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Abstract

The pathways that control mesenchymal stem cells (MSCs) differentiation are not well understood, and although some of the involved
transcription factors (TFs) have been characterized, the role of others remains unclear. We used human MSCs from tibial plateau (TP)
trabecular bone, iliac crest (IC) bone marrow and Wharton’s jelly (WJ) umbilical cord demonstrating a variability in their mineral matrix
deposition, and in the expression levels of TFs including Runx2, Sox9, Sox5, Sox6, STAT1 and Slug, all involved in the control of osteo-
chondroprogenitors differentiation program. Because we reasoned that the basal expression level of some TFs with crucial role in the
control of MSC fate may be correlated with osteogenic potential, we considered the possibility to affect the hMSCs behaviour by using
gene silencing approach without exposing cells to induction media. In this study we found that Slug-silenced cells changed in morphol-
ogy, decreased in their migration ability, increased Sox9 and Sox5 and decreased Sox6 and STAT1 expression. On the contrary, the
effect of Slug depletion on Runx2 was influenced by cell type. Interestingly, we demonstrated a direct in vivo regulatory action of Slug
by chromatin immunoprecipitation, showing a specific recruitment of this TF in the promoter of Runx2 and Sox9 genes. As a whole, our
findings have important potential implication on bone tissue engineering applications, reinforcing the concept that manipulation of
specific TF expression levels may elucidate MSC biology and the molecular mechanisms, which promote osteogenic differentiation.
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Introduction

Adult human mesenchymal stem cells (hnMSCs) are considered to
be a promising candidate for use in cell-based therapy or drug
development applications for bone and cartilage [1-4], as demon-
strated by many pre-clinical and clinical studies [5]. However, the
sources from which these cells can be obtained and the exact
culture conditions for in vitro differentiation induction are still
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under discussion. This is partly due to the difficulty in obtaining
homogeneous hMSC populations, and partly due to the lack of
knowledge of the complex molecular mechanisms controlling self-
renewal, proliferation, differentiation and senescence of hMSCs,
although several key components have been characterized. The
pathways and the factors implicated in the regulation of these
processes are of crucial importance for advances in bone and
cartilage tissue engineering. At present, a great number of experi-
mental strategies are addressed to investigate the role of epige-
netic mechanisms and key transcription factors implicated in the
control of stem cell properties, as well as in the chondrogenic or
osteoblast committed status [6-11].

In this context, the importance of fine-tuning—specific gene
expression and appropriate culture system conditions, including
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the presence of specific growth factors, has emerged. It is, in fact,
well-established that the response to specific biological response
modifiers is affected by the cell microenvironment. For this rea-
son, a specific modulation or treatment/drug administration may
differently affect MSC behaviour considering the cell source and
differentiation potential which is strictly correlated with maturation
stage. In this regard, an important question to be addressed is
whether hMSCs obtained from different sources have the same
potential to differentiate, or if there is already a pre-commitment
depending on the niche from which they were obtained. Indeed,
many studies have drawn attention to the study of unequal prolif-
erative and differentiation capacities of MSC cell population iso-
lated from different compartments, which may contain a various
number of primitive stem cells, progenitors and/or committed
cells [12-17]. Therefore, to prevent the discrepancies between
data collected by different laboratories, and to encourage a rapid
translation of MSC-based therapy into clinical practice as an alter-
native to conventional orthopaedic procedures, a great effort is
being made to compare the molecular and biological features of
different MSC populations, as well as improving and standardizing
the isolation and cell culture techniques.

As a contribution to these issues, we aimed to demonstrate the
unique nature of MSCs from different sources (/) by examining the
different osteoblastic differentiation potential of hMSCs obtained
from bone marrow iliac crest (IC), bone marrow tibial plateau (TP)
and Wharton’s jelly (WJ) umbilical cord and (/i) by comparing
their response to Slug gene silencing.

Previously, our research group provided evidence implicating
Slug transcription factor as a positive regulator of the maturation
process of human osteoblasts, and as possible effector of Wnt/
B-catenin signalling [18]. Human S/ug belongs to the Snail family
of genes encoding zinc-finger transcription factors; it is involved
in a broad spectrum of biological functions, such as epithelial—
mesenchymal transition, cell differentiation, cell motility, cell-cycle
regulation and apoptosis [19-22]. Our previous findings also sug-
gest that Slug depletion may have a potential pro-chondrogenic
effect [18]. Therefore, because many observations have demon-
strated that the correct levels of transcription factors (TFs) are
crucial to achieving differentiation towards a desired lineage from
stem cells [23-25], we found it intriguing to investigate the effect
of Slug depletion in different hAMSC populations.

Materials and methods

Isolation and culture of hMSCs

hTP-MSCs were isolated from bone marrow TP aspirates (nine samples)
using Ficoll-Hypaque density gradient (Sigma-Aldrich, St. Louis, MO, USA)
as previously reported [26]. Briefly, nucleated cells were collected at the
interface, washed twice, suspended in o-MEM supplemented with 15%
FBS and penicillin G (Sigma-Aldrich), counted and plated at a concentra-
tion of 2 x 10° cells/T150 flask. After 48 hrs non-adherent cells were
removed and the adherent MSCs expanded in vitro.
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hBM-MSCs were isolated from bone-marrow aspirates of the IC (six
samples) and cultured as described for hTP-MSCs.

hWJ-MSCs were isolated from WJ of human umbilical cords (six sam-
ples) collected from full-term births. The cords were processed as previ-
ously described [27] within 4 hrs. Briefly, small pieces of cord (2-4 mm in
length) were placed directly into 25 cm? flask for culture expansion in
DMEM low glucose media (Euroclone S.p.a., Milan, Italy), supplemented
with 10% FCS (Euroclone). After 5-7 days, the culture medium was
removed and changed twice a week.

Informed consent was obtained by the Ethical committee for TP and IC
from patients undergoing total hip replacement or ankle surgery, and for
WJ from the mother after either caesarean section or natural delivery.

Osteogenic induction and mineralization assay

Osteogenesis of hMSCs was induced 24 hrs after seeding (in 12-well
plates) by incubating cells in «-MEM medium supplemented with
100 wM ascorbic acid, 10 mM B-glycerophosphate and 100 nM dexam-
ethasone (Sigma-Aldrich) for three to four weeks and analysed after the
24 hrs (Day 0) and at days 7, 14 and 21. The extent of mineralized matrix
in the plates was determined by Alizarin Red S staining (Sigma-Aldrich)
as previously reported [18].

Mineralized matrix positive to Alizarin Red S was analysed by image
analysis. In particular, 10 different RGB images were acquired under white
transmitted light from each well by a linear (y = 1) charge-coupled device
camera (DS Camera Control Unit DS-L2; Nikon, Tokyo, Japan) mounted on
an inverted microscope (Nikon Eclipse TS-100; Nikon Instruments Europe
BV, Amstelveen, The Netherlands), using an objective at 10>< magnification
and maintaining the sampling area fixed. Photometric analyses were con-
ducted on the monochrome red channel of the RGB stack. Images were
calibrated by adjusting the brightest grey level to 255 and then analysed
using the public domain Imaged software (rsbweb.nih.gov/ij). The data
were expressed as integrated optical density (0.D.).

Flow cytometry analysis

hMSC (at passage 1) were fixed in 4% paraformaldehyde and incubated at
4°C for 30 min. with 5 wg/ml of the following monoclonal antibodies: anti-
human-CD3, —-CD14, -CD34, -CD45 (DAKO Cytomation, Glostrup,
Denmark), —CD31 (Chemicon International, Temecula, CA), —CD73,
—-CD90, -CD146 (Becton Dickinson, Mountaine View, CA, USA), -CD105
(produced from the hybridoma cell line, clone SH2; ATCC, Rochville, MD,
USA). The cells were washed twice and incubated with 2.4 wg/ml of a poly-
clonal rabbit anti-mouse immunoglobulins/FITC conjugate (DAKO
Cytomation) at 4°C for 30 min. After two final washes, the cells were
analysed using a FACStar plus Cytometer (Becton Dickinson). For isotype
control, FITC-coupled non-specific mouse IgG was substituted for the
primary antibody. Data were expressed both as mean percentage of
positive cells and as mean fluorescence intensity (MFI) ratio determined
using the mean fluorescence of the specific marker analysed divided by the
mean fluorescence of the isotype control.

Small interfering RNA (siRNA) transfection

The anti-human Slug siRNA and appropriate control, scramble (scr)
siRNAs, were synthesized by Invitrogen Life Technologies (Carlsbad, CA,

G

Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



USA). The nucleotide sequences of the siRNA pair are as follows: sense:
5’-CCCUGGUUGCUUCAAGGACACAUUA-3’, anti-sense: 5'-UAAUGUGUC-
CUUGAAGCAACCAGGG-3'. 24 hours before siRNA transfection, hMSCs
were seeded in triplicate at a density of 12 X 10%/cm?. Cells were trans-
fected with 30 nM siRNA using Lipofectamine RNAIMAX (Invitrogen Life
Technologies) according to the manufacturer’s instructions. Transfected
cells were incubated for six days at 37°C before gene silencing analysis.
Medium GC Stealth RNAi Negative Control Duplex (Invitrogen, Life
Technologies) was used as negative control.

Real-time quantitative RT-PCR

Cells from three wells were harvested and total RNA was extracted using
an RNeasy Mini Kit (Qiagen, Hilden, Germany) in accordance with the man-
ufacturer’s instruction and as previously described [18]. Real-time PCR
was carried out using the ABI PRISM 7700 Sequence Detection System
(Applied Biosystems, Foster City, CA, USA). TagMan technology, the
Assays-On-Demand kit for human Slug, Runx2, Sox9, Sox5, Sox6 and
STAT1 were used. The mRNA levels of target genes were corrected for
GAPDH mRNA levels (endogenous control). All PCR reactions were per-
formed in triplicate for each sample.

Western blotting

For Western blot analysis, the cells were washed twice with ice-cold
PBS and cell lysates were prepared as previously reported [18]. Briefly,
10 g of each sample was electrophoresed on a 12% SDS-PAGE. The pro-
teins were then transferred onto an Immobilon-P PVDF membrane
(Millipore, Billerica, MA, USA). After blocking with PBS-0.05% Tween 20 and
5% dried milk, the membranes were probed with the following antibodies:
Runx2 (SC-10758) and Sox9 (SC-20095) from Santa Cruz Biotechnology
(Santa Cruz, CA, USA), Slug (L40C6) and STAT1 from Cells Signaling
Technology (Denvers, CA, USA), Sox5 (ab26041) and Sox6 (ab68316) from
Abcam (Cambridge, UK). After washing with PBS-Tween, the membranes
were incubated with peroxidase-conjugated anti-mouse (1:2000) (Dako,
Glostrup, Denmark) or anti-rabbit (1:50,000) in 5% non-fat milk.
Immunocomplexes were detected using Supersignal West Femto Substrate
(Pierce, Rockford, IL, USA). Anti-IP3K (06-195) from Upstate Biotechnology
(Lake Placid, NY, USA) was used to confirm equal protein loading.

Viability analysis (calcein-AM uptake assay)

Viability assay was performed as described previously [27]. For propidium
iodide and calcein analysis the cells were visualized with a Nikon camera
(DS Camera Control Unit DS-L1) mounted on a fluorescence microscope
(Nikon Eclipse 50i; Nikon Corporation, Tokyo, Japan) using the filter block
for fluorescein. Dead cells were stained in red, whereas viable ones
appeared in green.

Measurement of apoptosis

After the indicated days of treatment with Slug siRNA, the cells were rinsed
twice with PBS solution and fixed for 25 min. in 4% paraformaldehyde at
room temperature. Apoptotic cells were detected by the DeadEnd
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Colorimetric Apoptosis Detection System (Promega) according to the
manufacturer’s instructions. A dark brown DAB signal indicates positive
staining, whereas shades of blue-green to greenish tan indicate a non-
reactive cell.

Scratch wound assay

hMSCs were seeded at density of 12 X 103/cm2, grown to 90% conflu-
ency, transfected with siSlug or scr RNAs, and 72 hrs later were wounded
by scratching with a pipette tip. 24 and 48 hrs after wounding the cells
were incubated with Calcein AM (final 1 M) at 37°C in the incubator for
30 min. Images were taken at 0, 24 and 48 hrs.

Chromatin immunoprecipitation (ChlP) assay

ChlIP assay was carried out as previously described [22], using the stan-
dard protocol supplied by Upstate Biotechnology with their ChIP assay
reagents. The cells were cross-linked with 1% formaldehyde for 10 min.
at 37°C, washed in ice-cold PBS and suspended in SDS lysis buffer for
10 min. on ice. Samples were sonicated, diluted 10-fold in dilution
buffer supplemented with protease inhibitors and pre-cleared with 80 pl
of DNA-coated protein A-agarose; supernatant was used directly for
immunoprecipitation with 5 wg of anti-Slug, (sc-10436; Santa Cruz
Biotechnology), overnight at 4°C. Immunocomplexes were mixed with
80 .l of DNA-coated protein A-agarose followed by incubation for 1 hr at
4°C. Beads were collected and sequentially washed three times with 1 ml
each of the following buffers: low salt wash buffer (0.1% SDS,1% Triton
X-100, 2 mM EDTA, 20 mM Tris-HCI pH 8.1, 150 mM NaCl), high salt
wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI
pH 8.1, 500 mM NaCl), LiCl wash buffer (0.25 mM LiCl, 1% IGEPAL-
CA630, 1% deoxycholic acid, 1 mM EDTA,10 mM Tris-pH 8.1), and TE
buffer. Immunocomplexes were eluted two times by adding a 250-pl
aliquot of a freshly prepared solution of 1% SDS, 0.1M NaHCO3 and the
cross-linking reactions were reversed by incubation at 65°C for four hrs.
Samples were then digested with proteinase K (10 mg/ml) at 42°C for
1 hr, DNA was recovered by phenol/chloroform extractions, ethanol pre-
cipitated using 1 wl of 20 mg/ml glycogen as the carrier, and suspended
in sterile water. For PCR analysis, aliquots of chromatin before immuno-
precipitation were saved (input). PCR was performed to analyse the pres-
ence of DNA precipitated by Slug-specific antibody, and by using specific
primers (Table 1) to amplify fragments of Runx2 and Sox9 gene promot-
ers. Each PCR reaction was performed with 5 wl of the bound DNA
fraction or 2 wl of the input, as follows: pre-incubation at 95°C for 5 min.,
30 cycles of 1 min. denaturation at 95°C, 1 min. annealing at 62°C, and
1 min. at 72°C, with one final incubation at 72°C for 5 min. No antibody
control was included in each experiment.

Statistical analysis

The Kruskal-Wallis anova and Mann-Whitney non-parametric unpaired
tests were used to compare MSCs obtained from the three different
sources (TP, IC and WJ), whereas the Wilcoxon-paired test was used to
compare basal versus siSlug silenced MSCs. Values of P < 0.05 were con-
sidered significant. The analysis was performed with CSS Statistic
Statistical software (Statsoft, Tulsa, OK, USA).
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Table 1 PCR primers used for chromatin immunoprecipitation assay
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Results

(ChIP)
Characterization of hMSCs
. Product
Gene Primer sequences size (bp)
Adult hMSCs isolated from TP trabecular bone, IC bone marrow and
Runx2 Forward F1: 5’-ATATCCTTCTGGATGCCAGG-3’ 167 WJ umbilical cord, were examined. When MSC suspension was first
plated, the cells derived from the three sources displayed both a
Reverse R1: B'-AAGCACTATTACTGGAGAGGC-S’ monocyte-like and a spindle-shaped morphology. After one passage
Forward F2: 5'-GTTTCAGTGAATGCTAATGTAG-3" 290 (P1), the spindle-shaped cells were predominant and proliferated to
confluence. hTP- and hIC-MSCs usually reached the confluence after
Reverse R2:5'-AAGCGTTCATTTAACATGCAG-3' 2-3 weeks from seeding, whereas hWJ-MSCs formed adherent
. , colonies more rapidly, reaching confluence after 10-12 days and
Forward F3: 5'-CAAGAGCTITATITECATTGAG-3 282 demonstrating a major expansion capability (Fig. 1A). To evaluate
Reverse R3:5’-TTGTCCTCTGTGAGGCCTAT-3/ MSC characteristics from the different sources, the immunopheno-
typic profile of adherent cells from each culture was determined by
Sox9  Forward F1: 5'-GATAGTGTCCTCACTTCGCA-3" 467 testing a panel of surface markers using flow cytometry (Fig. 1B).
o , MSC from all samples were positive for CD90, CD73, CD105, CD146
ORISR |G LI BRI (mesenchymal cell markers), but negative for CD31 (endothelial
Forward F2: 5'-CAGCCACCACCATCCAAGTT-3' 470 cell marker), CD3, CD14, CD34, CD45 (haematopoietic cell markers).
In particular, we observed that the expression of CD90, CD73
Reverse R2:5'-GAAGGGCATTGTGTGTACAG-3' and CD105 was not significantly different in all the three types of
MSC analysed (Fig. 1C; total mean = S.D. 97 = 3), whereas the
A hTP-MSC hic-MsC
Fig. 1 Isolation and phenotypical
characterization of hMSCs. (A)
Optical micrographs of hMSCs
isolated from tibial plateau (TP) tra-
becular bone, iliac crest (IC) bone
marrow and Wharton’s jelly (WJ)
umbilical cord. After one passage
(P1), cells show a fibroblast-like g A
morphology (original magnifica- CD3 CD14 CD31 CD34 CD45 CD73 CD90 CD105CD146
tion: 10x). (B) Flow cytometric 11 |: I I 118 131 Al AL
analysis of a representative case of . ‘ . t 1 e E . . ‘L 'l & .1_} E _L_-' A E J\_._ hTP-MSC
hTP-MSC, hIC-MSC and hWJ-MSC. RSTT TEETT TANTT TIETT ST TeeTT Thwod teTT s
Open histograms represent the @l- . x . - - - ,\ T 111
isotype control antibody, dotted % :L tL : ! p é g ! _‘L/& :_L; :_L_.-. _L hiC-MSC
histograms represent anti-CD3, | A AAE A A "-':*-'“-"-'-
-CD14, -CD31, -CD34, -CD45, o, . ’ " . o - A " f -
-CD73, -CD90, -CD105 and -CD146 | . ; i : . ; Yl .
antibodies. X-axis: mean fluores- - 1 - A 1z A = é i A _ A/\_ _L‘ ':.__ -__Aﬁ,_ ﬁL hWJ-MEC
cent channel; Y-axis: number of S
events. (C) Flow cytometric data of LOG FLUORESCENCE
anti-CD73, -CD90, -CD105 and
-CD146 antibodies expressed both Cc P
as mean percentage of positive | g m g gg
cells = S and as mean of WFl = coros 1 = cos
ratio £ oS.c. otatistical analysis was | | E
performed hTP-MSC versus hiC- i % oo B e
MSC” and hIC-MSC versus hWJ- - 1 g
MSC®, as described in Results. :, g g
o E
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Fig. 2 Silencing of Slug gene expression by siSlug in hMSCs. hMSCs were transfected with siSlug or a non-relevant siRNA (scr). (A) Slug expression
was determined at mRNA level, and revealed by quantitative RT-PCR analysis. RT-PCR results were calculated using the AAGCt method, using GAPDH as
the housekeeping gene, and WJ-MSCs siSlug transfected sample as the calibrator. Statistical analysis was performed control and a non-relevant siRNA
versus siSlug-silenced cells (*, ° and * for hTP-MSC, hIC-MSC and hWJ-MSC, respectively), as described in Results. (B) Slug expression was determined
at protein level, and revealed by Western blot. Ten g of whole cell lysates were assayed on a 12% SDS-PAGE, and the proteins were visualized using
Supersignal Femto Substrate (Pierce). Size markers are reported (kD). IP3K was used as loading control.

percentage of positive cells for CD146 was significantly lower in hTP-
MSC (mean = S.D. = 25.77 + 17.82) and in hWJ-MSC (mean =
S.D. = 23.4 = 19.09) compared to hIC-MSC (mean = S.D. = 53.12 =
23.01, P=0.000007 and 0.01, respectively). Moreover, as shown in
Figure 1C, the MFI ratio of the positive markers was not significantly
different in all the three types of MSC analysed.

Effect of Slug knockdown

In the complexity of the MSC genetic program, we investigated the
effect of silencing of a specific transcription factor, Slug, that our
recent studies have determined as a novel positive regulator of
osteogenesis in human primary osteoblasts [18].

Specifically, h(MSCs were transfected with siRNA sequence tar-
geting Slug gene transcript [18]. Non-targeting siRNA was used
as a negative control. We first checked that siRNA/Slug was effi-
cient in decreasing Slug expression in all hMSCs. Quantitative
real-time RT-PCR showed that basal Slug expression levels are
higher in hTP- and hIC-MSCs than in hWJ-MSCs (Fig. 2A).
Nevertheless, in all cases siRNA/Slug reduced Slug mRNA expres-
sion by about 80% (P < 0.05). The efficiency of Slug silencing
was also validated at protein level in all hMSCs by Western blot
analysis (Fig. 2B).

To rule out any adverse effects of treatment with Slug siRNA,
viability assays and apoptosis assays at different time points (1, 2,
3 and 6 days) post-transfection with Slug siRNA were carried out.
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The double staining with a Galcein-AM cell viability assay kit and
TUNEL test demonstrated that transfected hMSCs were highly
viable (Fig. 3A) and did not show apoptotic nuclei (Fig. 3B) up to
6 days. The same photomicrographs suggest that Slug-silenced
cells slightly reduced their proliferation capacity, and changed
their morphology by becoming rounded in response to
SiRNA/Slug treatment.

To further explore the effects of Slug knockdown on cell function,
we performed the scratch-wound healing assay. Scratching of the
hMSCs monolayer triggers a migratory event similar to the events
that happen in fracture healing. We found that Slug-repressed cells
had an impaired ability to close the wounded area compared with
control and scrambled cells. After 48 hrs, gap closure in Slug-
repressed hMSCs was significantly reduced because migration from
the border of the wound was very slow. In Figure 3(C), a representa-
tive scratch assay performed on hWJ-MSCs is shown; the same
results were obtained by using hMSCs from TP and IC.

The next step was to investigate whether Slug has a specific
role in determining the molecular signature of hMSCs. This was
tested by analysing the effect of Slug knockdown on the expres-
sion of transcription factors, which are required in the control of
the differentiation program of osteochondroprogenitors. These
genes include (/) Runx2, a member of runt family playing a pivotal
role in osteoblast differentiation decision and hypertrophic chon-
drocyte maturation [28, 29]; (/i) Sox9, which is particularly neces-
sary for chondrogenic differentiation commitment [30, 31]; (iif)
Sox5 and Sox6, whose main function in chondrocytes is to boost

© 2011 The Authors

Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



B 24h 6d

ctr

siSlug

24h

48h

Fig. 3 Effect of Slug siRNA treatment on viability (A) and apoptosis (B) of
hMSCs cultured for the indicated length of time with Slug siRNA (siSlug) or
not (ctr). (A) Viability was determined by double staining assay with Calcein-AM
and propidium iodide. Fluorescence photomicrographs (4 magnification)
are representative merged images showing the presence of green fluores-
cence (calcein-AM)-labelled live cells and the absence of red fluorescence
(Pl)-labelled dead cells. (B) Apoptosis was determined by Tunel assay; the
absence of brown colour reaction indicates that the cells did not undergo
apoptosis. Representative photomicrographs (10X magnification) are
reported. (C) Analysis of hMSCs migration by in vitro scratch assay. hMSCs
were transfected with 30 nM siSlug or a non-relevant siRNA (scr). 72 hrs
after silencing treatment, hMSCs monolayers were scratch wounded with a
pipet tip (0 hr), and observed over the indicated time periods, 0, 24 and
48 hrs (4x magnification). Images show siSlug treated cells exhibited a
reduced capacity to cover the scratch area compared to control cells.

the ability of Sox9 to activate major chondrocyte markers [32];
(iv) STATT, which inhibits chondrocyte proliferation and regulates
bone development [33, 34].

Quantitative RT-PCR analysis revealed that, after Slug silenc-
ing, all genes, except Runx2, showed the same modulation that
was independent of cell type (Fig. 4). Slug-silenced cells always
showed an increase in Sox9 and Sox5 when compared to the con-
trol condition. In particular, this up-regulation was significant for

© 2011 The Authors
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hTP-MSCs (for Sox9, P = 0.035; for Sox5, P = 0.027) and hWJ-
MSCs (for Sox9, P = 0.027; for Sox5, P = 0.027). On the con-
trary, Sox6 and STAT1 expression declined in all hMSCs treated
with siRNA/Slug compared to the control. In particular, down-reg-
ulation of Sox6 was significant for hWJ-MSCs (P = 0.027),
whereas down-regulation of STAT1 was significant for hTP-MSCs
(P = 0.027) and hIC-MSCs (P = 0.043). Finally, Runx2 expres-
sion did not significantly change after the Slug knockdown, even
if slightly increased in hIC-MSCs, and decreased in hWJ-MSCs.
The effect of Slug silencing on Runx2, Sox5, Sox6, Sox9 and Stat1
expression was confirmed also at protein level by Western blot
analysis (see the inserts in Fig. 4). As a whole, the trend we
observed suggests that Slug may act as a negative regulator of
Sox9 and Sox5 expression, and as a positive regulator of Sox6
and STAT1 genes, in hMSCs. On the contrary, as regards Runx2,
the role of Slug seems to be influenced by cell type. This is in
agreement with our previous data [18] demonstrating that the
same Slug knockdown increased Sox9 expression, but decreased
Runx2 in human primary osteoblasts. This different role of Slug in
mature committed osteoblasts and in their undifferentiated pro-
genitors suggests a cell stage-specific mechanism of control of
Runx2 and osteoblast differentiation by Slug.

The human genomic DNA sequences belonging to 5’ regula-
tory regions of Runx2, Sox9, Sox5, Sox6 and STAT1 were
analysed for the presence of putative Slug binding sites (E boxes)
[19] by TFSEARCH predicting transcription factor binding sites
program (www.cbrc.jp/research/db/TFSEARCH.html). This analy-
sis revealed the presence of E boxes in the promoter regions of all
five genes (Fig. 4).

Slug transcription factor is in vivo recruited at
Runx2 and Sox9 gene promoters

On the basis of these findings, we tried to dissect the relationship
between Slug and some of the analysed genes by investigating
in vivo Slug recruitment at specific promoter sequences. We
focused our attention on the promoter of Runx2 and Sox9 genes,
and the functionality of their E boxes was analysed by ChIP
(Fig. 5) on six samples of hMSCs from the three sources.

Occupancy of these E boxes by Slug was compared among
hMSCs. ChIP data were collectively considered for the presence or
absence of PCR signals and the different promoter regions con-
taining the E boxes were characterized for their high, low or no
ability to recruit Slug. The results revealed that Slug can, in vivo,
associate with multiple sites across Runx2 and Sox9 promoters to
a different extent regardless of the hMSCs source.

Considering Runx2 gene, Slug associated with regions 2 and 3
to a similar extent, but more localized to a discrete region proxi-
mal to the transcription start site (region 1). Interestingly, the E
boxes within region 1 are highly conserved, as revealed by the
alignment of sequences from rat, mouse and human.

Furthermore, with regard to Slug occupancy of Sox9 promoter,
region 2 was the only one involved in the interaction, whereas no
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chromatin was immunoprecipitated from the region 1. The align-
ment of Sox9 sequence promoters from rat, mouse and human
revealed no significant homology.

As a whole, these ChIP experiments revealed that both Runx2 and
Sox9are Slug target genes in hMSCs, and that the E boxes present in
these promoters are differently involved in the Slug recruitment.

Gene expression profiling and relationship
to osteogenic potential

We then investigated the osteogenic potential of hMSCs from the
three sources. At 21 days of differentiation, the cultures showed the
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presence of mineralized nodules following alizarin red staining analy-
sis (Fig. 6A). These data support the hypothesis that MSCs can be
successfully differentiated towards osteogenic lineage when appro-
priately stimulated in vitro. Interestingly, mineralization occurred at
day 7 only for hWJ-MSC whereas for hTP- and hIC-MSC started
from day 14. In addition, we noticed that, both at day 14 and 21, min-
eralization was significantly increased in hTP-MSC (P = 0.003 and
0.006, respectively) and hIG-MSC (P = 0.00001 and 0.006, respec-
tively) compared to hWJ-MSC. Comparing hTP- and hIC-MSC we
observed that, whereas at day 14 mineralization was significantly
higher in hIC-MSC than in hTP-MSC (P = 0.008), at day 21 it
reached approximately the same values in both cell sources.

© 2011 The Authors
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Fig. 5 /n vivo recruitment of Slug on Runx2 and Sox9 human gene promoters. Protein-DNA complexes were in vivo formaldehyde—cross-linked in six
samples of hMSC isolated from tibial plateau (TP) trabecular bone, iliac crest (IC) bone marrow and Wharton’s jelly (WJ) umbilical cord. Chromatin frag-
ments were subjected to immunoprecipitation with antibody against Slug. After cross-link reversal, the coimmunoprecipitated DNA was amplified by PCR
using the primers pairs spanning the reported regions of Runx2 and Sox9 promoters. Aliquots of chromatin taken before immunoprecipitation were used
as input positive controls whereas chromatin eluted from immunoprecipitations lacking antibody were used as no antibody controls (NoAb). PCR frag-
ments of all samples analysed were resolved in 1.5% agarose gels and subjected to densitometric analysis for a semi-quantitative determination of occu-
pancy of binding sites. High, low or no ability to recruit Slug is represented by the extent of the black portion of the square. A representative PCR analy-
sis is reported below each investigated region. The relative positions of Slug putative binding sites (grey ovals) are indicated. Sites showing 100% homol-
ogy with consensus-binding site (CAGGTG/CACCTG) are indicated with black ovals. The alignment of sequences from rat, mouse and human of Runx2
promoter region 1 is reported, showing the highly conserved E boxes.

Interestingly, when hWJ-MSCs cultured in osteogenic medium
were forced to overexpress Slug the deposition of mineralized
matrix was significantly increased (Fig. S1).

The expression levels of transcription factors were then
assessed (Fig. 6B). As expected, Sox9 expression was down-
regulated during osteoblastic differentiation of all hMSCs, but
the presence of osteogenic medium had different effects on the
other transcription factors, depending on the MSC source. After
21 days in osteogenic medium Slug, Runx2, Sox5, Sox6 and
STAT1 expression showed a general decrease in hTP-MSC,
whereas remained approximately constant in hiC-MSC, although

Discussion

these cells are identical in mineralization level. On the contrary,
an appreciable increase in the expression levels of Slug, Runx2,
Sox5 and STAT1 genes was observed in hWJ-MSC after
osteogenic induction.

© 2011 The Authors

Bone tissue regeneration and repair through therapeutic use of
cells requires special attention to two important issues: (/) the
search for new crucial molecules for the commitment of
MSCs toward osteogenic lineage, and (/i) the definition of optimal
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Fig. 6 Osteogenic differentiation of hMSCs.
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osteoprogenitor source and cell culture conditions. This is strictly
related to the development of innovative experimental targeted
strategies for human cultured MSCs. In this context, the concept
of manipulating specific TFs is creating great interest.
Overexpression or depletion of TFs, including Runx2, Osterix,
Sox9, Twist1, NFATc1, Foxo1, Sp1, HIF-1 ¢/EBP and Rex-1, was
recently performed in MSCs [35-42]. This approach is largely
based on the knowledge of the molecular networks implicated in
osteogenic differentiation, and, at the same time, it allows the
identification of the role of a specific TF in mediating the fate and
maturation of hMSCs. In this respect, many studies have demon-
strated that the level of modulation of several osteoblast-associ-
ated genes may differ depending on culture conditions and source
from which the cells are taken [12, 13, 16, 17, 43]. These obser-
vations may have significant implications for cell-based bone tis-
sue regeneration, particularly when much evidence in literature
suggests that the basal expression levels of specific genes in unin-
duced MSCs may have a crucial role in this scenario [7, 44, 45].

In this study, we used hMSCs isolated from TP trabecular
bone, IC bone marrow and WJ umbilical cord, and demonstrated
that the cell response to a same ‘in vitro' microenvironment may
be different.

First, we found that hMSCs isolated from the three sources
possess similar surface marker profiles, but the basal expression
levels of TFs, which control differentiation program of osteochon-
droprogenitors, such as Runx2, Sox9, Sox5, Sox6, STAT1 and
Slug, are different. In particular, hWJ-MSCs showed the lowest
expression levels of Runx2, Sox9, STAT1 and Slug. Further inves-
tigations, aimed at the analysis of differentiation potential, should
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four samples for each group analysed.

resolve whether the transcripts we have analysed, together with
those found by others, are merely expressed as part of a differen-
tiation program, or whether their presence, as well as their expres-
sion levels, have functional relevance for h(MSC behaviour. In this
regard, when the osteogenic potential of hMSCs isolated from the
three sources was investigated, we found that osteogenically
induced hWJ-MSCs showed the characteristic staining of bone-
like nodules beginning from day 7, whereas the same signs of
mineralization were evident in hTP- and hIC-MSCs only from day
14. Nevertheless, hWJ-MSCs were not able to reach at day 21 the
level of mineralization that we found in the other hMSCs, but,
when Slug was overexpressed, their mineralization level was sig-
nificantly increased (Fig. S1) strengthening our hypothesis on the
role of Slug in hMSCs. Therefore, our findings indicate that there
is a variability in the extent of osteogenic differentiation among the
analysed hMSCs and that it may be specifically modulated.
Interestingly, Runx2 expression showed a trend to decrease or
remain unchanged in hTP- and hIC-MSCs respectively, but not in
hWJ-MSCs after 21 days in osteogenic medium. It is, in fact, well
established that, during bone development, Runx2 induces
osteoblast differentiation and increases the number of immature
osteoblasts, which form immature bone, whereas Runx2 expres-
sion has to be down-regulated for differentiation into mature
osteoblasts, which form mature bone [30, 46]. Therefore, differ-
ent osteogenic potential of hWJ-MSCs, which quickly respond to
osteogenic medium, but do not reach a complete ‘end-stage’ dif-
ferentiation, may be due to Runx2 expression, which increased
during differentiation. This is in accordance with many other
previously reported features of umbilical cord-derived stem cells

© 2011 The Authors
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[13, 47, 48]. Thanks to their properties, the hWJ-MSCs may be a
particularly promising cell population, supporting new concepts in
cellular therapy. Overall, these cells appear to possess the proper
stage of development that makes them preferable candidates
when a bone regeneration under endogenous factors control is
required. In many cases, to promote tissue integration, it is, in
fact, critical that the pre-differentiated osteogenic progenitors to
be implanted are able not only to differentiate, but also to interact
with the endogenous microenvironment and respond to local dif-
ferentiation signals ‘in vivo'. This capability can be carried on by
cells that have not completely reached the terminal differentiation
such as the hWJ-MSCs here described. Conversely, it is conceiv-
able that TP or IC, from which we obtained the other hMSCs, are
already committed compartments containing stem cells with a
higher maturation stage and particularly prone to form mature
bone. Probably, these kind of cells are to be preferred when large
bone defects have to be repaired.

Another aspect to take into account is that the achievement of
pre-differentiated osteogenic progenitors requires the employ-
ment of induction media containing exogenous recombinant
growth factors, foetal bovine serum, hormones and other reagents
whose effects on long-term ‘in vivo’ differentiation are not known,
and which may be potentially negative by transmitting infectious
agents and triggering an immune response. Therefore, in the light
of the considerations and issues presented at the beginning of this
discussion, it is interesting to investigate the possibility that the
change in the levels of specific gene transcription can replace the
standard method of induction to differentiation. In this regard and
to establish assumptions for next investigations, we considered
the possibility to affect the behaviour of hMSCs by using gene
silencing approach without exposing cells to induction media. We
have chosen to silence Slug protein because our previous findings
demonstrated that depletion of this transcription factor negatively
affects the maturation process of osteoblasts, but has a positive
effect on chondrocyte differentiation [18]. In addition, some indi-
rect evidence from other laboratories suggests that Slug protein
negatively regulates the proliferation of chondroprogenitors [34],
whereas Slug forced overexpression in chick limb mesenchymal
cells can induce apoptosis [49].

Our results obtained from RT-PCR analysis depicted a complex
scenario where all Slug-silenced hMSCs from the three sources
showed generally a higher expression of Sox9 and Sox5, and a
lower expression of Sox6 and STAT1 in comparison with control
cells. This suggests that Slug acts as a negative regulator of Sox9
and Soxb5 expression, and as a positive regulator of Sox6 and
STAT1 genes. Sox5, Sox6 and Sox9 constitute the so-called SOX
trio and are essential factors for the development of embryonic
cartilage, and are mainly associated with the commitment of
undifferentiated MSCs into chondrocytes [50, 51]. In particular,
Sox9 is the first essential transcription factor for chondrocyte dif-
ferentiation [30, 31]. Sox 5 and Sox6 are indicated as downstream
genes of Sox9 in chondrocytes, but are not absolutely necessary
for chondrocyte differentiation even if they strongly potentiate
Sox9 activity [32, 50]. Recent studies in MSCs have demonstrated
that SOX trio family members may be differently regulated. For

© 2011 The Authors
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example, BMP-2, which was reported to control chondrogenic dif-
ferentiation, increased Sox6 and Sox9, but not Sox5 mRNA
expression [52]. Therefore, our results strengthen the evidence
that a specific factor may differently affect SOX trio regulation,
suggesting also a novel role for Slug transcription factor. In future
studies, we will determine whether Slug acts directly on Sox5 and
Sox6 promoters or the up-regulation of Sox5 by Slug gene silenc-
ing was mediated by Sox9.

Another interesting finding after Slug silencing is STAT1 down-
regulation. This result demonstrates the specificity of knockdown
treatment and suggests that STAT1 expression is positively regulated
by Slug. Accordingly, in chondrogenesis, STAT1 acts downstream in
relation to Slug and, as Slug, negatively regulates the proliferation of
chondroprogenitors [34]; in mature chondrocytes, STAT1 is impli-
cated as a key signalling molecule that mediates the anti-proliferative
and apoptotic activity of FGFR-3 [53]. In MSCs, STAT1 is essential in
interferon-vy (IFN-v) induced signalling process and cooperates with
many cytokines for regulation of gene expression [54]. Conversely, a
recent study demonstrates that STAT1 is a negative regulator for
osteoblast differentiation, and suggests that inhibition of STAT1
activity may be beneficial for skeletal fracture treatment [55].
However, in contrast to these observations, we demonstrated here
that STAT1 expression is differently modulated in hMSCs induced
towards osteogenic lineage. As a whole, these findings support the
hypothesis that (/) modulating the expression of one or more specific
transcription factors a preferential selection of osteo- or chondro-
precursors may be obtained; and (ij) although the mechanisms of
this process are currently unknown, nevertheless it seems that they
are dependent on experimental models and developmental stages of
the cells. Therefore, to clarify the role of STAT1 in osteochondroprog-
enitors and bone mature cells, and to understand the possible dis-
crepancies between the data collected so far, further investigations
are required.

These observations are consistent with the results obtained
regarding Runx2 in Slug-silenced hMSCs. In fact, concerning
Runx2, the role of Slug seems to be influenced by cell type. We
found that, after Slug knockdown, Runx2 expression did not sig-
nificantly change. This can be explained by the evidence that
Runx2 has a broader spectrum of phenotype control of a cell in
comparison with SOX trio or STAT1. In fact, in addition to its role
in osteoblast differentiation, Runx2 also promotes chondrocyte
maturation [29, 34]. This confirms that, for certain genes, includ-
ing Runx2, their susceptibility to be modulated in expression
levels depends on gene function, and is strictly correlated with
heterogeneity and properties of MSC population. This corrobo-
rates the evidence supporting the unique nature of MSCs from
different sources through their divergent responses to a specific
biological modifier.

To elucidate Slug function in hMSCs and analyse the biological
phenomena affected by Slug knockdown it is mandatory to inves-
tigate the ability of Slug-silenced hMSCs to undergo chondrogenic
terminal differentiation or true osteogenesis. This can be properly
performed only in Slug stably knocked down cells, which we are
now creating with lentiviral systems, and in three-dimensional
culture conditions. Alternatively, the consequences of loss of
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appropriate Slug expression on skeletal apparatus can be in vivo
explored in transgenic Slug knockout mice [56, 57].

In conclusion, considering that an important issue for tissue
regeneration is to identify new crucial molecules in hMSCs whose
targeting may promote differentiation in vitro, our study encour-
ages the development of alternative strategies to induce efficient
differentiation for clinical use of hMSCs in bone and cartilage tis-
sue engineering and repair.
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