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Low Osteogenic Differentiation Potential
of Placenta-Derived Mesenchymal Stromal Cells
Correlates with Low Expression
of the Transcription Factors Runx2 and Twist2
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Recent studies indicated that mesenchymal stromal cells from bone marrow (bmMSC) differ in their osteogenic
differentiation capacity compared to MSC from term placenta (pMSC). We extended these studies and inves-
tigated the expression of factors involved in regulation of bone metabolism in both cell types. To this end, MSC
were expanded in vitro and characterized. The total transcriptome was investigated by microarrays, and for
selected genes, the differences in gene expression were explored by quantitative reverse transcriptase-
polymerase chain reaction, immunocytochemistry, and flow cytometry. We report that bmMSC and pMSC share
expression of typical lineage surface markers, including CD73, CD90, CD105, and lack of CD14, CD34, and
CD45. However, according to transcriptome analyses, they differ significantly in their expression of more than
590 genes. Factors involved in bone metabolism, including alkaline phosphatase (P <0.05), osteoglycin (P <0.05),
osteomodulin (P<0.05), runt-related transcription factor 2 (Runx2) (P<0.04), and WISP2 (P <0.05), were ex-
pressed at significantly lower levels in pMSC, but twist-related protein 2 (Twist2) (P <0.0002) was expressed at
significantly higher levels. The osteogenic differentiation capacity of pMSC was very low. The adipogenic
differentiation was somewhat more prominent in bmMSC, while the chondrogenic differentiation seemed not to
differ between bmMSC and pMSC, as determined by histochemical staining. However, expression and induction
of peroxisome proliferator-activated receptor gamma-2 (PPARY2) and Sox9, factors involved in early adipo-
genesis and chondrogenesis, respectively, were higher in bmMSC. We conclude that despite many similarities
between bmMSC and pMSC, when expanded under identical conditions, they vary considerably with respect to
their in vitro differentiation potential. For regenerative purposes, the choice of MSC may therefore influence the
outcome of a treatment considerably.

Introduction expression of nerve growth factor receptor (CD271), frizzled-9
(CD349), and tissue nonspecific alkaline phosphatase (TNAP)
determined early differentiation stages of CD73", CD90™, or
CD105" MSC [6]. In addition to these antigens, expression of

the stage-specific embryonic antigen 4 (SSEA-4) or fibroblast

I I UMAN MESENCHYMAL STROMAL CELLS (MSCs), some-
times referred to as mesenchymal stem cells, are multi-
potent cells found in different tissues of the adult body. They

express a variety of cell surface antigens, including CD73, CD90,
CD105, and CD146, but lack expression of antigens charac-
teristic for hematopoietic or endothelial cells [1-3]. A unique
MSC-defining epitope is not known yet [1,4,5]. The bright

activation protein-o. (FAPA) were suggested as marker anti-
gens for MSC [7,8]. However, other antigens such as CD146
(alias MCAM, MUC18), the sushi-containing domain 2 pro-
tein (susd2, alias W5C5 antigen) [9], or the molecule
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detectable by monoclonal antibody clone W12D1 (protein
unknown) generated distinct histogram patterns, indicating
that MSC prepared by conventional techniques present a
complex mixture of cells [10,11].

Functionally different subsets of bone marrow-derived
mesenchymal stromal cell (bmMSC) can be generated by
fluorescence-activated cell sorting (FACS) ex vivo, yielding
cells with a distinct differentiation or regeneration potential.
In bmMSC, the CD271"CD56" subset had a prominent
chondrogenic potential, whereas the CD271*CD56~ subset
yielded more adipogenic cells. The osteogenic potential of
bmMSC was high, but did not differ between the two subsets
[12]. In contrast, the CD271* fraction of periosteum-derived
progenitor cells contained osteoblast precursors, which de-
posited a mineralized matrix, whereas the CD271" subset
failed to do so [13]. Adipose tissue-derived mesenchymal
stromal cells (atMSC) express CD34, an antigen found, for
instance, on endothelial or hematopoietic precursor cells, but
not on bmMSC or placenta-derived mesenchymal stromal
cells (pMSC), and these CD34" atMSC were osteogenic in
vitro and in vivo [14]. MSC from another source, the synovial
membrane, had a distinct chondrogenic potential [15], but
failed to generate a stable cartilage ectopically [16]. Thus, in
addition to the differences between the subsets of bmMSC
enriched by monoclonal antibodies and FACS [12], MSC
from other sources such as placenta or adipose tissue may
differ in their gene expression patterns or in their regenera-
tive potential as well [17,18].

We therefore explored some of the differences between
bmMSC and pMSC in more detail and investigated the total
transcriptome, expression of osteogenic factors, and the tri-
lineage differentiation potential of bmMSC compared to
pMSC in vitro. Here we report that these cells express runt-
related transcription factor 2 (Runx2) and twist-related
protein 2 (Twist2), key factors involved in osteogenic dif-
ferentiation, at significantly different levels. We confirm a
low osteogenic differentiation potential, but a rather normal
adipogenic or chondrogenic potential of pMSC in vitro.

Materials and Methods
Preparation of MSCs

The bmMSC were prepared as described recently [19] and
characterized as recommended by a consensus conference of
the International Society for Cellular Therapy [1]. For this
study, bmMSC were isolated from femoral aspirates of pa-
tients (n=16) undergoing a total hip replacement after
written consent at the BG Centre of Trauma Surgery. The
aspirates were washed with phosphate-buffered saline (PBS;
PAA) and centrifuged (room temperature, 10 min at 150 g).
The supernatant was discarded and the pellet was re-
suspended in PBS. The mononuclear cells in the suspension
were enriched by density gradient centrifugation (Ficoll®; GE
Healthcare; p=1.077, room temperature, 30 min at 400 g).
The fraction of mononuclear cells was harvested from the
interphase, washed once with PBS, and seeded in the MSC
expansion medium in T75 flasks (BD Falcon).

The pMSC were isolated from human term placenta and
characterized as described recently [2,10]. Healthy term
placenta (n=14) was provided by the Department of Gy-
naecology and Obstetrics at UKT after consent from the
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mothers. In some experiments, the endometrial maternal part
of the placenta was separated from the fetal part to enrich for
maternal (pmMSC) and fetal (pfMSC) subsets of pMSC. The
tissue was minced in small pieces and after triple washing
with the Hank’s balanced solution (PAA), the samples were
proteolytically digested (1h, 37°C, 12 U/mL collagenase type
XI; Sigma-Aldrich; 2.4 U/mL dispase II; Roche). The diges-
tion was stopped by addition of fetal calf serum (FCS)
(0.1 vol; FCS Biochrom) and filtered through a sieve. Density
gradient centrifugation was performed with the crude cell
suspension obtained as described above. The mononuclear
cells were collected and washed once with 1xPBS. The su-
pernatant was discarded and the pellet was resuspended in
MSC expansion media and seeded in T75 flasks (BD Falcon).
The study was approved by the ethics committee.

Expansion and differentiation of MSC in vitro

MSC from individual donors were expanded in an ex-
pansion medium compliant with current good medical pro-
cedure (GMP) regulations as described [20]. Unless
otherwise noted, MSC were harvested after two passages of
in vitro culture and utilized for the different experiments. To
explore their differentiation potential, cellular differentiation
was induced in vitro.

For osteogenic differentiation, MSC were seeded at an
inoculation density of 5x10* cells per six-well plate in the
cell expansion medium for 7 days. Then, the expansion me-
dium was replaced by the osteogenic induction medium
containing high glucose DMEM (PAA), enriched 10% FCS
(Biochrom), 100pug/mL streptomycin, 100U/mL penicillin
(both Invitrogen), 10 mM B-glycerophosphate (Merck), 0.1 uM
dexamethasone, and 0.17mM ascorbic acid 2 phosphate (both
Sigma-Aldrich). After 4 weeks of differentiation, cells were
fixed with ice-cold methanol (VWR) and mineralization was
determined by von Kossa staining [21].

For adipogenic differentiation, cells were also seeded in
six-well plates. The adipogenic induction medium included
high glucose DMEM (PAA), 10% FCS (Biochrom), 100 pug/
mL streptomycin, 100U/mL penicillin (both Invitrogen),
0.2mM indomethacine (Calbiochem), 0.01 mg/mL insulin,
0.5mM 3-isobutylxanthine, and 1M dexamethasone (both
Sigma-Aldrich). After 28 days in the induction medium, the
cells were washed and stained with Oil Red O [22].

For chondrogenic differentiation, the cells were seeded in
round-bottom 96-well-plates at a density of 4x10° cells per
well to allow microsphere formation. The chondrogenic in-
duction medium was added, which consisted of high glucose
DMEM (PAA), 0.17mM ascorbic acid 2-phosphate, 100 pug/
mL streptomycin, 100 U/mL penicillin, 0.1 uM dexametha-
sone, and 1 x insulin-transferrin-selenite (ITS)+1 supplement
(all from Sigma-Aldrich). After 4 weeks of induction, the
microspheres were harvested, imbedded in Tissue Tek (Sa-
kura), and stored at —70°C. For immunocytochemistry,
samples were cyrosectioned (6 puM; Leica CM3050S) and
stained with Alcian Blue [23].

Flow cytometry

All preparations of bmMSC and pMSC were characterized
by microscopy and flow cytometry (FCM) as described re-
cently [24]. The cells were detached with Accutase (PAA),
washed with PFEA [PBS containing 2% FCS (Biochrom),
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2mM ethylenediaminetetraaceticacid (Merck), and 0.01%
sodium azide (Merck)]. All antibodies were diluted in cold
PFEA (4°C) and added to the cells (5x10° per sample) fol-
lowing the manufacturer’s protocol. The cells were first in-
cubated for 20min at 4°C with Gamunex® (Talecris
Biotherapeutics; 1:20 in PFEA), washed once with PFEA, and
then stained with the antibodies. The cells were then washed
with PBS and analyzed by FCM LSR II (BD Bioscience). To
detect intracellular proteins by FCM, cells were permeabi-
lized before antibody incubation (BD Bioscience; cytofix/
cytoperm kit). Then, the anti-Runx2 (Cell Signaling) and anti-
Twist-2 antibodies (Abcam) were added according to the
manufacturer’s protocol. The FCM data were analyzed with
the DIVA® and Flow]Jo® software programs [25].

Determination of mitotic and respiratory activities
by a modified MTT assay

Cells were seeded in 96-well plates (3,000 cells/well;
Greiner Bio-One, Cellstar). The mitotic or respiratory activity
was investigated using a cell proliferation assay (EZ4U;
Biozol Diagnostic) according to the manufacturer’s protocol.
The extinction reading was accomplished with an ELISA
reader (BioTek; EL800) using 450 nm wavelength. Data were
evaluated with Excel®.

Investigation of the transcriptome

For investigation of gene expression, the total tran-
scriptome of bmMSC and pMSC derived either from the
maternal (pmMSC) or fetal (pfMSC) side of placenta was
explored. The cells were expanded to the second passage,
characterized as described above, and RNA was prepared
according to the manufacturer’s protocol (RNeasy Kit; Qia-
gen). For analysis of the total transcriptome, two sets of RNA
samples were prepared from bmMSC (total n=11), pmMSC
(total n=6), and pfMSC (total n=8) and the gene expression
analysis was performed in two independent arrays by Af-
fymetrix GeneChip® technology (using the Human Genome
U133 Plus 2.0 arrays). The gene expression data was first
normalized with the Robust Multichip Average method [25]
followed by differential expression analyses using the mi-
croarray data analysis software Mayday [26]. Furthermore,
we conducted a pathway analysis of the genes found to be
differentially expressed using Ingenuity® Systems Ingenuity
Pathway Analysis (IPA) (http://ingenuity.com) to identify
signaling pathways involved in osteoblast differentiation or
bone development. Ingenuity is a program that converts
large data sets into networks containing direct and indirect
relationships between genes based on known interactions in
the literature. In addition, we used DAVID [27] to find en-
riched gene ontology terms related to the role of mesen-
chymal cells in osteogenesis in the set of differentially
expressed genes.

For quantitative reverse transcriptase -polymerase chain re-
action (RT-qPCR) of individual genes, RNA was extracted as
described above and reverse transcription of RNA into cDNA
was performed on 1pg total RNA with oligo-(dT),-priming
(Advantage RT for PCR Kit; Clontech). RT-qPCR (Light-
Cycler®; Roche) [28] utilizing commercially available primer
pairs for the chondrogenic marker sex determining region
Y-box 9 (Sox9; Qiagen), the osteogenic markers alkaline
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phosphatase (ALP), runt-related transcription factor 2 (Runx2),
Twist homolog 2 (Twist2), and the adipogenic marker peroxi-
some proliferator-activated receptor gamma-2 (PPARYy2; all
from Eurofins MWG Operon). Quantification of transcripts
encoding GAPDH and serial dilutions of a recombinant DNA
standard served as references in each PCR. The expression of
the target genes was normalized to the expression of GAPDH,
and amplifications were evaluated by the FitPoint (AAC;—)
method [28]. In addition, RT-qPCR of transcripts encoding
B-actin, P-microglobulin, and ribosomal protein L13A (all
primers form Qiagen) was employed to investigate if different
media influenced the expression of GAPDH.

Immunocytochemistry

For immunofluorescent staining, the cells were seeded at a
density of 1x10* cells per chamber on collagen type I-coated
8-well culture slides (BD Bioscience). After reaching 80%
confluency, cells where fixed with ice-cold methanol and
washed with PBS. Unspecific binding sites were blocked with
0.1% bovine serum albumin (BSA)/PBS, and incubated
with the primary antibodies (10 pg/mL mouse-¢-human anti-
twist2 antibody; Abcam, rabbit-o-human runx2, clone
D1H?7; Cell Signaling, both at 1:50 in 0.1% BSA /PBS overnight
at 4°C). The samples were washed twice with PBS and
counterstained with secondary antibodies [fluorescein iso-
thiocyanate -conjugated affiniPure F(ab’),-fragement anti-
mouse immunoglobulin G (IgG); Jackson ImmunoResearch;
anti-rabbit IgG NL557 conjugated donkey IgG; R&D Systems,
both at 1:100 in 0.1% BSA/PBS for 1h in the dark at room
temperature]. After washing twice with PBS, 4’,6-diamidino-2-
phenylindol-dihydrochlorid (DAPI; Roche) staining was per-
formed for 20min in the dark at room temperature. Slides
were mounted with coverslips using a fluorescence mounting
medium (Dako), and explored by microspcopy (Zeiss Axio-
phot and Zeiss Axiovision software).

Statistics

Experimental data are presented as mean values*
standard deviations. Statistical analyses were performed
using a two-sided Student’s t-test. Differences in gene ex-
pression levels yielding P-values less than 0.05 (after cor-
rection of the false discovery rate) and an absolute fold
change of at least 4 were considered significant.

Results

Characterization of human term
placenta-derived MSC

MSC from human bone marrow and from term placenta
were isolated [10] and characterized [1,2] as described re-
cently. The bmMSC expressed CD73, CD90, CD105, but
lacked CD14, CD34, and CD45 (Fig. 1A[a—f]). There was no
difference in the expression of these MSC markers between
bmMSC and pMSC (Fig. 1A vs. B). The respiratory and/or
proliferative activity of bmMSC and pMSC was investigated
by a modified MTT assay. There was no significant differ-
ence in the proliferative or metabolic activity between
bmMSC (mean 1.23 O.D.£0.3, n=3) and pMSC (mean 1.134
0.D.£0.17, n=3, P>0.06; data not shown) in early passages
of MSC in in vitro culture. To investigate the differentiation
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potential of MSC, adipogenic, chondrogenic, and osteogenic
differentiation was induced in vitro (Fig. 2). For immuno-
cytochemical staining, MSCs were differentiated over 4
weeks and then reacted with different solutions according to
the differentiation protocol employed. After this in vitro
differentiation, there was no variance in chondrogenic mi-
crospheres generated from bmMSC or pMSC (Fig. 2b, h). The
bright staining and larger size of the lipid vesicles indicated a
somewhat higher adipogenic differentiation potential of
bmMSC (Fig. 2d, j). However, the osteogenic differentiation
potential of bmMSC (Fig. 2f) was more prominent compared
to pMSC (Fig. 2I).

In addition, induction of differentiation was investigated
by exploring the expression of transcripts encoding charac-
teristic genes after 7 days of differentiation in vitro (Fig. 2C).
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On the transcription level, induction of PPARYy2 and Sox9
was considerably higher following adipogenic and chon-
drogenic differentiation, respectively, in bmMSC compared
to that of pMSC (Fig. 2C). Although the relative increase of
ALP encoding mRNA above controls was lower in differ-
entiating bmMSC compared to pMSC (Fig. 2C), the absolute
expression of ALP in bmMSC (mean 4.22 x 10~?) before dif-
ferentiation was two logs above the steady state mRNA
levels in pMSC (mean 2.78 x 10~% and [10]), and it remained
high during osteogenesis (bmMSC: mean 5.44x1072 vs.
PMSC: mean 4.88 x 10™*%). Therefore, ALP is expressed at a
much higher level in bmMSC and in differentiating bmMSC.
In contrast to ALP, the late osteogenic factor osteocalcin was
not significantly higher after 7 days of osteogenic differen-
tiation of bmMSC suggesting that our bmMSC preparations
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FIG. 2. Differentiation of bmMSC and pMSC in vitro. Before differentiation, the bmMSC (A[a]) and pMSC (B[g]) display a
fibroblastic cell shape. The differentiation was induced in bmMSC (line A’) and pMSC (line B’) for 4 weeks in vitro and
progress of chondrogenic, adipogenic, and osteogenic differentiation was explored by cytochemistry. Chondrogenic differ-
entiation was detected by Alcian Blue (b, h). Adipogenic differentiation was detected by Oil Red O staining (d, j), and
osteogenic differentiation by von Kossa staining (f, 1). The corresponding controls were also stained with the suitable staining
solutions, respectively (c, e, i, k). In contrast to bmMSC, efficient osteogenic differentiation could not be induced in pMSC
[compare (f) vs. (I)]. The bars extend 250 um. (C) To investigate differences in gene expression following differentiation,
quantitative reverse transcriptase-polymerase chain reaction (RT-qPCR) was performed 7 days after induction of osteogenic
differentiation [alkaline phosphatase (ALP) and osteocalcin], adipogenic (PPARY2), or chondrogenic (Sox9) differentiation,
respectively. MSC before differentiation served as controls. Black bars illustrate transcripts of bmMSC, and gray bars tran-
scripts of pMSC. (C) Presents the x-fold transcript amounts of the corresponding differentiation marker gene relative to the
transcripts in the MSC before differentiation as indicated (controls=1). Color images available online at www.lie
bertpub.com/scd
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did not contain a larger population of mature osteoblasts.
In contrast, in pMSC, expression of osteocalcin was very
low after 1 week of osteogenic differentiation, corroborating
that pMSC fail to efficiently generate osteoblasts (Fig. 2C). A
major effect of corticosteroids applied during adipogenic
and osteogenic differentiation on expression of GAPDH
in comparison to other transcript standards, B-actin, -
microglobulin, and ribosomal protein L13A, was not ob-
served (data not shown).

Investigation of the transcriptome of MSC derived
from bone marrow and from term placenta

We recently reported a significantly lower ALP expres-
sion in pMSC compared to bmMSC [10]. This is in line with
our data reported here (Fig. 2C). We therefore hypothesized
that additional factors may be expressed in bmMSC at
different levels compared to pMSC. We investigated the
whole transcriptome of bmMSC and pMSC before in vitro
differentiation by gene array technology and confirmed the
differences in gene expression by RT-qPCR. Overall,
bmMSC generated a pattern of gene expression different
from the patterns of placenta-derived fetal MSC (pfMSC) or
placenta-derived maternal MSC (pmMSC), whereas the
transcriptome of pfMSC and pmMSC was closely related
(Fig. 3A). In particular, the mean expression correlation
between the three groups was investigated. Identical cells
show a mean correlation of 1.0. A lower number thus in-
dicates less of a relationship. The mean expression corre-
lation between pmMSC and pfMSC was 0.996 (data not
shown), indicating a close relationship. In comparison, the
mean correlation between pMSC (i.e., pfMSC and pmMSC
combined) and bmMSC was 0.971 (data not shown) show-
ing a decreased relationship.

More than 880 probe sets encompassing about 600 genes
were differentially expressed between bmMSC compared to
pMSC (i.e., pfMSC and pmMSC combined). Among them,
several were genes associated with regulation of osteogen-
esis or bone metabolism (Tables 1 and 2). A functional
analysis of enriched gene ontology categories revealed that
adhesion, anatomical structures, and development are
among the top significantly enriched biological processes.
The top 10 molecular function categories involve calcium ion
binding (56 genes) and signal transducer activity (76 genes).

Among the factors expressed different between bmMSC
and pMSC, transcription factor Runx2 was found elevated in
bmMSC (Fig. 2C; Table 1). Runx2 is part of a major regula-
tory network, which includes other genes known to be in-
volved in the development of the musculoskeletal anlagen
(i.e., the initial clustering of embryonic cells from which a
part or an organ develops) such as biglycan (BGN), cartilage
oligomeric protein (COMP), integrin binding sialoprotein
(IBSB), transcription factors Sox9 and Twist2 (Table 2).
However, Twist2 was expressed at significantly lower levels
in bmMSC versus pMSC (Table 1). To understand the un-
derlying biology of Runx2 and Twist2 and their relationship
with genes that were significantly up- or downregulated in
our data sets (placenta MSC vs. bone marrow MSC), we used
the IPA to compute a functional annotated network (i.e.,
documented gene relationships based on current literature
among the genes from our data set) in which Runx2 and
Twist2 are involved (Fig. 3B). This annotated network in-
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cludes, for instance, the following factors relevant for bone
and cartilage biology: BGN, type I and type II collagens,
COMP, osteosarcoma marker EBF2, IBSB, transcription fac-
tor Sox9, and signaling factors Smad1/5/8 and elements of
the wingless-related integration site (Wnt)-signaling path-
way DKK1, Wnt2, and Wnt (Fig. 3B). Expression of the two
transcription factors involved in the regulation of differen-
tiation and maturation of osteoblasts, Runx2, and Twist2,
was therefore investigated in more detail.

Expression of Runx2 and Twist2 in bmMSC
and pMSC

Additional MSC were expanded and expression of Runx2
and Twist2 was explored by RT-qPCR in the new samples.
As expected from evaluation of the gene array analyses, in
bmMSC, significantly more Runx2 encoding mRNA was
found compared to pMSC (Fig. 4A, P<0.04), and bmMSC
expressed significantly less Twist2 compared to pMSC (Fig.
4B, P<0.0002). To explore if these significant differences on
the mRNA levels were translated into different amounts of
these transcription factors on the protein level, immunocy-
tochemistry was performed (Fig. 5).

In both, bmMSC (Fig. 5A) and pMSC (Fig. 5B), Runx2 was
enriched in and around the nuclei (Fig. 5a, i, m, u), whereas
Twist2 appeared dispersed in the cytoplasm of bmMSC and
pMSC (Fig. 51, j, r, v). However, in some bmMSC, a nuclear
concentration of Twist2 was observed (Fig. 5f) and nuclei
appeared turquoise after counterstaining with DAPI (Fig.
5h). When overlaying both fluorescence channels, in some
regions, a higher expression of Runx2 was observed (Fig. 5c,
0), while in other regions, more Twist2 was detected (Fig. 5g,
s). In other areas of bmMSC, the expression of Runx2 and
Twist2 was similar and high (Fig. 5k). Overall, bmMSC
samples appeared to contain more regions with prominent
expression of both Runx2 and Twist2.

Immunocytochemistry is a qualitative method. To explore
the differences in the expression of the Runx2 and Twist2
proteins in MSC by quantitative means, flow cytometry was
performed (Fig. 6). On average, 91% of bmMSC showed
bright intracellular staining of both transcription factors,
Twist2 and Runx2, and 7.9% of bmMSC expressed only
Twist2, while less than 1% expressed Runx2 alone. The dif-
ference in numbers of Runx2P**Twist2P*® and Runx2"°s-
Twist2P* was statistically significant (P<0.001, n=3 each).
Double-negative (Runx2"®Twist2"®6) or Runx2P**Twist2"*®
cells accounted for less that 2% of bmMSC. In contrast to
bmMSC, in pMSC,. Runx2 (i.e, Runx2P*Twist2P*® plus
Runx2P*Twist2"*®) was detected in fewer cells (average
46.8%, n=4). In addition, the mean fluorescence intensity
(MFI) of the Runx2 staining was significantly lower in pMSC
(MFI=450) compared to bmMSC (MFI=760, P <0.006, n>3).
For Twist2, this difference in MFI between bmMSC and pMSC
was statistically significant as well (5877 vs. 3227, P<0.003,
n>3). Moreover, two subsets of pMSC were recorded: on
average 52% of cells were Runx2"*®Twist2P** and 47% were
Runx2P*Twist2P°* (difference in cell numbers not significant,
n>3 each). Runx2"8Twist2™® or Runx2P**Twist2"® cells ac-
counted for less that 3% of pMSC. This strengthened our
immunofluorescence results and corroborated that clearly
more bmMSC express Runx2, and bmMSC express both
transcription factors, Runx2 and Twist2, at higher levels.
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We conclude that the expression of Twist2 and Runx2
differs significantly in bmMSC compared to pMSC, and the
difference in expression of these transcription factors may
contribute to the dissimilarities observed in the osteogenic
differentiation between bmMSC and pMSC in vitro.

Discussion

In this study, we investigated the differences between
bmMSC and pMSC and focused on the osteogenic differen-
tiation potential of these cells. The rather low osteogenic po-
tential of pMSC in comparison to bmMSC has been reported
[18], and was associated at least, in part, with the differences
in expression of ALP [10]. As ALP is the key enzyme utilized
in the standard von Kossa staining method to detect miner-
alization of the matrix by osteoblasts, the prominent von
Kossa staining generated from bmMSC could simply repre-
sent the differences in expression of ALP in bmMSC com-
pared to pMSC. At the same time, expression of ALP on MSC,
and on other stem cells as well, was suggested as an indicator
for stemness [6,12,29,30]. Accordingly, within the bmMSC
population, early stages of differentiation or maturation are
detected [11,30,31]. However, mature osteoblasts express ALP
as well, although less than bmMSC [32]. Monitoring osteo-
genesis by testing this enzyme on bmMSC may be therefore
misleading, as contaminating osteoblasts may contribute to
the ALP activity. Hence, we investigated the differentiation
capacity of bmMSC and pMSC by investigating their total
transcriptome in search of factors involved in regulation of
osteogenesis rather than functional effector genes.

In the gene array data, a close relationship between the
pfMSC and pmMSC was observed (Fig. 3). This could be
caused by the techniques applied, since we separated the
fetal from the maternal part of the placenta simply by slicing
the tissue apart. However, the telomere lengths of pmMSC
was significantly shorter compared to pfMSC (mean 20%
shorter, P<0.029, Mann-Whitney test [33]). This confirmed
that our methods for preparation of pfMSC and pmMSC
enriched the expected types of cells. Moreover, the mean

A
>

FIG. 3. Investigation of the total transcriptome of bmMSC,
placenta-derived maternal MSC (pmMSC), and placenta-
derived fetal MSC (pfMSC). (A) Two independent sets of
mRNA were prepared from bmMSC (four and seven donors),
pmMSC (four and two donors), and pfMSC (four and four
donors), reverse transcribed, labeled, and hybridized in two
independent experiments to a GeneChip® (Human Genome
U133 Plus 2.0 Array) representing all known human tran-
scripts. The heatmap shows the expression of the 880 most
variably expressed probe sets, representing about 600 different
genes, between bmMSC, pmMSC, and pfMSC as indicated.
Blue coloring indicates lower, yellow coloring indicates higher
total expression. The values represent normalized absolute in-
tensities on the log, scale. (B) Functional annotation network
from Ingenuity Pathway Analysis shows documented gene
relationships among the genes in our data set. Biological find-
ings are assigned to each gene and network based on the in-
formation in the Ingenuity Pathways Knowledge Base that was
extracted from current scientific literature. Genes upregulated
in bone marrow (green) or upregulated in placenta (red/pink) are
colored accordingly. More intense colors represent higher gene
expression. Blue lines represent relationships with Runx2, pink
lines with Twist2, and black lines with all other genes. Color
images available online at www liebertpub.com/scd
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correlation of the transcriptome indicated a closer relation-
ship between pmMSC and pfMSC (0.996), in comparison to
pMSC and bmMSC (0.971). However, despite the differences
in telomere lengths, genome, and transcriptome, the results
also may suggest that pfMSC and pmMSC derived from the

TABLE 1. DIFFERENCES IN GENE EXPRESSION IN NATVE
BMMSC CoMPARED TO NAIVE PMSC

Gene Array difference Main function
Alkaline 7.5-fold up Mineralization of bone
phosphatase

Osteoglycin 5.7-fold up Induces ectopic bone
formation

Osteomodulin  4.3-fold up Promotes attachment
of osteoblasts

Runx2 5.3-fold up Controls osteogenic
differentiation

Twist-2 4.3-fold down  May inhibit osteoblast
maturation

WISP2 48.5-fold up Modulates bone turnover

WISP3 6.8-fold up Essential for postnatal

skeletal growth

Representative genes involved in bone metabolism expressed at
statistically significant different levels in bmMSC versus pMSC
(P<0.05) are listed based on the evaluation of gene array data.

bmMSC, bone marrow-derived mesenchymal stromal cell; pMSC,
placenta-derived mesenchymal stromal cell.

) o € @
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same tissue seem to be more closely related than MSC from
different sources. Of course, differences in gender (bmMSC
include male donors) or age (the age of bmMSC donors is
67+10 years, age of mothers in Tuebingen is on average
30+5 years, age of pfMSC 9 months) may account for dif-
ferences as well. However, it is somewhat surprising that the
pfMSC, although genetically clearly different from the
pmMSC, share such a large portion of the transcriptome with
pmMSC. This may indicate that the MSC niche has an in-
fluence on either the selection of MSC homing to these sites
or may influence the cells with respect to gene expression
and differentiation capacities. As the osteogenic differentia-
tion capacity of pmMSC and pfMSC was rather low in both
populations in comparison to bmMSC, and since tools such
as antibodies for a defined separation of pmMSC and pfMSC
by FACS, MACS, or alike are not at hand, we investigated
the osteogenic differentiation potential of the total pMSC
(pmMSC and pfMSC) in comparison to bmMSC.

The osteogenic differentiation of bmMSC is well known
[1,17,34-36]. For atMSC and pMSC, osteogenic differentia-
tion was described [2,14,37,38]. However, recent studies re-
ported a rather weak osteogenic differentiation of pMSC
[10,18]. These seemingly conflicting results regarding the
differentiation capacities of pMSC could be explained at
least, in part, by different protocols for isolation and ex-
pansion of the cells. For instance, changing the proteolytic
enzymes (ie., Dispase® and collagenases) influences the
yield of pMSC isolated (unpublished observation), and may
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TABLE 2. LisT OF THE GENES IN MOST SIGNIFICANTLY UPREGULATED CANONICAL PATHWAYS
ASSOCIATED WITH RUNX2 AND TwisT2

Category Functions annotation — P-value Molecules
Skeletal and muscular system Differentiation 2.03E-04 BGN, DKK1, GREM1, RUNX2, TWIST2
development and function of osteoblasts
Cellular growth Proliferation 4.95E-04 AKRIC1/AKR1C2, AKR1C3, ALDH1A1,
and proliferation of cells ALDH1A2, BGN, CAMK2N1, COMP, DKK1,
GREM1, IBSP, MAFB, RUNX2, SOX9, TBX3,
TWIST2, WNT2, ZNF423
Cellular development Differentiation 1.36E-03 AKR1C3, ALDH1A2, BGN, DKK1, EBF2, GREM1,
of cells IBSP, MAFB, RUNX2, SOX9, TBX3, TWIST2
Cellular development Differentiation 2.16E-03 BGN, DKK1, GREM1, RUNX2, SOX9, TWIST2
of connective
tissue cells
Cell death and survival Cell death 5.15E-03 ADAMTS12, ALDH1A1, ALDH1A2, BGN, COMP,
DKK1, GREM1, IBSP, MAFB, RUNX2, SOX9, TBX3,
TWIST2, WNT2, ZNF423
Gene expression Transcription 6.21E-03 DKK1, EBF2, GREM1, MAFB, RUNX2, SOX9,
of DNA TBX3, TWIST2, ZNF423
Cell death and survival Apoptosis 9.06E-03 ALDHI1A1, ALDH1A2, BGN, COMP, DKK1, GREM1,

MAFB, RUNX2, SOX9, TBX3, TWIST2, WNT2, ZNF423

Pathways were expressed at statistically significant different levels in bmMSC versus pMSC data sets (P <0.05) and are listed based on gene
array data analyzed by Ingenuity Pathway Analysis. Six pathways annotated to categories cancer and reproductive systems disease were omitted.

influence the relative amount of a given pMSC subset pres-
ent in the bulk preparation. Contaminating osteoblasts in the
bmMSC preparation could account for seemingly improved
osteogenesis of bone marrow-derived cells. However, we can
exclude this explanation as the expression and induction of

AS
4 *

Runx2 expression

pMSC

bmMSC

ve)
o

Twist2 expression

0 -4
bmMSC

pMSC

FIG. 4. Expression of runt-related transcription factor 2
(Runx?2) and twist-related protein 2 (Twist2) encoding tran-
scripts in bmMSC and pMSC. The cells were expanded and
expression of Runx2 (A) and Twist2 (B) was investigated
before differentiation by RT-qPCR. The bmMSC express
significantly more Runx2 (2.6-fold, *P<0.04) compared to
pMSC, and the pMSC express significantly more Twist2
compared to bmMSC (3.9-fold, ***P <0.0002).

the late osteogenic marker osteocalcin was rather low in
bmMSC early after osteogenic stimulation (Fig. 2C). In ad-
dition, the composition of expansion media and the growth
conditions have a major effect on MSC in vitro [19,20], and
addition of platelet extract reportedly reduced the expression
of the osteogenic markers, Ca-sensing receptor, and para-
thormone receptor on human MSC [39].

Moreover, it is well known that the osteogenic potential of
MSC decreases over time of culture [40]. In our hands, bone
marrow routinely yields fewer cells per donor and sample
compared to placenta. Consequently, bmMSC require rather
more population doublings to reach the number of cells
needed for the experiments and still delivered a superior
ostoegenic differentiation in vitro. However, significant dif-
ferences in mitotic activities were not found between bmMSC
and pMSC. Therefore, such technical differences between the
preparation of bmMSC and pMSC seem not to account for the
difference observed in osteogenesis.

One reason for the differences observed in osteogenesis
could be the relationship between the two transcription
factors Runx2 and Twist2. Runx2 is well known as an early
osteogenic marker [41,42], and Runx2~/~ mice lack normal
bone formation [43]. Runx2 regulates expression of osteo-
calcin [44], a protein involved in matrix mineralization and
calcium ion homeostasis [45,46], osteopontin (alias bone
sialopotein-1), a polar linking protein in the extracellular
matrix [47], and type I collagen, the major protein compo-
nent of bone [48]. Growth factors such as bone morphogenic
proteins (BMPs) and fibroblast growth factors (FGFs) acti-
vate the expression of Runx2, and Runx2 can negatively
regulate its own expression [49]. We show that upon ex-
pansion in GMP-compliant media, bmMSC expressed Runx2
on transcript and protein levels significantly higher com-
pared to pMSC and the MFI indicated a higher protein ex-
pression in bmMSCs as well (Figs. 4-6). Since bmMSC and
pMSC were expanded in the same media, the concentration
of BMPs or FGFs in the expansion media cannot account for
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FIG. 5. Detection of Runx2
and Twist2 in MSC by im-
munocytochemical staining.
Expression and distribution of
Runx2 and Twist2 proteins
were investigated by immu-
nocytochemistry /immunocy-
tochemical in bmMSC (a-1)
and pMSC (m—x) with anti-
bodies as indicated. Nuclei
were visualized by 4’,6-dia-
midino-2-phenylindol-dihydro-
chlorid counterstaining and
different areas of representa-
tive samples of MSC from
three donors are shown. Ex-
pression of Runx2 (red, Cy3) is
localized in and around the
nuclei (d, 1, p, x), whereas
Twist2  [green, fluorescein
isothiocyanate ~ (FITC)] s
spread all over the cytoplasm
(h, t). In a few bmMSC, nu-
clear Twist2 was detected (h,
arrows). There is no homoge-
nous appearance of the distri-
bution of Runx2- and/or
Twist2-expressing cells across
the samples. There are regions
where only Runx2 (a, m) or
Twist2 (f, 1) is detected. In
some areas, expression of both
proteins is observed (k, w).
Color images available online
at www liebertpub.com/scd

differences in Runx2 expression in these cells. Another rea-
son for the differences in Runx2 expression may be due to
fluctuations of Runx2 during the cell cycle [50]. It has been
shown that proliferating cells may contain more Runx2 [49].
Thus, proliferating Runx2-rich MSC should enter osteogenic
differentiation more efficiently. Although others have shown
that addition of steroids and corticosteroids to the differen-
tiation media activated the proliferation of MSC in vitro and
facilitated their osteogenic differentiation in a gender-de-
pendent way [51,52], in the present study, we show that
proliferation rates of bmMSC were not different in vitro
compared to pMSC, excluding proliferation as a cause for
elevated Runx2. However, experimental evidence from other
laboratories provided evidence that a transient serum dep-
rivation before induction of differentiation, which also causes
a retardation of proliferation, could facilitate the differenti-
ation of MSC in vitro [53]. In addition, supernatants from
MSC transiently suppressed maturation of osteoblasts by
downregulating expression of Runx2 [50]. Therefore, differ-

ULRICH ET AL.

both + DAPI

ences in the release of osteogenic factors from bmMSC in
primary culture or during initiation of differentiation could
account for their prominent osteogenic potential. However, a
detailed investigation of osteogenic factors in bmMSC versus
PMSC supernatants requires a whole set of additional ex-
periments that are beyond the scope of this study.

Twist2, also called Dermol, is involved in regulation of
proliferation and cell lineage determination. In adipogenesis,
Twist2 represses the activity of the adipocyte determination
and differentiation factor 1 (ADD1) by binding to the ADD1
target sequence in gene promoter regions [54]. In osteoblasts,
Twistl and Twist2 are involved in the parathyroid hormone-
dependent regulation of osteocalcin and the bone-related
activating transcription factor 4 (ATF4) [54]. Twist proteins
interact with the ATF4 protein and attenuate binding of
ATF4 to the osteocalcin promoter. Moreover, the Twist
proteins interact with Runx2 in gene regulation, and binding
of Twistl or Twist2 to Runx2 can block its function as a
transcription factor, and thus block osteogenesis, but without



MSC, OSTEOGENIC DIFFERENTIATION, Runx2, TwisT2 2869
o1 a2 100% w—
10°40,057% §0,3%
3 v 80%
=3
% Bow
<103 2
o il -
E - 5 w 40%
T 3] AT e
g - E 0%
' 0% .
t‘; negative ‘ Runx2* | Runx2* ‘ Twist2*
£ a3 Twist2*
= 8,85%
o B R bmMSC
10 10
Comp-APC-A
Twist2
o1 02 100%
10° 40,082% 305%
3 § 0 s,
4 H
107 5 60%
o e prerere——
E T 0%
& 13 2
£ 10”3 3
& B ®20%
0%
& a3 negative ‘ Runx2* ‘ Runx2* ‘ Twist2*
E 67.2% Twist2*
Ty
& 10° pMSC

Twist2

FIG. 6. Detection of intracellular Runx2 and Twist2 in MSC. The bmMSC (top panels) and pMSC (bottom panels) were
expanded, characterized, and an aliquot of cells was permeabilized to allow staining of intracellular antigens. The cells were
washed and analyzed by flow cytometry. Here two representative examples are shown. Expression of Twist2 is presented on
X-axis (APC), expression of Runx2 on the Y-axis (FITC). Ninety percent of the bmMSC express Runx2 and Twist2, and only
9% Twist2 alone (quadrant Q3; upper left panel). The mean of the relative cell count of positive bmMSC was calculated from
three individual flow cytometry experiments and the difference between numbers of Runx2P**Twist2P® versus Runx2P*°T-
wist2"® was significant (***P <0.001; upper right panel). The majority of pMSC expressed Twist2 (quadrants Q2, Q3; lower left
panel), although with a lower signal intensity compared with bmMSC (upper panel). While 30% of the pMSC were Runx2-
POSTwist2P, 67% were Runx2"*®Twist2P® (lower left panel). The mean of the relative cell counts of pMSC was calculated from
three individual flow cytometry experiments, and the difference between numbers of Runx2P**Twist2P®® versus Runx2-

"®8Twist2P*® was not significant (n.s., lower right panel). Color images available online at www .liebertpub.com/scd

affecting the expression of Runx2 itself [55]. At the same
time, crossing Twist2 ™/~ mice with Runx2*/~ heterozy-
gotes rescued their phenotype. Moreover, premature osteo-
genesis was observed in Twist2 ™/~ knockout mice [55].
Despite a significantly higher expression of Twist2 encoding
transcripts in pMSC (Fig. 4), the protein expression of Twist2
detected in pMSC by flow cytometry (MFI 3,227, Fig. 6) was
lower compared to bmMSC (MFI 5,877, Fig. 6). Therefore,
pPMSC express the Twist2 protein at lower levels compared
to bmMSC and about 50% of pMSC lack expression of the
Runx2 protein, central factors needed for efficient osteogen-
esis. In agreement with our results, an elevated mRNA ex-
pression of Twist2 was reported in human decidua-derived
pMSC [18]. A possible explanation for these seemingly con-
flicting results may be the modification of translation of
Twist2 encoding mRNA by small RNA species [56]. Dis-
cordance between mRNA and protein expression data was
reported in mouse embryonic development suggesting a
post-transcriptional regulation of Twist [57]. In one study,
interleukin-6 induced phosphorylation of the Twist protein
and thereby increased its stability in human cancer cells [58].
Such post-transcriptional mechanisms may also work in
human MSC with respect to Twist2.

In murine MSC, basic fibroblast growth factor (FGF2) in-
hibited the osteogenic and chondrogenic differentiation by
inducing a significant expression of Twist2 and Sprouty4
mRNAs, while reducing Runx2 mRNA significantly. The
Twistl mRNA was not significantly changed [59]. At the
same time, FGF2 caused nuclear aggregation of Twistl.
However, the cellular redistribution of Twist2 by FGF2 was
not investigated specifically [59]. Still, differences in FGF2
present in the MSC cultures could explain the differences in
Twist2 and Runx2 expression, as well as the differences in
the osteogensis of bmMSC compared to pMSC. However, a
significant difference in FGF2 mRNA expression between
bmMSC and pMSC was not detected by gene array (data not
shown).

For human Twist, two functionally important nuclear lo-
calization signals were described, RKRR and KRGKK [60]
and, together with expression of Bcl2, Twist2, and Snail,
nuclear localization of Twistl was considered a prognostic
indicator for hepatocellular carcinoma [61]. Data on specific
regulation of nuclear transport of Twist2 are sparse, but
Twistl and Twist2 share the KRGKK-motif (BLAST search:
http:/ /blast.ncbi.nlm.nih.gov). Therefore, Twist2 may utilize
similar, if not the same pathways, to regulate its nuclear
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transport. Here we report that in pMSC, Twist2 was dis-
persed in the cytoplasm and not enriched around or in the
nuclei, whereas in some bmMSC, Twist2 was recorded in or
close to the nuclei (Fig. 5h). Thus, specific stimuli seem to be
involved in nuclear translocation of Twist2 in MSC. How-
ever, the ostensible discrepancy between expression of Twist2
mRNA and protein in bmMSC versus pMSC in the context of
their osteogenic differentiation potential seems to depend on a
complex regulatory circuit, and may include phosphorylation,
protein stability, and nuclear transport, but not only on the
amounts of intracellular Twist protein. Clues resolving the
issue must, however, await further investigations.

Summary and Conclusion

Despite many similarities, bmMSC and pMSC display
distinct characteristics. Whereas chondrogenic differentiation
and to a certain degree adipogenic differentiation were ob-
served with pMSC, efficient osteogenic differentiation of
pMSC was not observed. The differences in their osteogenic
potential correlated with significant differences in expression
of Runx2 and Twist2. In regenerative medicine, bmMSC seem
to be ideal cells for bone repair, whereas MSC from other
sources, including placenta could be better suited when min-
eralization results in adverse sequela for the patient treated.
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