culture conditions.

Both MSCs and PCs are able to differentiate towards ma-
ture cells of mesodermal origin such as adipocytes, osteocytes,
chondrocytes and muscle cells (Pittenger et al. 1999; Crisan
et al. 2008). Several studies indicate that the differentiation
abilities of MSCs result from the presence of a heterogeneous
mixture of cells with null-, single-, or multi-lineage potential
(Muraglia et al. 2000; Guilak et al. 2006; Russell et al. 2010).
This implies that the overall differentiation potential of MSCs
reflects the effective frequency of these progenitors in a given
MSC population (Phinney 2012). In contrast, PCs are a more
homogeneous cell population consisting in a pool of progen-
itors with equal or comparable multi-lineage differentiation
abilities. However, this latter aspect has been formally dem-
onstrated only in PCs from human skeletal muscle (Crisan
et al. 2008). Regardless of the relative frequency of clonal
multi-potent progenitors, whose number and distribution can
vary across different adult tissues (Manini et al. 2011), prelim-
inary evidence that MSCs and PCs differ in their overall dif-
ferentiation abilities has been obtained in a study in which
MSCs isolated from bone fragments and PCs isolated from
skeletal muscle have been compared (Roobrouck et al. 2011).
Actually, the direct quantitative analysis of the differentiation
abilities of MSCs and PCs isolated from the same tissue might
improve our current knowledge of the differentiation proper-
ties of these cell populations. A major goal of the current
research on human adult stem cells is to provide multi-
potent cells that can be isolated with minimal invasive proce-
dures and that retain robust differentiation abilities. Among
adult tissues, adipose tissue is widely available, easy to access
and loaded with a conspicuous number of multi-potent cells,
thus representing a good source from which progenitor cells
can be isolated and used for experimental and clinical appli-
cations (Orbay et al. 2012). Here, we report the detailed anal-
ysis of the mesodermal differentiation properties of isogenic
MSCs and PCs prepared in parallel from biopsies of human
white adipose tissue. Our results indicate that PCs have better
differentiation abilities than their MSC counterparts, thus sug-
gesting that, when adipose tissue is used as a source of multi-
potent mesodermal progenitors, the isolation of microvascular
PCs should be preferred to that of standard MSCs.

Materials and methods
Cell isolation and culture
All biopsies were taken following informed consent obtained

from patients who underwent diagnostic surgery (later classi-
fied as “non-pathologic™) at the Division of Obstetrics and
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Gynecology and at the Molecular Medicine Section of the
University of Siena. All reagents were purchased from
Sigma-Aldrich if not otherwise specified. To reduce genetic
and sampling variability, MSCs and PCs were derived from
the same subcutaneous white adipose tissue biopsy. MSCs
were isolated as previously described (Pierantozzi et al.
2011). Briefly, a portion of each biopsy was digested by col-
lagenase type IA and filtered through 100-pm and 70-pum cell
strainers. The resultant single cell suspension was plated in
proliferation medium consisting of alpha-minimum essential
medium (x-MEM; Lonza), supplemented with heat-
inactivated 10 % fetal bovine serum (FBS), 2 mM glutamine,
100 U/ml penicillin and 100 pg/ml streptomycin (Lonza).
PCs were isolated from the remaining part of each adipose
tissue biopsy (Fig. 1a) as previously described, with minor
modifications (Tonlorenzi et al. 2007). Briefly, adipose tissues
were mechanically dissected into small pieces that were trans-
ferred to collagen-coated Petri dishes. After at least 4 h of
adherence, growing medium consisting of Dulbecco’s modi-
fied Eagle’s medium (DMEM)-mega-cell supplemented with
5 % FBS, 2 mM glutamine, 100 U/ml penicillin, 100 pg/ml
streptomycin, 1 % non-essential amino acids, 0.1 mM f3-
mercaptoethanol and 5 ng/ml basic fibroblast growth factor
(Peprotech) was added. At 812 days after plating, both float-
ing and weakly adherent cells that emerged from the explants
were transferred to a new non-coated dish. This step was con-
sidered as passage 1. All cell populations were trypsinized and
transferred to a new dish when they reached 70 %—80 % con-
fluence. Population doublings (PD) were calculated by using
the following formula: PD=1n2/(InC2)/(InC1), where C1 rep-
resents the number of cells seeded at a given passage and C2
the number of cells harvested at the next passage, as previous-
ly described by Manini et al. (2011). As a control for some
experiments, PCs from the perimysium of the vastus lateralis
muscle were isolated and cultured by using the above-
described procedures.

In vitro myogenic, osteogenic and adipogenic
differentiation

Skeletal muscle differentiation was induced by seeding 1x10*
cells/cm? onto dishes coated with Matrigel (growth-factor-re-
duced; BD), referred to in the text as “spontaneous”-12 days
of differentiation, or by co-culturing MSCs and PCs with
C2C12 mouse myoblasts or L6 rat myoblasts at a ratio of 1:4,
referred to in the text as “co-culture”-10 days of differentiation.
In both protocols, differentiation medium consisted of DMEM
supplemented with heat-inactivated 2 % horse serum
(Euroclone), 2 mM glutamine, 1 mM sodium pyruvate,
100 U/ml penicillin and 100 pg/ml streptomycin (D2 medium).

Smooth muscle differentiation (8 days of differentiation)
was induced by seeding 1x10* cells/cm? onto Matrigel-
coated dishes in D2 medium supplemented with transforming
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Fig. 1 Adipose-tissue-derived pericytes (PCs) and mesenchymal
stem cells (MSCs) share common mesenchymal and pericytic
markers. a-a””” Each biopsy (a) was divided in two pieces and
PCs and MSCs were isolated by explant-cultures and enzymatic
digestion protocols, respectively (a’, a’’). Representative
micrographs (a’”, a””) and FSC-H/SSC-H plots (a’”, a”””) of
PCs and MSCs are shown. Bars 21 mm (a, a’), 100 um (a”—
a””). b Growth curves of PCs and MSCs (PD population doubling;
n=4 for both cell populations). ¢ Representative plots of flow cy-
tometry analysis of PCs and MSCs at passage two (p2) for CD13,
CD31, CD34, CD44 and CD146 surface antigens. CD146
expression was also evaluated at passage six (p6; bottom panels).
The percentage of positive cells (green peak) for each marker is

growth factor- (5 ng/ml; R&D) that was freshly added every
other day. To visualize differentiated skeletal myotubes or
smooth-muscle-differentiated cells, cells grown on Matrigel-
coated glass slides were fixed with 3 % (v/v) paraformalde-
hyde, permeabilized with HEPES-Triton buffer (HEPES
20 mM, sucrose 300 mM, MgCl, 3 mM, Triton X-100
0.5 %) saturated with 10 % FBS or normal goat serum and
incubated with the following primary antibodies: monoclonal
anti-oc-actinin (30 pg/ml), polyclonal anti-SM22-« (Abcam,
0.5 pg/ml), monoclonal anti-MyoD (Abcam, 20 pg/ml). In
some experiments, anti-«-actinin and anti-MyoD were directly

OL-TUB — g — —

shown. Ig isotype-matched antibodies (black peak) were used to
set basal fluorescence. d Analysis of CD146+ cells from pl to p6
in MSCs and PCs (n=3 for both cell populations). Values are
expressed as means of positive cellstSEM; * P<0.05, Two-way
analysis of variance. e Reverse transcription plus polymerase chain
reaction (RT-PCR) analysis of MYF5, MYOD and alkaline
phosphatase (4LP) expression. Human myoblasts and terminally
differentiated osteocytes were used as positive and negative
controls for MYF5 and MYOD, respectively. f-Actin (5-ACT)
was used as normalization internal standard. f Western blot
analysis of expression of NG2 (a proteoglycan) in two PC
populations and two MSC populations. «-Tubulin (a—TUB) was
used as a loading control

conjugated with Alexa Fluor 647 and Alexa Fluor 488, respec-
tively, following the manufacturer’s instructions (Life
Technologies). Nuclei were visualized by 6-diamidino-2-
phenylindole (DAPI; Calbiochem) or propidium iodide (PI)
staining. In co-culture experiments, human nuclei were
counter-stained with monoclonal anti-human lamin A/C
(Novocastra, 1:50). Specific secondary antibodies (anti-mouse
IgG conjugated to cyanine2, 1:5000; anti-goat IgG conjugated
to cyanine3, 1:20,000; both purchased from Jackson Immuno-
Research Laboratories) were used to reveal bound primary an-
tibodies. Slides were analyzed with a LSM-510 META
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confocal microscope (Zeiss, Jena, Germany). In co-culture
experiments, the percentage of myogenic efficiency was
calculated as the number of human nuclei inside «-
actinin-positive cells and myotubes, divided by the total
number of nuclei inside the myotubes. In each experi-
ment, more than two hundred nuclei inside myotubes
were scored out of seven to fifteen microscopic fields
randomly chosen among three different glass-slides.
Microscopic fields without o-actinin-positive myotubes
were not scored. Each experiment was performed twice
with three different cell populations of PCs and of MSCs.

Osteogenic differentiation (21 days of differentiation) was
induced by plating 2x10* cells/cm” in the presence of osteo-
genic medium consisting of «-MEM supplemented with 10 %
FBS, 2 mM L-glutamine, 100 U/ml penicillin, 100 pg/ml
streptomycin, 0.1 uM dexamethasone, 50 uM ascorbate-2-
phosphate and 10 mM f(3-glycerophosphate. The production
of the extracellular calcified mineral matrix was visualized by
Alizarin-Red staining. Quantification of osteogenic differenti-
ation was performed by Alizarin-Red extraction as previously
described (Manini et al. 2011).

Adipogenic differentiation (14 days of differentiation) was
induced by plating 2x10* cells/cm? in the presence of
adipogenic medium consisting of «-MEM supplemented with
10 % FBS, 2 mM L-glutamine, 100 U/ml penicillin,
100 pg/ml streptomycin, 0.5 mM isobutyl-methylxanthine,
1 uM dexamethasone, 10 uM insulin and 200 pM indometh-
acin. The presence of lipid droplets was visualized by Oil-red
O staining. Quantification of adipogenic differentiation was
performed by Oil-Red-O extraction as previously described
(Manini et al. 2011).

RNA extraction, reverse transcription and polymerase
chain reaction amplification

Total RNA was extracted from proliferating and differentiat-
ing cell populations by using the RNeasy kit (Qiagen) follow-
ing the manufacturer’s instructions. From each RNA sample,
200 ng were reverse-transcribed by using the High Capacity
cDNA reverse transcription kit following the manufacturer’s
instructions (Applied Biosystems). Target cDNAs were am-
plified for 30 cycles at pair-specific annealing temperatures by
using the following primers: MYF5 (Fw 5'-CTATAGCCTG
CCGGGACA-3"; Rev 5'-TGGACCAGACAGGACTGTTA
CAT-3"); MYOD (Fw 5-GAAGCTAGGGGTGAGGAAGC-
3'; Rev 5'-CCCGGCTGTAGATAGCAAAG-3"); ALP (Fw 5'-
CCTCCTCGGAAGACACTCTG-3"; Rev 5'-GCAGTGAA
GGGCTTCTTGTC-3"); 3-ACTIN (Fw 5-CAACTCCATC
ATGAAGTGTGAC-3"; Rev 5'-GCCATGCCAATCTCAT
CTTG-3"); peroxisome proliferator-activated receptor-y
(PPAR-y; Fw 5'-TTCTCCTATTGACCCAGAAAGC-3’;
Rev 5'-TCCACTTTGATTGCACTTTGG-3"); runt-related
transcription factor (RUNX2; Fw 5'-GCAGCACGCTATTA
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AATCCAA-3"; Rev 5'-ACAGATTCATCCATTCTGCCA-
3"); Osterix (OSX; Fw 5-GCCAGAAGCTGTGAAACCTC-
3’; Rev 5'-GCAACAGGGGATTAACCTGA-3'); LincMD1
(Fw 5'-CACTGCCAGCTCTGGAAAAT-3"; Rev 5'-ACTT
GGTTCCGTTTGACCAG-3'). MicroRNAs were extracted
and purified from proliferating cell populations by using the
RNeasy mini kit (Qiagen), following the manufacturer’s in-
structions. The concentration of the microRNA-enriched frac-
tion was evaluated by NanoDrop ND-1000. MicroRNAs were
converted into single-strand cDNA with the miScript I RT kit
(Qiagen), following the manufacturer’s instructions. cDNA
samples were amplified in triplicate by using the miScript
SYBR Green PCR kit (Qiagen). Real-time quantitative PCR
analysis was performed on a StepONE Plus detection system
(Applied Biosystems) and the relative microRNA expression
was calculated by using the Pfaffl quantification method
(Pfaffl 2001). Primers used in this set of experiments were
the following: hsa-miR-1: 5'-UGGAAUGUAAAGAAGU
AUGUAU-3'; hsa-miR-133b: 5'-UUUGGUCCCCUUCA
ACCAGCUA-3"; hsa-miR-206: 5'-UGGAAUGUAAGGAA
GUGUGUGG-3' (Qiagen, miScript Pimer Assay); with hsa-
RNU6-2 (Qiagen) as an internal control.

Protein extraction and Western blotting

Pellets of undifferentiated or differentiated cells were lysed
in RIPA buffer (TRIS 50 mM, NaCl 150 mM, SDS 0.1 %,
sodium deoxycholate 0.5 %, Triton X-100 or NP40 1 %)
containing a protease inhibitor cocktail for 30 min at 4 °C
and further disrupted through sonication. Insoluble materials
were removed by centrifugation at 18,000 relative centrifu-
gal force for 10 min at 4 °C and protein concentration was
measured by Bradford’s protein assay (Bio-Rad). Proteins
(50 pg) were loaded onto 10 or 12 % SDS—polyacrylamide
gel for electrophoresis and then transferred onto
polyvinylidene difluoride membrane. The membranes were
blocked in 5 % no-fat milk in TRIS-buffered saline and
Tween 20 for 1 h at room temperature and incubated over-
night with the following primary antibodies: polyclonal anti-
NG2 (Chemicon, 2 pg/ml), polyclonal anti-SM22-«
(Abcam, 0.1 pg/ml), monoclonal anti-x-tubulin (ascite fluid,
1:5000). Anti-rabbit, anti-goat and anti-mouse IgG antibod-
ies conjugated to horseradish peroxidase (Ge-Healthcare,
1:3000) were used to detect immunoreactive bands by
SuperSignal West Pico chemiluminescent reagent (Pierce).
Protein expression levels of SM22-« were quantified by
optical densitometry by using ImagelJ software.

Flow cytometry
Proliferating cells were analyzed by fluorescence-activated cell-

sorting (FACS-Aria, BD) at early (pl-p3) and late passages
(p4—p8). Cells were washed and re-suspended in ice-cold PBS
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containing 0.5 % bovine serum albumin (FACS buffer). Cells
(1x10°) were incubated for 30 min at 4 °C with the following
monoclonal antibodies: phycoerythrin (PE)-conjugated CD13
(DAKO, 1:50); PE-conjugated CD31 (Santa Cruz, 1:50);
allophycocyanin (APC)-conjugated CD34 (BD, 1:50); APC-
conjugated CD44 (e-Bioscience, 1:50); fluorescein isothiocya-
nate (FITC)-conjugated CD45 (BD, 1:50); PE-conjugated
CD146 (BD, 1:50). Identical Ig isotypes conjugated to PE,
FITC, or APC were used to set the fluorescence background.

Statistics

Statistical analysis was performed by using the Student’s #-test
or the two-way analysis of variance by using GraphPad
Prism6 software. Results are presented as means+=SEM; a P-
value less than 0.05 was considered statistically significant.

Results

Characterization of MSCs and PCs from white adipose
tissue

To avoid individual variability, MSCs and PCs were
isolated in parallel from the same biopsy of human
white adipose tissue (n=4) as detailed in Materials and
methods (Fig. la—a”). All cell populations were grown
in culture for at least eight passages and displayed a
similar growth rate (Fig. 1b). They also had comparable
cell morphology when observed under a light micro-
scope and were found in the same gated-region when
analyzed by FACS (Fig. 1a”-a”””’). MSCs and PCs
were analyzed for the expression of known mesenchy-
mal and pericytic markers. As reported in Fig. lc,
FACS analysis showed that both cell populations uni-
formly expressed CD13 and CD44 antigens. MSCs and
PCs did not express endothelial markers such as CD31
and CD34. The percentage of cells expressing the
CD146 antigen was similar in both cell populations at
early passages (pl-p3). However, starting from passage
four, the percentage of CD146-positive cells was mark-
edly decreased in MSCs, whereas it was maintained or
even increased in PCs (Fig. lc [bottom panels], d). RT-
PCR and Western blot experiments indicated that both
cell populations expressed alkaline phosphatase (ALP), a
classic marker of mesodermal precursors (Fig. le) and
NG2, a proteoglycan known to be expressed by
perivascular mural cells (Crisan et al. 2009; Fig. 1f).
Finally, no analyzed MSCs and PCs expressed the
muscle-specific transcription factors MYOD and MYF5
(Fig. le).

Analysis of mesodermal differentiation potential of MSCs
and PCs

To analyze the mesodermal differentiation potential of MSCs
and PCs, cell populations were induced to differentiate to-
wards adipogenic, osteogenic and myogenic lineages.
Adipogenic and osteogenic differentiation were first assessed
by histological staining after 14 and 21 days of differentiation,
respectively. Indeed, lipid droplets were visualized by Oil-
Red-O staining, whereas the apposition of the extracellular
calcified mineral matrix was detected by Alizarin-Red stain-
ing. As shown in Fig. 2a, b, MSCs and PCs were both able to
differentiate into adipocytes and osteocytes. However, quan-
titative analysis of cell differentiation performed by means of
dye-extraction indicated that PCs were able to accumulate a
total amount of lipids that was about 15-fold higher than that
accumulated by MSCs (Fig. 2a”). Similarly, the amount of
extracellular mineral matrix produced by PCs was about 30-
fold higher than that measured with MSCs (Fig. 2b”), thus
suggesting that PCs can differentiate towards adipogenic and
osteogenic lineages more efficiently than MSCs. We previous-
ly observed that MSCs but not PCs, showed a decrease in
CD146 expression after 4—6 passages in culture (Fig. 1d).
We thus wondered whether the reduction in CD146-positive
cells correlated with differences in the adipogenic and osteo-
genic abilities of MSCs and PCs at later passages. However,
quantitative analysis of both adipogenic and osteogenic differ-
entiation demonstrated no significant differences between ear-
ly and late passages of both cell populations (data not shown).
The myogenic potential of MSCs and PCs was analyzed by
using standard protocols for smooth and skeletal muscle dif-
ferentiation (see Materials and methods for details). MSCs and
PCs readily differentiated into smooth muscle cells as revealed
by both immunostaining and immunoblotting with an anti-
body against SM22-« (Fig. 2c—c”’). On the contrary, follow-
ing the induction of skeletal muscle differentiation, neither
MSCs nor PCs were able to fuse and form x-actinin-positive
myotubes (Fig. 2d-d”, e—e”’). However, when co-cultured
with L6 rat myoblasts or C2C12 mouse myoblasts, PCs but
not MSCs, were recruited to form myotubes with a recorded
myogenic efficiency of 7 % and 5 %, respectively (Fig. 2g—
g””, h-h’”, j; data not shown). To verify the myogenic con-
version of PCs but not of MSCs, MYOD expression in human
cells co-cultured with either L6 or C2C12 was analyzed fol-
lowing the induction of myogenic differentiation. MyoD was
detected by immunofluorescence in the nuclei of PCs, as iden-
tified with an antibody against human lamin A/C (Fig. 2k-k””,
1-1"") but not in those of MSCs co-cultured with either L6 or
C2C12 cells (Fig. 2m—m’”, n—n""), further supporting that
only PCs are endowed with myogenic potential that can be
unmasked under appropriate conditions. As a control for
in vitro myogenic differentiation, we used pericytes isolated
from skeletal muscle (SK) tissue. Notably, SK-PCs were more
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efficient than MSCs and PCs prepared from adipose tis-
sue in fusing and forming «-actinin-positive myotubes in
both spontaneous and co-culture differentiation conditions
(Fig. 2f-£™, i-1"”).

Molecular analysis of adipogenic, osteogenic
and myogenic differentiation of MSCs and PCs

Next, the adipogenic, osteogenic and myogenic differen-
tiation of MSCs and PCs was analyzed at the molecular
level. Accordingly, the expression of early genes involved
in the onset of adipogenesis and osteogenesis was ana-
lyzed by quantitative RT-PCR in PCs (Fig. 3a—c) and
MSCs (Fig. 3d-f) at various time points: (1) before the
induction of differentiation; (2) 2 days after the induction
of adipogenesis; (3) 12 days after the induction of
osteogenesis.

Expression of PPARvy, one of the main adipogenic
transcription factors, did not significantly differ between
undifferentiated PCs and MSCs (data not shown). After
2 days of adipogenic induction, we observed a 22-fold
increase of PPARYy expression in PCs compared with a
10-fold increase in MSCs (Fig. 3a, d). The early
expressed osteogenic transcription factor RUNX2 was
expressed at similar basal levels in both undifferentiated
MSCs and PCs and the presence of OSX was detect-
able in undifferentiated MSCs, whereas it was nearly
negligible in undifferentiated PCs (data not shown).
After 12 days of osteogenic differentiation, the expres-
sion of RUNX2 and OSX in PCs increased by 13-fold
and 5-fold, respectively, with respect to undifferentiated
cells (Fig. 3b, ¢). On the other hand, in MSCs, we
observed a 7-fold increase of only RUNX2 expression,
whereas OSX expression decreased (Fig. 3e, f).
According to the results obtained on spontaneous skel-
etal muscle differentiation, the expression of the early
muscle-specific genes MYOD and MYF5 was undetect-
able in both MSCs and PCs following 3 days of myo-
genic differentiation (data not shown), further validating
that neither MSCs nor PCs can efficiently support myo-
genic differentiation. To understand this point, we ana-
lyzed the expression of three major pro-myogenic
microRNAs, namely mir-1, mir-133 and mir-206
(Townley-Tilson et al. 2010) and the expression of a
recently discovered pro-myogenic long non-coding
RNA, namely linc-MD1 (Cesana et al. 2011), in undif-
ferentiated MSCs and PCs. Indeed, quantitative RT-PCR
experiments showed that both cell populations expressed
extremely low levels of mir-1, mir-133, mir-206 and
linc-MD1 (Fig. 3g, h) with respect to those measured
in undifferentiated pericytes from skeletal muscle that
were used herein as references.
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Fig. 2 Qualitative and quantitative analysis of adipogenic, osteogenic P>
and myogenic differentiation abilities of PCs and MSCs. a-a”
Representative micrographs of Oil-Red-O staining of lipid droplets in
differentiated PCs (a) and MSCs (a’), with quantification of bound
Oil-Red-O being reported in the histogram right (a”). b—b” Representa-
tive micrographs of Alizarin-Red staining of extracellular calcified
mineral matrix in differentiated PCs (b) and MSCs (b’), with quantifica-
tion of bound Alizarin-Red being reported in the histogram right (b”).
Normalized dye content in MSCs was arbitrarily set as “1”. Values are
expressed as the fold increase of PCs over MSCs(+SEM). Biological
replicates: 3; experimental replicates: 3. ¥*P<0.05, Student’s t-test. c—¢*”
Representative micrographs of SM22-a immunostaining in PCs (¢) and
MSCs (¢’). Nuclei were counter-stained with DAPI (blue). SM22-« pro-
tein expression was determined by Western blot analysis (¢”) and quan-
tified by densitometric analysis (¢”). «-Tubulin (a—7TUB) was used as a
loading control. d—f” Spontaneous skeletal myogenic differentiation of
adipose tissue PCs (d—d”), adipose tissue MSCs (e—e”) and skeletal
muscle PCs (f—f”) was visualized by x-actinin staining (green) of differ-
entiated cells and/or myotubes (d’, ¢’, f*). All nuclei were counter-stained
with propidium iodide (PF; d, e, f). Merged images are shown in d”, e”,
f”. g—j Myogenic differentiation was also induced by co-culturing adi-
pose tissue PCs (g—g””), adipose tissue MSCs (h—h*”) and skeletal mus-
cle PCs (i-i"”) with L6 rat myoblasts. Differentiating cells or myotubes
were visualized by x-actinin staining (violet; g, h, i). Human nuclei were
visualized by counter-staining with human lamin A/C (g”, h”, i”). Both
rat and human nuclei were stained with PI (g’, h’, i’). Merged images are
shown in g, h>”, i””. j Myogenic differentiation efficiency in each
co-culture experiment was calculated as described in Materials and
methods. *P<0.05, Student’s #-test (ND not detected, A7-PCs adipose
tissue PCs, MSCs adipose tissue MSCs, SK-PCs skeletal muscle PCs).
k—n"” MyoD immunostaining of PCs co-cultured with either L6 (k—k*”)
or C2C12 (I-I"”) and MSCs co-cultured with either L6 (m—m’”) or
C2C12 (n—n"). Anti-MyoD antibody recognized both human and rodent
protein (k, 1, m, n). Human nuclei were visualized by counter-staining
with human lamin A/C (k”, 1”, m”, n”). All nuclei were stained with
DAPI (K, I’, m’, n’). Merged images are shown in K’”, I’’, m””, n””.
Bars 100 um (a, a’, b, b’), 20 pm (c-n””)

Discussion

Although mesenchymal stem/progenitor cells are present in
the stromal fraction of all human organs, their identity remains
poorly defined. Bone marrow was the first tissue from which
mesenchymal progenitors were isolated and it is currently the
elective tissue for obtaining multi-potent cells used for clinical
applications (Trounson et al. 2011). By adapting the original
isolation procedure developed in bone marrow, various types
of stroma-residing progenitors have been isolated from virtu-
ally all organs (Da Silva Meirelles et al. 2006). At present,
however, MSCs prepared following the enzymatic digestion
of tissue and selection of plastic-adherent cells remain the
most characterized adult mesodermal progenitors. More
recently, multi-potent perivascular-residing cells, namely
PCs, have been identified by exploiting an alternative isola-
tion procedure (Dellavalle et al. 2007; Crisan et al. 2008).
Nevertheless, although both cell populations are well known
as being able to differentiate towards distinct mesodermal lin-
eages, whether MSCs and PCs have distinct or equivalent
differentiation potential is still an open question (Bianco and
Cossu 1999; Da Silva Meirelles et al. 2008; Caplan 2008;
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Roobrouck et al. 2011). In this study, we analyzed and com-
pared isogenic MSCs and PCs isolated in parallel from the
same biopsy of human white adipose tissue. Because of its
wide availability and its less invasive harvesting procedure
compared with that of bone marrow, adipose tissue has grad-
ually emerged as a valid alternative source of undifferentiated
mesodermal progenitors that can also be used in clinical
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applications. We isolated MSCs from the stromal fraction
of the tissue according to the original isolation procedure
developed by Zuk and colleagues (2002), whereas PCs were
obtained following culture of explants of the vascularized por-
tion of the tissue, as previously described (Tonlorenzi et al.
2007). We found that the two isogenic cells populations are
similar in terms of growth rate and the expression pattern of
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Fig. 3 Quantitative RT-PCR analysis of adipogenic, osteogenic and
myogenic factors. The expression of peroxisome proliferator-
activated receptor-y (PPAR~; a, d), runt-related transcription factor
(RUNX2; b, e) and Osterix (OSX; ¢, f) was analyzed in both adipose
tissue PCs (a—c) and MSCs (d—f) in: (1) undifferentiated cells
(undiff), (2) differentiating cells 2 days after the induction of
adipogenesis (2 days) and (3) differentiating cells 12 days after the
induction of osteogenesis (/2 days). The expression of target genes
in undifferentiated cells was arbitrarily set as “1”. Data are reported
as the fold increase of target transcription in differentiating cells
over undifferentiated cells, as calculated by using the Pfaffl
quantification method (Pfaffl 2001). * P<0.05, Student’s t-test. g

mesenchymal markers. These observations are consistent with
previous studies of human MSCs and PCs in which cells iso-
lated from other tissues and/or selected by CD146 expression
were compared (Covas et al. 2008; Roobrouck et al. 2011). In
agreement with previous studies that revealed that the expres-
sion of CD146, both in vivo and in vitro, is dynamic and
dependent on cell type and culture conditions (Roobrouck
etal. 2011; Lv et al. 2014; own unpublished results), we noted
that the presence of CD146+ cells varies during the in vitro
growth of isogenic MSCs and PCs from adipose tissue.
CD146 has been used to identify and purify adult progenitors
from bone marrow stroma and from the vascular niche of
various tissues (Sacchetti et al. 2007; Crisan et al. 2009).
However, we found that the percentage of CD146+ cells does
not correlate with either the proliferation or differentiation
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Expression of microRNAs miR1, miR133 and miR206 was
analyzed in undifferentiated PCs from adipose tissue (47-PCs) and
mesenchymal stem cells from adipose tissue (MSCs). MicroRNA
expression in undifferentiated pericytes from skeletal muscle tissue
(SK-PCs), herein used as a reference control, was arbitrarily set as
“1”. h Expression of linc-MD1 was analyzed in undifferentiated
PCs from adipose tissue (47-PCs) and mesenchymal stem cells
from adipose tissue (MSCs). Linc-MD1 expression in
undifferentiated pericytes from skeletal muscle (SK-PCs) was
arbitrarily set as “1”. In g, h, data are reported as fold changes of
the expression of the targets in AT-PCs and MSCs with respect to
SK-PCs. **P<0.01, two-way analysis of variance

abilities of adipose-derived isogenic MSCs and PCs. The anal-
ysis of the differentiation abilities of MSCs and PCs indicates
that they are both able to differentiate towards adipogenic and
osteogenic lineages. Interestingly, we demonstrated that PCs
activate the adipogenic and the osteogenic molecular pro-
grams more efficiently than their MSC counterparts, leading
to a more robust terminal differentiation. To our knowledge,
this is the first time that this evidence has been reported for
isogenic adipose-tissue-derived MSCs and PCs. In addition,
the analysis of the myogenic potential of MSCs and PCs
revealed that both cell populations are able to differentiate in
smooth muscle cells, whereas none of the analyzed cell pop-
ulations are able to proceed towards skeletal muscle differen-
tiation. Human adipose pericytes transplanted into mouse
skeletal muscle can be recruited into the fibers of recipient
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mice, whereas MSCs cannot (Crisan et al 2008; Valadares
et al. 2014). Accordingly, we found that the myogenic poten-
tial of PCs but not of MSCs, can be partially rescued when
induced to differentiate in co-culture with murine or rat myo-
blasts, further confirming that, in adipose tissue, PCs are also
endowed with a “latent” myogenicity that is not displayed by
their MSC counterparts. The inability of MSCs to undergo
skeletal myogenic differentiation was also reported by
Roobrouk and colleagues (2011) in a set of experiments per-
formed on MSCs prepared from bone fragments. Of note, the
inability of adipose tissue PCs to undergo spontaneous skele-
tal muscle differentiation is in contrast with that of PCs pre-
pared from skeletal muscle that, at variance, readily fuse and
form myotubes when cultured in myogenic differentiation me-
dium. Interestingly, we found that, before the induction of
differentiation, skeletal-muscle-derived PCs but not adipose-
tissue-derived PCs, express detectable basal levels of known
pro-myogenic factors (i.e., mir-1, mir-133, mir-206 and linc-
MD1), indicating that skeletal-muscle-derived PCs are more
prone to myogenic differentiation than PCs derived from ad-
ipose tissue. This evidence indicates that PCs from different
tissues are not equivalent in terms of their differentiation
abilities.

Taken together, our results indicate that isogenic MSCs
and PCs differ in terms of their adipogenic, osteogenic and
myogenic differentiation abilities. If adipose tissue is used
as a source of adult multi-potent progenitors, the isolation
of microvascular PCs is therefore to be preferred, instead of
standard MSCs. MSCs and PCs, including MSCs from
adipose tissue, are known to comprise clonal progenitors
that are not equivalent in terms of multi-lineage potential
(Muraglia et al. 2000; Guilak et al. 2006; Crisan et al.
2008). Whether this reflects the differences observed between
the MSCs and PCs in our analysis needs to be further
investigated.
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