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Mesenchymal stromal cells (MSCs) represent a bone marrow (BM) population, classically
defined by five functional properties: extensive proliferation, ability to differentiate into os-
teoblasts, chondrocytes, adipocytes, and stromal cells —supporting hematopoiesis. However,
research progress in this area has been hampered by lack of suitable markers and standard-
ized procedures for MSC isolation. We have isolated a CD146* multipotent MSC population
from 20 human BM donors displaying the phenotype of self-renewing osteoprogenitors; an
extensive 12-week proliferation; and the ability to differentiate in osteoblasts, chondrocytes,
adipocytes, and stromal cells supporting hematopoiesis. Furthermore, the CD146* MSCs se-
crete a complex combination of growth factors (GFs) controlling hematopoietic stem cells
(HSCs) function, while providing a >2-log increase in the long-term culture (LTC) colony
output in 8-week LTC over conventional assays. The hematopoietic stromal function ex-
hibited by the MSCs was further characterized by manipulating LTCs with the chemical
inhibitors Imatinib or SU-5416, targeting two GF receptors (GFRs), KIT or VEGFR2/1, re-
spectively. Both treatments similarly impaired LTC colony output, indicating key roles for
these two GF/GFR interactions to support LTC-initiating cell activity. CD146" MSCs may
thus represent a tool to explore the MSC-HSC cross-talk in an in vitro surrogate model
for HSC “niches,” and for regenerative therapy studies. In addition, the MSC microRNA
(miRNA) expression profile was analyzed by microarrays in both basic conditions and chon-
drogenic differentiation. Our analysis revealed that several miRNAs are modulated during
chondrogenesis, and many of their putative targets are genes involved in chondrogenic dif-
ferentiation. © 2008 ISEH - Society for Hematology and Stem Cells. Published by Elsev-
ier Inc.

Mesenchymal stromal cells (MSCs) represent a bone mar-
row cell (BM) population, classically defined by the ability
to undergo sustained proliferation and the potential to give
rise to multiple mesenchymal cell lineages, including oste-
ocytes, chondrocytes, adipocytes, and reticular stromal cells
supporting hematopoiesis [1-11]. In the mouse, MSCs have
been isolated from virtually all postnatal murine organs and
tissues, possibly due to their presence in a perivascular
MSC niche [12]. In humans, MSC have been isolated
from bone marrow [1-3,13], cord blood [13], adult periph-
eral blood, mobilized [14], or not [15], and adipose tissue
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[13]. A variety of heterogeneous MSC populations have
been reported to possess additional functional properties,
such as quasi-immortality [16], ability to homotypically
differentiate into other mesodermic tissues as endothelium
[17], astrocytes [18], myoblasts [19], or cardiomyocytes
[20], and the capacity to heterotypically differentiate into
neurons [21] and hepatocytes [18,22]. These reports uti-
lized either human unseparated adherent mononuclear cells
(MNCs) or different separation procedures, due to lack of
consensus on the MSC phenotype. Recent studies indicated
as putative MSC markers stage-specific embryonic antigens
(SSEA-1 or -4) [18,23], neural ganglioside GD2 [24], or,
most recently, CD146 [10,25]. This complex and somewhat
contradictory scenario led us to develop a strategy to isolate
homogeneous multipotent MSCs from human adult BM.
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We have enriched for a lin- MNC-BM fraction, which
was then CD34" cell—depleted and expanded in selective
clonal/low-density adherent cultures, resulting in a
CD146" MSCs population coexpressing 12 additional anti-
gens, CD49a, CD90, CD105, CD140b, GD2, o-smooth
muscle actin (2-SMA), alkaline phosphatase (ALP), but
not the endothelial/hematopoietic CD31, CD34, CD45
markers. The CD146 " MSCs extensively proliferate, differ-
entiate in osteoblasts, chondrocytes, adipocytes, and effi-
ciently support hematopoiesis in 8-week long-term culture
(LTC), through a complex adhesion molecules expression
and cytokine secretion pattern, including vascular endothe-
lial growth factor (VEGF)-A/C, placental-derived growth
factor, angiopoietin (Ang)-1/2, FLT-3 ligand (FL), stem
cell factor (SCF) in both soluble and membrane-bound
(mb) isoforms, bone morphogenetic protein (BMP) 2, stro-
mal cell—derived factor 1 (SDF-1), interleukin (IL)-3, and
granulocyte macrophage (GM-CSF)/macrophage colony-
stimulating factor (M-CSF).

Finally, we have analyzed expression of microRNAs
(miRNAs) in the CD146" MSCs and their chondrogenic
progeny. miRNAs are small (~22 nt) single-stranded non-
coding RNAs that serve as posttranscriptional regulators of
gene expression, mainly by base-pairing to the 3’-UTR of
target mRNAs, thereby causing translational repression
and/or mRNA degradation [26]. To date, several hundred
miRNAs have been discovered in a variety of organisms,
playing a key role in basic cell functions (e.g., proliferation,
differentiation, apoptosis) in both normal and pathological
conditions [27]. We describe the MSC miRNA expression
profile, analyzed by microarrays in either basal conditions
or chondrogenic differentiation, showing a marked modula-
tion of 36 miRNAs during chondrogenesis.

Materials and methods

Enrichment of MSCs

BM from healthy donors was purchased from CAMBREX
Poietics cell systems (Gaithersburg, MD, USA). BM samples
were treated for 20 minutes at 20°C with RosetteSep human
MSC enrichment cocktail (StemCell Technologies, Vancouver,
BC, Canada) composed by CD3, CD14, CD19, CD38, CD66b,
Glycophorin A tetrameric antibody (Ab) complexes crosslinking
unwanted cells with red blood cells, diluted and centrifuged
over Ficoll-Hypaque gradient for 25 minutes at 300g. Enriched
cells were collected, washed, and treated with NH4Cl1 (StemCell)
for 10 minutes in ice to remove residual red blood cells. CD34™"
cells were removed by MACS column (Miltenyi, Bergisch Glad-
bach, Germany). Enriched or unseparated cells were then cultured
at clonal/low density (1—10 cells/cm?) for 3 weeks in o-medium
(Invitrogen, Carlsbad, CA, USA), 20% fetal calf serum (FCS;
StemCell) in T75 flasks at 37°C in 5%CO, atmosphere. Half me-
dium was replaced two times a week until MSCs reached conflu-
ence, defined as passage (P) 0. MSCs were detached by trypsin-
ethylenediamine tetraacetic acid solution (Invitrogen) treatment
and replated. Each weekly replating or P was defined by a progres-
sive number.

MSC phenotyping

All Abs were purchased from BD Biosciences (San Diego, CA,
USA). Senescence was evaluated by B-galactosidase staining kit
(Cell Signalling, Beverly, MA, USA, http://www.cellsignal.com).
MSC phenotype was analyzed by flow cytometry using a FACS-
can instrument (BD). Cell-sorting experiments were performed
using a FACSaria instrument (BD).

LTCs

The 3.6 x 10* CD146" MSCs/cm” or 6.0 x 10 adherent cells
derived from unseparated BM MNCs/cm? were seeded in 24-
well/plates (Falcon) in a-medium, 20% MCS selected FCS; plates
were then irradiated (2000 cGy) with a cesium source, and the
medium changed to o-medium consisting of 10% FCS, 10%
Horse S (both from StemCell Technologies, Vancouver, BC, Can-
ada), and 10~°M hydrocortisone (Sigma, St Louis, MO, USA)
[28,29]. Plates were then seeded with 3 x 10°CD347CB cells
and cultured up to 8 weeks at 33°C in 5%CO, atmosphere.
Half volume of each culture (.2 mL) was harvested weekly and
replaced with fresh medium. Cells were then counted and seeded
in multilineage semisolid medium for clonogenetic assay and re-
placed with fresh medium. In some experiments, the VEGFR2/1
chemical inhibitor SU5416 [30] (Sigma) was used at 1, 3, or 10
uM. SU5416 was added weekly with medium replacement. Equi-
molar amounts of Imatinib-mesylate (GLIVEC or ST1571) [31]
(Novartis, Basel, Switzerland), a Kit inhibitor, were simulta-
neously added in control cultures. All experiments were per-
formed in triplicate.

Clonogenetic cultures

Clonogenetic cultures [28,29] were prepared in Iscove’s modified
Dulbecco’s medium (Invitrogen), 10% FCS, 10% Horse S (both
from StemCell), 100 ng/mL SCF, FL, thrombopoietin, IL-3,
GM-CSF, G-CSF, M-CSF, 3 U/mL erythropoietin (all from
R&D Systems, Minneapolis, MN, USA); MTC 1.8% (StemCell).
Suspension cells (100—400/dish) were seeded in triplicate 35-mm
dishes and cultured for 2 weeks at 37°C in 5% CO, O,
atmosphere.

MSC differentiation

Osteogenic. The 3.1 x 10° MSC/cm? were seeded in six-well/
plates (BD) in MSCGM (Cambrex, Poietics Cell Systems) for
24 hours at 37°C in 5% CO, atmosphere. MSCGM was replaced
with Osteogenesis Induction Medium (Cambrex), and MSCs cul-
tured for 3 weeks with refeeding every 3 to 4 days.

Chondrogenic. The 2.5 x 10° MSC were washed twice at 150g
for 5 minutes at 20°C with incomplete chondrogenic medium
(Cambrex), resuspended in 0.5 mL complete medium (Cambrex)
in 15 mL polypropylene tube and cultured for 3 weeks at 37°C
in 5%CO, atmosphere, refeeding every 2 to 3 days with fresh
medium.

Adipogenic. Confluent MSCs were supplemented with Adipogen-
esis induction medium for 3 days followed by 1 to 3 days of cul-
ture in Adipogenic maintenance medium (both from Cambrex).
After three cycles of induction/maintenance, cells were cultured
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for an additional week with Adipogenic maintenance medium re-
placing the medium every 2 to 3 days.

Cytokine measurement

Cytokine levels were analyzed by enzyme-linked immunosorbent
assay kits according to the manufacturer’s instructions (Quanti-
kine, R&D).

Confocal immunofluorescence microscopy

MSCs were fixed in 0.4% paraformaldehyde—phosphate-buffered
saline (Sigma-Invitrogen) for 20 minutes at 20°C, permeabilized
in 0.2% Triton X-100, 1% bovine serum albumin (both from
Sigma) in phosphate-buffered saline (Invitrogen), wash buffer
(WB) for 15 minutes at 20°C, three times washed for 5 minutes
with WB. Samples were incubated overnight at 4°C with a-
SMA Ab (Sigma). The following day, samples were washed three
times with WB, incubated with fluorescein isothiocyante—conju-
gated goat a-mouse IgG2a for 1 hour at 25°C, and then washed
again. Nuclei were counterstained with TOTO3 (Molecular
Probes, Invitrogen) and coverslides mounted. Images were col-
lected with a laser scanning microscope (Olympus, Tokyo, Japan).

Western blot
Membrane proteins were extracted by incubating cells for 30 min-
utes at 4°C in a membrane isolation buffer (Tris [pH 7.4] 20 mM,
ethylenediamine tetraacetic acid 2 mM, NazVO4 0.2 M). Nuclei
were discarded by centrifugation at 1000g for 5 minutes, and
the membrane fraction was subsequently obtained by ultracentri-
fugation of the remaining solution at 30,000g for 30 minutes at
4°C. Membrane pellets were lysed using the CelLytic M Lysis Re-
agent (Sigma), with Protease Inhibitor Cocktail (Sigma) following
manufacturer’s protocol.

Abs used for immunodetection were anti-SCF (R&D), anti—3-
actin (Chemicon, Temecula, CA, USA) and secondary anti-mouse
IgG peroxidase conjugate (Pierce, Rockford, IL, USA).

Reverse transcriptase polymerase chain reaction
Total RNA was isolated by Trizol (Invitrogen) following manufac-
turer’s instructions. First-strand cDNA was synthesized with Su-
perScript II (Invitrogen) using 1 pg total RNA for each sample
and oligo(dT) (Invitrogen). Polymerase chain reaction was per-
formed using the following primers:
mbSCF For 5'-CAGTGACCATCTACAGCTTTCCGG-3'
mbSCF Rev 5'-GCTGCTACCACAGTGATGATGACAA-3'
S26 For 5'-GGTCCGTGCCTCCAAGATGA-3'
S26 Rev 5'-AAATCGGGGTGGGGGTGTT-3'

miRNA microarray

Total RNA was extracted from two basal and two chondrogenic
differentiated MSC cultures by Trizol (Invitrogen) according to
manufacturer’s instructions. One-color RNA labeling and hybrid-
ization on miRNA microarray chips were performed as described
previously [32,33]. Briefly, 5 pg RNA from each sample were hy-
bridized on a miRNA microarray consisting of 226 probes for hu-
man miRNAs. Hybridization signals were detected by biotin
binding of a Streptavidin-Alexa 647 conjugate using a GenePix
4000B scanner (Axon Instruments, Sunnyvale, CA, USA). Images
were quantified by the GenePix Pro 6.0 (Axon).

Analysis of microarray data

Raw data from one-color miRNA microarrays were normalized
and analyzed by GeneSpring GX software version 7.3 (Agilent
Technologies, Santa Clara, CA, USA). The GeneSpring software
generated a unique value for each miRNA, performing the average
of replicate probes present on the chip. Samples were normalized
using the on-chip median normalization. Chondrocytes were nor-
malized on basal MSCs and the miRNAs differentially expressed
between the two populations were identified by using a filter based
on a fold change of 1.3 combined with a Student’s t-test (p <
0.05). Unsupervised hierarchical cluster analysis was performed
after normalization procedures using average linkage and Pearson
correlation as measure of similarity.

miRNA target prediction

Analysis of miRNA predicted targets was determined using the al-
gorithms TargetScan (http://genes.mit.edu/targetscan) [34], PicTar
(http://pictar.bio.nyu.edu) [35], and miRanda (http://cbio.mskc-
c.org/cgi-bin/mirnaviewer/mirnaviewer.pl) [36].

miRNA northern blot
RNA (4 ng) samples were run as described [32,33]. The oligonu-
cleotides used as probes are:
miR-23a 5 - AAATCCCATCCCCAGGAACCCC - 3/
miR-26b 5’ - ACCTATCCTGAATTACTTGAA -3’
Let-7a 5’ - AACTATACAACCTACTACCTCA - 3/
miR-214 5 - GCACAGCAAGTGTAGACAGGCA - 3/
U2 5’ - GGGTGCACCGTTCCTGGAGGTAC - 3/

Results

Phenotyping of MSC

‘We have isolated a lin~ mononuclear BM cell fraction, which
was then CD34" cell—depleted and expanded in clonal/low-
density MSC culture (1—10 cells/cm?®): in this in vitro
condition, the proliferating CD146" colony-forming unit
fibroblast (CFU-F) clones (Suppl. Fig. 1C, right microphoto-
graph) became prevalent after 2 weeks of culture over com-
mitted contaminating cells and finally merged after 3 weeks,
defined as PO (Fig. 1). CD146" cells in crude BM-MNC
fractions, including CD34™" endothelial cells, were under
the detectability level (~0.1%) (Suppl. Fig. 1A) [10], but
they were enriched ~ 10 to 15 times after our negative selec-
tions (Suppl. Fig. 1B). The preliminary selections of the un-
cultured cells were also critical for the homogeneity of the
final CD146" MSCs population because in parallel crude
BM-MNC expansions =30% contaminating CD31, CD34,
and CD45 cells were detected (not shown). Lin~ CD34™
BM MNCs cultured in 20% FCS preselected for MSCs
growth at clonal/low-density, progressively expanded the
CD146"™MSCs to homogeneity in 3 weeks (P0) (Fig. 1),
while former studies with crude BM MNCs reported
a ~15% level of expression of CD146 in similar culture con-
ditions [25]. Cell-sorting experiments, performed before the
CD146™ cells became homogeneous (P —1) (Suppl. Fig. 1C)
confirmed that the fraction generating CFU-F (Suppl.
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Figure 1. MSC antigen expression. Flow cytometry analysis of hematopoietic, endothelial, and stromal membrane antigens on homogeneous MSC popu-
lations. Several adhesion molecules and growth factor receptors are expressed. FITC = fluorescein isothiocyanate; PE = phycoerythrin.

Fig. 1C, right microphotograph) and proliferating up to 13
additional weeks was CD146", while CD146~ cells could
be barely maintained for 2 weeks (Suppl. Fig. 1C, left micro-
photograph). The isolation method used led to a consistent
yield of homogeneous CD146" MSCs for all 20 BM isola-
tions that were phenotyped using a panel of 39 monoclonal
Abs against hematopoietic, endothelial, or stromal antigens
(Fig. 1). Among the hematopoietic markers, including
several adhesion proteins, some were expressed by all
MSC:s at high (CD13/Aminopeptidase N, CD29/B1-integrin,
CD44/H-CAM, CD49a/al-integrin, CD49c/a39-integrin)
or low-intensity (CD49d/a49-integrin, CD10/CALLA,
CD61/B3-integrin), while others were negative (CD45,
CD14, CD31/PECAMI1, CD34, CD117/KitR). MSC also
showed several antigens usually expressed by endothelial
cells at either high (CD105/TGFBR, CD146/S-endo/mela-
noma cell adhesion molecule [10,25], CD147/neurothelin,
CD166/ALCAM) or lower intensity (CD54/ICAMI,
CD106/vascular cellular-adhesion molecule 1 [VCAMI]).
Among endothelial growth factor (GF) receptors, Kinase do-
main receptor/VEGFR?2 and Tie-2/Angpt1-2R were weakly
expressed whereas CD141/thrombomodulin, CD184/

CXCR4 and FIt-1/VEGFR1 were below detection level.
The stromal marker CD90 and the recently described MSC
marker, GD2 [24] were highly expressed, as observed for
CD140b/platelet-derived growth factor receptor (PDGFR)
B [37,38] and to a lesser extent CD140a/PDGFRa [37,38].
a-SMA was significantly expressed and mostly organized
in fibers (Fig. 2K) [39] indicating the potential for myoblastic
differentiation. Conversely, ALP, CD271/nerve growth factor
receptor, and SSEA4 [23] were expressed at lower levels,
while SSEA1, a marker for pre-MSCs [18], was almost unde-
tectable (Fig.1). CD71/TrfR expression is apparently linked
to the presence of an actively proliferating fraction. HLA-
ABC/major histocompatibility complex class I expression
was high (99.3%) while HLA-DR/major histocompatibility
complex class II, and leukemia inhibitory factor receptor
were low (Fig.1). Altogether, our CD146/CD105/CD140b/
CD49a/ALP/a-SMA™, CD31/CD34/CD45~ MSC pheno-
type is consistent with the recently described proliferating
CFU-F, termed adventitial reticular cell or hematopoiesis-
supporting stromal cell [10]; furthermore, the MSC
phenotype analysis has been extended to other markers up
to a total of 39 antigens.
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Figure 2. (A) ALP staining in undifferentiated MSCs and (B) osteogenic-induced MSCs after 1-week culture (30x). (C) Von Kossa staining for calcium
deposition in undifferentiated MSCs and (D) in differentiated MSCs after 3-week osteogenic culture (May-Griinwald/Giemsa counterstain, 60x). (E) Saf-
ranin O staining in undifferentiated MSCs (60x) and in differentiated MSCs after 3 week chondrogenic culture (F) (30%). (G) Undifferentiated MSC and (H)
adipogenic 4-week differentiation of MSCs (phase contrast, 30x). (I) Oil Red staining of undifferentiated MSCs and (J) in differentiated MSCs after 4 week
adipogenic culture (60x). (K) MSCs express fibrillar smooth muscle actin. Cells were stained by immunofluorescence with anti-smooth muscle actin (SMA).

Confocal laser scanning images are shown (60x).

MSC proliferation

MSCs could be expanded up to 12 weeks (P12), showing
a progressively decreasing proliferation rate. Doubling
time was 84 hours from weeks O to 4, 168 hours from weeks
4 to 8, 336 hours from weeks 8 to 12, correlating with the
decrease of proliferating CD71" MSCs. By week 12, virtu-
ally all the MSCs stained positive for -Gal (Suppl. Fig. 1),
indicating an arrested state or senescence [40]. The antigen
expression pattern was relatively stable up to P12 for 20 of
the monitored markers. CD141 modestly increased from P1
to P9 while the remaining 18 monitored markers decreased
over time (Suppl. Fig. 2). Interestingly, the multilineage
CD146/MCAM™ population sharply decreased at P10 in
parallel with a drop of the proliferation rate.

MSC multilineage differentiation

When cultured in proper differentiation medium, CD146"
MSCs differentiated not only in osteoblasts or HSC-
supporting cells [10], but also toward chondrocytes and
adipocytes [25].

Osteoblasts. MSCs are largely positive for ALP after 7
days (Fig. 2 A,B) and present typical calcium deposition,
as revealed by Von Kossa staining, after 21 days of osteo-
genic differentiation (Fig. 2 C,D).

Chondrocytes. MSCs induced in chondrogenic differentia-
tion for 3 weeks are shown after Safranin O staining (Fig. 2
E.F).

Adipocytes. MSCs induced in adipogenic differentiation
for 4 weeks are shown in phase contrast (Fig. 2 G,H) and
after oil red O staining (Fig. 2 LJ).

Cytokine production by MSC

CD146" MSC cytokine secretion was analyzed for 16 GFs
(Table 1). Among the hematopoietic growth factors, FL, IL-
3, GM-CSF, and M-CSF, were abundantly produced, while
little soluble SCF was secreted. However, mbSCF was
easily detected by reverse transcriptase polymerase chain
reaction performed using isoform-specific primers and by
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Table 1. Cytokine production by mesenchymal stromal cell

Mean = SEM No. of
(pg/mL/ 10° cells/24 hours) experiments
Flt-3 ligand 67.3 = 18.1 11
SCF 23+ 138 12
IL-3 37.5 + 6.9 8
GM-CSF 14.6 = 4.5 9
M-CSF 125.9 = 44.5 17
VEGF-A 625.8 £ 59.1 19
PIGF 24.1 + 44 18
VEGF-C 1231.7 £ 196.0 7
VEGF-D Neg 3
Angpt-1 510.0 = 84.8 23
Angpt-2 87.0 = 16.8 23
SDF-1 1147.7 = 310.2 10
BMP-2 53.6 + 14.4 9
BMP-4 Neg 9
LIF Neg 9
IGF-1 Neg 8

Dosages of cytokines were performed using enzyme-linked immunosor-
bent assay kits according to manufacturer’s instructions.

Angpt = angiopoietin; BMP = bone morphogenetic protein; GM-CSF =
granulocyte macrophage colony-stimulating factor; IGF-1 = insulin-like
growth factor 1; IL = interleukin; LIF = leukemia inhibitory factor;
PIGF = placental-derived growth factor; M-CSF = macrophage colony-
stimulating factor; SCF = stem cell factor; SDF-1 = stromal cell—derived
factor; VEGF = vascular endothelial growth factor.

Western blot in membrane extracts (Fig. 3 A,B). Among en-
dothelial GFs, VEGF-A/C and Ang-1 were abundantly se-
creted, Ang-2 and PLGF were detected in lower amounts,
and VEGF-D was undetectable. As for stromal GFs,
SDF-1 (CXCL12) secretion level was elevated (1147.7 =
310.2 pg/mL/lO5 cells/24 hours) [9,10], BMP-2 was also

A
- mbSCF

- 826
MSC HL-60
B .
MSC HL-60 rhSCF

Figure 3. (A) Reverse transcriptase polymerase chain reaction for mem-
brane-bound isoform of SCF (mbSCF) mRNA. HL-60 cell line was used
as a negative control. S26 was used as endogenous control. (B) Western
blot analysis of mbSCF protein in mesenchymal stromal cells. Human re-
combinant SCF (150 ng/lane) was used as positive control and HL-60 total
protein extract was used as negative control. hSCF =recombinant human
stem cell factor.

significantly produced, while BMP-4, LIF, and insulin-
like growth factor-1 (IGF-1) were undetectable. Our
CD146" MSC cytokine secretion pattern provides addi-
tional informations over that reported for HSC-supporting
mural cells [10].

Functional LTC assay

Because CD146" MSC phenotype is consistent with that of
adventitial reticular cells composing HSC niches [9,10], we
decided to evaluate their supportive function for hematopoi-
esis in vitro. CD34 " cells were seeded at 3 x 10° on irra-
diated CD146"MSCs or adherent cells from unseparated
BM MNCs, showing a highly effective >2-log increase
in the LTC colony output (Fig. 4A [28,29]).

The stromal function was further characterized by ma-
nipulating LTCs either with the KIT or VEGFR2/1 chemi-
cal inhibitors Imatinib [31] or SU-5416 [30], respectively.
Both treatments similarly impaired the LTC colony output,
indicating key roles for these two GF/GFR interactions for
optimal MSCs supportive activity. SU5416 treatment of
LTCs, at each concentration used, totally abrogated LTC
colony output by week 6 (Fig. 4B), while Imatinib treat-
ment caused a milder, although substantial, inhibition
(Fig. 4B).

miRNA expression profile in chondrocyte differentiation
The miRNA expression profile was identified for two basal
and two chondrogenic CD146" MSC samples by microar-
rays [32]. Statistical analysis revealed a specific modulation
of 36 miRNAs during the chondrogenic differentiation pro-
cess (p < 0.05). Twelve miRNAs were upregulated during
differentiation, while 24 were downregulated, as indicated
by the ratio of their expression value (Fig. 5A, Table 2).
Northern blot analysis for the selected miRNAs, miR-23a,
miR-26b, miR-214, and the Let-7a family confirmed the
observed modulation (Fig. 5B). Putative targets of differen-
tially expressed miRNAs were identified including genes
involved in chondrogenic differentiation and tissue homeo-
stasis. As shown in Table 2, the putative genes regulated
by this set of miRNAs includes GF receptors (GFR) and
cytokines (angiopoietin-1 [ANGPTI1], insulin-like growth
factor II receptor [IGF2R], transforming growth factor
beta receptor [TGFBR], interleukin-6 [IL-6], fibroblast
growth factor receptor [FGFR], placental growth factor
[PGF], platelet-derived growth factor A [PDGFRA]), signal
transduction mediators (mothers against decapentaplegic
homolog 4 [SMAD4], mitogen-activated protein Kinase 1
[MAPK1], wingless-type MMTYV integration site family
member 1 [WNTP]), and molecules involved in the extra-
cellular matrix remodeling (matrix metalloproteinases and
collagens), all key regulators of human chondrogenesis.
We also performed enzyme-linked immunosorbent assay
of angiopoietin-1, VEGF, and macrophage colony stimulat-
ing factor in CD146" MSC chondrogenic differentiation:
these GFs emerged as putative targets for miR-204, miR-
185/miR-199a-2-5p, and miR-214, respectively (Suppl.
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Figure 4. (A) Standard long-term culture (LTC). Progenitor cell output of
3 x 10° cord blood (CB) CD34™ cells seeded on irradiated adherent bone
marrow (BM) mononuclear cells (MNCs) or mesenchymal stromal cells
(MSCs). Suspension cells were cloned weekly in multilineage semisolid
media to evaluate hematopoietic progenitor cell (HPC) number. Values
represent mean * standard deviation of three experiments. (B) Effect of
SU5416 on 3 x 10° CB CD34™ cells seeded on irradiated MSCs. SU-
5416 (VEGFR2/1 inhibitor) totally abrogated LTC progenitor output by
week 6 at all concentrations (1, 3, and 10 uM), while control culture
produced an elevated progenitor number (compare also with Fig. 4A).
ST-1571 or GLIVEC (KIT inhibitor) treatment caused a similar but milder
inhibition. Values represent mean * standard error of mean from three
experiments.

Fig. 3). Release of these GFs, was inversely correlated to
the levels of the corresponding targeting miRNAs. Hypo-
thetically, this pattern is compatible with an miRNA-medi-
ated posttranscriptional regulation.

Discussion

Human BM hosts a double stem cell system, MSCs [1-3]
and HSCs in postnatal age [28]. These two distinct stem
cell populations arrange closely in specific architectural
unities, the hematopoietic niches, ensuring hematopoietic

and skeletal homeostasis. In the highly organized structure
of the HSC niche, several signals are likely to take place
[4-9]. Three types of HSC niches have been hypothesized,
defined according to the HSC counterpart: the osteoblastic
[4,5], the reticular stromal niche [6,9,10], and the vascular/
sinusoidal endothelium niche [7,8]. The niches might play
different roles in the regulation of HSC quiescence, prolif-
eration, differentiation, and mobilization [4-10].

Our studies may provide a relatively simple, reproduc-
ible methodology for obtaining phenotypically homoge-
neous MSCs, expressing pivotal markers. Specifically, the
lin- BM MNC cell fraction was CD34" cell-depleted
and expanded in clonal/low-density adherent MSC cultures.
Removal of CD34" hematopoietic progenitors (HPCs) and
endothelial cells, together with CD14™ depletion, are criti-
cal to prevent MSC contamination with other cell types,
particularly with monocytic progenitors endowed with
some (2—4 weeks) clonogenic potential [41]. The resulting
CD146" MSCs show coexpression at elevated intensity of
stromal markers including CD90, GD2 [24], a-SMA [39]
highly expressed and organized in fibers, CD140b and, to
a lesser extent, CD140a [37,38]. Notably, CD146" MSC
population represents only a minority of adherent BM
MNCs [10,25]. MSCs also expressed the embryonic stem
cell marker, SSEA-4 [23], whereas SSEA-1 was barely de-
tectable [18]. The latter finding is possibly due to the fact
that SSEA-1" MSCs represent a highly primitive stem
cell population, generating also astrocytes and hepatocytes
[18]. Finally, CDI146" MSCs express hematopoietic
markers, including several adhesion molecules [17,42],
and endothelial antigens [25] at diverse intensity levels
(see Results).

The antigen expression pattern was stable throughout the
MSC lifespan for many of the analyzed markers (from P1 to
P12), while most adhesion molecules decreased. Particu-
larly, the multilineage CD146/MCAM™ population was
sharply reduced at P10 in parallel with a drop of the prolif-
eration rate (see Results), the differentiation potential and
the hematopoietic support function (data not shown). The
expression of CD146, CD105, a-SMA, ALP in CD34/
CD31/CD45-negative cells has been correlated with HSC
niche-related pericytes surrounding endothelial sinusoids
[10,43]. It has been also suggested that perivascular sites
in microvessels represent the postnatal MSC niche [44],
whose nature is to date far more elusive than the proposed
HSC niches [4-9,41,45]. Interactions between very-late an-
tigens (VLA-4 [CD29-CD49c]) and its ligand VCAM-1,
(CD106)] may serve for both MSC/MSC anchoring and
HPC/HSC homing [42]. The antigen expression analysis
described here confirms and extends to 39 antigens the re-
cently reported immunophenotype of self-renewing osteo-
progenitors [10].

CD146" MSCs produce several GFs that may have an
autocrine or a juxtacrine role at the HSC niche level. FL,
IL-3, GM-CSF, and M-CSF were secreted, while SCF



1042 A. Sorrentino et al./ Experimental Hematology 2008,36:1035-1046

A |Mesenchima| .
‘ ‘ — [ hsa-mir-212-precNol (miR-212)
~1;[ | hsa-mir-032-precNoi {pre-mir-32)
[ hsa-mir-212-precNoz (pre-mir-212)
P T hsaemir214-prec (miR-214)
I D hsa-mir-192-2/3Not (miR-192)
I [ hsamir031-prec (miR-31)
= P T hsa-mir-148-prec (miR-148)
H P P hsa-mir-185-precNo2 (pre-mir-185) -
z — I B sa-mir-204-precNo2 (pre-mir-204) -
E [ hsa-mir-136-precho2 (miR-136) 40
g { i 1 hsa-mir-149-prec (miR-149)
H hsa-mir-199a-2-prec (MiR-199a-2-5p) 3.0
i\ r hsa-mir-030a-precNo1 (miR-30a-5p) 25
ﬁ F hsa-mir-010b-precNo1 (miR-10k) 20
® hsa-mir-023a-prec (miR-23a)
E hsa-let-7d-prec (let-7d) 15
H hsa-mir-026b-prec (miR-26k) -
é hsa-mir-024-1-prechNo1 (miR-24-1-3p) g 12
hsa-mir-024-2-prec (miR-24-2) 3
hsa-let-Ta-1-prec (let-7a-1) @ 15
hsa-let-7a-3-prec (let-7a-3) § -
hsa-mir-021-prec-17No1 (miR-21) a 0.8
hsa-let-7c-prec (let-7c) e 0.8
hsa-mir-010a-precNoi (miR-103) E 07
hsa-mir-102-prec-1 (miR-29b)
F hsa-let-Ta-2-precNo2 (let-7a-2) 0.6
L hsa-mir-107-prec-10 {miR-107) 0.5
r hsa-mir-143-prec (miR-143) 0.4
+ hsa-mir-034-precho? (pre-mir-34)
+ hsa-mir-181b-precMo1 (miR-181a-1) B - 03
o hsa-mir-100-1/2-prec (miR-100) ' 0.2
hsa-mir-138-1-prec (miR-138-1) 0.1

hsa-mir-191-prec (miR-191-5p)
hsa-mir-145-prec (MiR-145)
hsa-mir-130a-precNa2 (mik-130a)
hsa-mir-103-2-prec (MiR-103-2)

B

MSC Condr.

miR-214

let7a

M Basal MSCs

LEGEND Il Chondrogenic MSCs
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[10] was mostly produced in the membrane-bound form,
confirming former reports on marrow stromal fibroblasts
[46]. VEGF-A/C and Ang-1 [10] were abundantly secreted,
Ang-2 and PLGF detected in lower amounts, and VEGF-D
was undetectable. SDF-1 [9,10] secretion level was high,
BMP-2 also abundant, but BMP-4, LIF, and IGF-1 were
not detected. The role of angiogenic factors in regulating
HSC is rapidly emerging [28,47,48], illustrated by the dif-
ferential influence of VEGF-A [28], PLGF [47], and Ang-1
[10,48] on HSC fate [49]. Hypothetically, VEGF-A may
also play an autocrine/paracrine role through PDGFR sig-
naling [38]. While the role of Ang-2 in vascular remodeling
is accepted [50,51], its effect on HSCs remains to be eluci-
dated. As observed in endothelial cells [51], Ang-2 might
function as antagonist or agonist of Tie-2 in HSCs. BMP-
2 is a known osteogenic factor which can regulate the de-

velopmental program of human HSCs [52] or act synergis-
tically with HGF on HPC differentiation [53]. The FL effect
on human hematopoiesis is also multilevel [54]. SDF-1 reg-
ulates HSC and HPC mobilization and trafficking
[9,10,11,55]. The membrane-bound isoform of SCF syner-
gizes with soluble FL in supporting LTC initiating cells
[56]. Furthermore, IL-3 [57] and GM-CSF [58] have pleio-
tropic effects on HPCs and mature cells. Finally, M-CSF,
whose role on HPCs and mature cells is well-established
[59-61], was also detected. Altogether, the combinatorial
pattern of these HGFs and adhesion molecules, many of
which act in synergy, may provide optimal hematopoietic
support. In this regard, we report for the first time the use
of a defined primary CD146" MSC population to establish
LTCs. In 8-week CD34" cell LTC, MSCs provided a > 2-
log higher LTC colony output, as compared with standard



Table 2. MicroRNAs differentially expressed between differentiated chondrocyte and undifferentiated MSC and putative targets

miRNA expression

MicroRNA P-value ChondrolControl Symbol Genbank Map Putative targets

pre-mir-204 0.0295 4.97 MIRN204 9q21.1 ANGPTI, IGF2R, BCL2, ESR1, CAVI,

miR-192 0.0135 2.90 MIRN192 11q13 RBI1, CART1

pre-mir-185 0.00358 2.18 MIRN185 22q11.2 VEGFA, NFATC3, IGF2R, FURIN,

miR-146 0.00838 1.78 MIRN146A 5q34 TRAF6, RARB, SMAD4, CNTFR,

miR-214 0.0156 1.78 MIRN214 AJ550417 1923.3 PGF, MAPK1, FGFR, CSF-1, CD47, CALMODULIN, CDKG®,

miR-31 0.0125 1.73 MIRN31 AJ421753 9p21 CD71, HIF1AN, CALCR,

miR-212 0.0449 1.72 MIRN212 AJ550415 17p13.3 MAPK1, MMP16, COLQ,

pre-mir-212 0.0256 1.62 MIRN212 AJ550415 17p13.3 MAPK1, MMP16, COLQ,

miR-149 0.00576 1.53 MIRN149 2q37.3 PDGEFRA, SP1, CD47, PGF, CD59, RORB, ADIPOR2,

miR-136 0.00716 1.50 MIRN136 14932 ELK1, LIFR

pre-mir-32 0.0372 1.44 MIRN32 AJ421754 9q31.2 CD51, ITGAS, COL1A2, SMAD7, HAS3, NOTCHI, SMAD6, COL12A1, CDK6

miR-199a-2-5p  0.00237 1.33 MIRNI199A2 AJ560756 1q24.3 ETS1, CAV1, JUNB, CTGF, HIFIA, VEGFA

miR-10b 0.0426 0.76 MIRN10B AJ550395 2q31 FLT1, HAS3

miR-10a 0.00213 0.72 MIRNI10A AJ550394 17q21.3 FLT1, HAS3

miR-29b 0.00189 0.70 MIRN29B2 AF480543 1q32.2-32.3 COL3Al, COL5A3, COL11A1, COL5A1, COL1A2, COL4AS, COL15A1, COL2AlI,
COL9AI, COLI9A1, COL6A3, COL22A1, AKT3

miR-103-2 0.00448 0.67 MIRN103-2 AF480501 2pl13 FGF2, TGFBR3

miR-138-1 0.0195 0.66 MIRN138-1 3p21 RARA

miR-30a-5p 0.0429 0.64 MIRN30A AF480535 6q12-13 RARB, CALCR, IL1A, CASP3, CBFB, ITGAS, SMADI, IGF1R

miR-21 0.00994 0.64 MIRN21 AJ421741 17q23.2 STAT3, TGFBI, SMAD7

miR-107 0.00095 0.63 MIRN107 AF480505 10q23.31 FGF2, TGFBR3

miR-23a 0.0374 0.63 MIRN23A AJ421743 19p13.2 II-6R, MET, HS6ST2, TGFBR2, HOXD10, TGFA, TGFBR3, COL11A2, CCND1, IL-11

pre-mir-34 0.0337 0.61 MIRN34A AJ550399 1p36.22 MET, PDGFRA, NOTCH, CALCR, COL12A1, CDK6, VCL, CCND1, WNT!1

miR-24-1-3p 0.022 0.61 MIRN24-1 AJ421744 9q22.1 CALCR, PDGFRA, FLT1, MMP16, COL11A2, HAS3, ILIR1, MMP14, FGFR3,

miR-24-2 0.0149 0.60 MIRN24-2 AJ421745 19p13.2 CALCR, PDGFRA, FLT1, MMP16, COL11A2, HAS3, ILIR1, MMP14, FGFR3

miR-26b 0.0288 0.60 MIRN26B AJ421748 2q35 SMADI1, COL10A1, COL1A2, SMAD4, LTBP1, COL11A1, ERBB4, IL-6, CBFB,
COL12A1, CTGF

miR-143 0.0346 0.60 MIRN143 5q32-33 FGF1, CBFB, COL5A3, CTGF, LIFR, PDGFRA, IGFBPS5, IL13RA

miR-145 0.00534 0.57 MIRN145 5q32-33 ERG, CDK6, BMPR2

miR-191-5p 0.0147 0.57 MIRNI191 3p21 EGRI1

miR-181a-1 0.029 0.55 MIRN213 1q31.2-q32.1 IL1A, PDGFRA, TNFSF11, SMAD7, RUNX1

miR-130a 0.00478 0.50 MIRNI130A 11ql12 RUNX3, SMADS, WNT1, PDGFRA

miR-100 0.0272 0.48 MIRN100 AF480498 11q24.1 FGFR3, RACI

let-7a-3 0.0122 0.47 MIRNLET7A3 AJ421726 22q13.3 TGFBR1, OSMR, COL1A2, COL3A1, COL14Al, IL13, CD61, COL1A1, GHR, COL4A2,
FARPI, IL6, IL10, HAS2, MMP11, CRTAP,

let-7d 0.0335 0.44 MIRNLET7D AJ421729 9q22.2 TGFBR1, OSMR, COL1A2, COL3A1, COL14Al, IL13, CD61, COL1A1, GHR, COL4A2,
FARPI, IL6, IL10, HAS2, MMP11, CRTAP

let-7a-2 0.00128 0.43 MIRNLET7A2  AJ421725 11q24.2 TGFBR1, OSMR, COL1A2, COL3A1, COL14Al, IL13, CD61, COL1A1, GHR, COL4A2,
FARPI, IL6, IL10, HAS2, MMP11, CRTAP

let-7c 0.00765 0.43 MIRNLET7C AJ421728 21ql1.2 TGFBR1, OSMR, COL1A2, COL3A1, COL14Al, IL13, CD61, COL1A1, GHR, COL4A2,
FARPI, IL6, IL10, HAS2, MMP11, CRTAP

let-7a-1 0.0145 0.39 MIRNLET7A1 AJ421724 9q22.2 TGFBR1, OSMR, COL1A2, COL3A1, COL14Al, IL13, CD61, COL1A1, GHR, COL4A2,

FARPI1, IL6, IL10, HAS2, MMP11, CRTAP

Pre-miRs correspond to precursor microRNA, while miRs correspond to the mature product.
ICapital letters correspond to a gene that is predicted by the three algorithms. Italics are predicted by Target Scan and miRanda only.
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adherent BM MNCs [29] stromal layers composed of ran-
domly mixed cell types, including fibroblasts, adipocytes,
macrophages, mesenchymal, and endothelial cells. Homo-
geneous CD146" MSC feeder layers may represent an in
vitro surrogate model for studies on the HSC niche, or at
least a significant improvement over standard LTC assays,
allowing acquisition of data on HSC/MSC interactions to
be validated in vivo.

MSC stromal function was further investigated manipu-
lating LTCs either with the KIT or VEGFR2/1 chemical in-
hibitors Imatinib [31] or SU-5416 [30], respectively. Both
treatments similarly impaired HPC output in LTCs, indicat-
ing key roles for these two GF/GFR interactions for optimal
MSC/LTC-initiating cells cross-talk. Interestingly, SU-5416
treatment of CB CD34 7 cells totally abrogated HPC output
by week 6, while Imatinib treatment caused a milder and
slower inhibition.

In addition to functional hematopoietic support,
CD146" MSCs exhibited canonical stem cell properties
such as extended 12-week proliferation and multilineage
potential toward chondrogenic, osteoblastic, and adipo-
genic differentiation.

To extend the molecular characterization of CD146"
MSCs, the miRNA-expression profile was also analyzed
by microarrays in both basal conditions and chondrogenic
differentiation revealing 36 significantly modulated miR-
NAs. MiRNA expression profiles are characteristic of spe-
cific cell types, so they might represent reliable molecular
markers specific to MSCs. Advances in miRNA profiling
of MSCs and their terminally differentiated progeny will
enable the delineation of standards for use in MSC quality
control. Significantly, miRNA fingerprint in basal condition
confirm and extend the recently published miRNA expres-
sion profile on undifferentiated MSCs [62], whereas the
chondrogenesis data are novel. Bioinformatic analysis of
the putative target genes for these miRNAs uncovered
many fundamental cellular mediators of chondrogenic dif-
ferentiation, as well as tissue maintenance, including GFs
(IL-6, PGF, ANGPT1, CSF-1, FGF) and GFRs (TGFBR,
PDGFRA, IGF2R, FGFR). Therefore, the present work pro-
vides the basis for more detailed investigation at the level of
single miRNAs and their putative targets, in order to unveil
miR-based regulatory pathways in normal human chondro-
genesis. Hypothetically, this study might contribute to the
future development of novel therapeutic approaches in he-
mophiliac’s arthropathy.

A similar approach has been applied to studies on hema-
topoiesis with considerable success [33,63,64]. Ongoing
studies aim to expand our initial observations to osteogenic
and adipogenic differentiation.

Additionally, a CD146" MSC population could be
advantageous for in vivo regenerative therapy studies
[1,15,18-22].

In conclusion, the availability of a phenotypically homo-
geneous CD146" MSC population, meeting the required

MSC definition criteria [65,66], will allow to obtain consis-
tent results in both basic and clinical studies, thus facilitat-
ing progress in this research area.
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