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The field of regenerative medicine has increasingly recognized the importance to be inspired by developmental
processes to identify signaling pathways crucial for 3D organogenesis and tissue regeneration. Here, we aimed
at recapitulating the first events occurring during limb development (ie, cell condensation and expansion of an
undifferentiated mesenchymal cell population) to prime 3D cultures of human bone marrow-derived mesen-
chymal stromal/stem cells (hBM-MSC) toward the chondrogenic route. Based on embryonic development
studies, we hypothesized that Wnt3a and fibroblast growth factor 2 (FGF2) induce hBM-MSC to proliferate in 3D
culture as an undifferentiated pool of progenitors (defined by clonogenic capacity and expression of typical
markers), retaining chondrogenic potential upon induction by suitable morphogens. hBM-MSC were responsive
to Wnt signaling in 3D pellet culture, as assessed by significant upregulation of main target genes and increase of
unphosphorylated b-catenin levels. Wnt3a was able to induce a five-fold increase in the number of proliferating
hBM-MSC (6.4% vs. 1.3% in the vehicle condition), although total DNA content of the 3D construct was
decreasing over time. Preconditioning with Wnt3a improved transforming growth factor-b1 mediated chon-
drogenesis (30% more glycosaminoglycans/cell in average). In contrast to developmental and 2D MSC culture
models, FGF2 antagonized the Wnt-mediated effects. Interestingly, the CD146 + subpopulation was found to be
more responsive to Wnt3a. The presented data indicate a possible strategy to prime 3D cultures of hBM-MSC by
invoking a ‘‘developmental engineering’’ approach. The study also identifies some opportunities and challenges
to cross-fertilize skeletal development models and 3D hBM-MSC culture systems.

Introduction

In the last years, regenerative medicine has found inspi-
ration from the field of developmental biology, leading to

the so called ‘‘developmental engineering’’ paradigm, namely
the engineering of developmental processes for inducing tis-
sue regeneration [1,2]. The understanding and recapitulation
of key signaling pathways are expected to lead to enhanced
tissue repair by a molecular control over expansion and dif-
ferentiation of stem/progenitor cells [2,3].

In the context of the skeletal system, we and others have
recently defined a strategy to generate bone tissue by in-
structing human expanded bone marrow-derived mesen-
chymal stromal/stem cells (hBM-MSC) toward the
endochondral route [4,5]. The process exemplifies a devel-
opmental engineering paradigm in that it recapitulates the
temporal sequence of events occurring during limb devel-
opment, namely (i) cellular condensation, chondrogenesis,
and hypertrophic differentiation, (ii) formation of a bony
collar, (iii) matrix remodeling, (iv) vascularization, (v) bone

matrix deposition over the resorbed cartilaginous template,
and (vi) formation of a complete bone organ, including he-
matopoietic elements [6,7]. Upon chondrogenic and hyper-
trophic activation, the endochondral process proceeds in a
semi-autonomous and self-regulated manner, comparable to
normal embryonic development and leading to efficient
hBM-MSC induction toward the osteoblastic lineage [4].

However, one important process not recapitulated yet is
the initial 3D expansion of the generated mesenchyme prior
to the endochondral commitment of hBM-MSC aggregates.
Molecular regulation of this process could lead to enhanced
formation of hypertrophic cartilage, and to the generation of
structures with higher and more controlled degree of spatial
order. In this study, we thus focused on the first events oc-
curring during limb development, namely cell condensation
and expansion of an undifferentiated mesenchymal cell pool,
while maintaining as a target read-out of the 3D system the
capacity to generate a cartilage anlage.

Developmental genetic models suggest Wnt and fibroblast
growth factor (FGF) pathways as key regulators during
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mesenchymal cell growth [8,9]. Wnt canonical pathway ac-
tivation regulates the segregation of skeletal stem cells from
the undifferentiated mesenchyme while supporting their
expansion. Wnt exposure maintains mesenchymal cells in a
proliferative state, while the exit from the signal, along the
elongation of the tissue (ie, increase in distance from Wnt
source), allows for the chondrogenic differentiation to occur
[2]. Also FGFs have key instructive roles in mesenchymal cell
proliferation and lineage specification [10], and in skeletal
patterning [11] during the first phases of limb development.

Previous studies using 2D culture models indicate that the
combination of Wnt3a and FGFs signals strongly promotes
the growth of chicken and mouse limb progenitor cells, while
maintaining their undifferentiated state and multilineage
differentiation capacity [9]. Inoue et al. [12] also reported the
same synergistic effect of the two factors on proliferation of
murine adult retinal stem/progenitor cells. The role of Wnt-
canonical [13–15] and FGF [16,17] pathway activation has
been largely investigated for hBM-MSC proliferation and
maintenance of multipotency, but to the best of our knowl-
edge only in plastic dishes, where the feature of 3D mesen-
chyme expansion cannot be recapitulated.

In analogy with limb bud development, we here hypoth-
esized that Wnt3a and FGF2 induce hBM-MSC to expand in
a 3D culture system as an undifferentiated pool of progeni-
tors capable to produce clonogenic strains, maintaining the
expression of typical mesenchymal stromal markers and
competent to undergo chondrogenesis. We thus investigated
whether supplementation of Wnt3a and/or FGF2 during the
early phase of 3D culture of hBM-MSC modulates the extent
of cell proliferation/division, phenotype, clonogenicity, and
cartilage formation capacity.

Materials and Methods

All reagents were purchased from Gibco (Life Technolo-
gies) if not otherwise indicated.

Cell isolation and expansion

Human mesenchymal stem/stromal cells cultures derived
from bone marrow aspirates (hBM-MSC, n = 10, age:
34.9 – 3.3. male:female = 7:3) were established as already de-
scribed [18]. hBM-MSC were expanded for about 7 doublings
(average from n = 10 donors) in alpha-MEM containing 10%
fetal bovine serum (FBS), 4.5 mg/mL D-glucose, 0.1 mM
nonessential amino acids, 1 mM sodium pyruvate, 100 mM
HEPES buffer, 100 UI/mL penicillin, 100 mg/mL streptomy-
cin, and 0.29 mg/mL L-glutamate (complete medium), fur-
ther supplemented with 5 ng/mL FGF2 (R&D) to maintain
an undifferentiated state [19].

3D pellet cultures

To establish 3D cultures, aliquots of 2.5 · 105 cells/0.25 mL
hBM-MSC were centrifuged at 1,100 rpm for 5 min in 1.5 mL
polypropylene conical tubes (Sarstedt) to form pellets. Pellets
were cultured for 1 week in DMEM with 2% of FBS [20],
1 mM sodium pyruvate, 100 mM HEPES buffer, 100 UI/mL
penicillin, 100mg/mL streptomycin, 0.29 mg/mL L-gluta-
mate, 0.1 mM ascorbic acid 2-phosphate (Sigma), with or
without 20 ng/mL rhWnt3a (wingless-type MMTV integra-
tion site family member3a; R&D), 100 ng/mL rhDkk1

(Dickkopf 1; R&D), and 5 ng/mL rhFGF2 during the first 3 or
7 days. The use of 2% FBS, resembling the extracellular
matrix components present in the environment of limb de-
velopment, was selected based on preliminary experiments,
indicating that this minimal amount of serum (i) supports
cell survival in 3D without impairing later chondrogenesis,
(ii) does not reduce the DNA content as compared to 10%
FBS and (iii) does not mask the effect of the tested mor-
phogens. For chondrogenic differentiation, pellets were cul-
tured for two additional weeks in serum-free medium
supplemented with 10 - 7 M dexamethasone and 10 ng/mL
transforming growth factor-b1 (TGF-b1; R&D). Media were
changed twice a week.

Clonogenicity tests

To determine the colony forming efficiency following 3D
culture, pellets were digested in 0.05% Trypsin-EDTA 1 · at
37 �C for 15 min to obtain a single cell suspension. hBM-MSC
were then plated in Petri dishes at a density of 200 cells/cm2

and cultured in complete medium without any growth factor
for 15 days, with medium changes twice a week. Afterward,
cells were washed with phosphate-buffered saline (PBS),
fixed in PFA 4%, and stained with Crystal Violet (Sigma) for
10 min.

CD146 sorting

Either passaged hBM-MSC or cells upon 3D pellet culture
were washed and resuspended in a solution containing PBS
pH 7.2, 0.5% bovine serum albumin (BSA), and 2 mM EDTA.
At this stage, cells were magnetically labeled and then sorted
using a CD146 MicroBead Kit (Milteny Biotech) following
the manufacturer’s protocol (Large Columns; Milteny Bio-
tech). Unsorted or positively selected (CD146 + ) hBM-MSCs
were then used for following experiments.

Real-time polymerase chain reaction

Total RNA was extracted from pellets using TRIzol� (Life
Technologies) and cDNA was generated as previously de-
scribed [21]. The PCR master mix was based on AmpliTaq
Gold DNA polymerase (Perkin Elmer/Applied Biosys-
tems). TaqMan� Gene Expression or on-Demand assays
(Life Technologies) were used on a ABI 7900 Fast Real-time
PCR System (Life Technologies) for 40 cycles to measure
gene expression of Axin2 (Hs00610344_m1), CyclinD1
(Hs00765553_m1), p21 (Hs00355782_m1), Dkk1 (Hs00183740_
m1), Ki67 (Hs01032443_m1), and Sox9 (Hs00165814_m1),
BMP4 (Hs00191626_m1), IHH (Hs01081800_m1), Col2a1
(Hs00264051_m1), Col10a1 (Hs00166657_m1) using GAPDH
(Hs99999905_m1) as the housekeeping gene.

Cell proliferation assays

To measure the number of hBM-MSC in the S-phase of the
cell cycle a 5-ethynyl-2¢-deoxyuridine (Edu)-based assay was
used according to the manufacturer’s protocol (Molecular
Probes, Life Technologies). Briefly, 10 mM Edu was added to
the pellet cultures for 24 h at 48 h and 6 days; the samples
were then fixed and incorporation of Edu and quantification
of Edu + cells were determined via flow cytometry or im-
munofluorescence staining, as described below.

2850 CENTOLA ET AL.



To assess mitotic divisions, a Cell Proliferation Kit based
on carboxyfluorescein diacetate succinimidyl ester (CFSE)
(Molecular Probes) was used according to the manufacturer’s
recommendations. Briefly, before 3D aggregate preparation,
cell suspension was incubated with 1mM CFSE in PBS at 37�C
for 10 min in the dark. Unspecific bindings were blocked by
incubating the cells with human serum albumin for 5 min at
37�C. Cells were then washed thrice with PBS before starting
the 3D pellet culture. Some samples were treated with col-
chicine (100 ng/mL; Invitrogen, Life Technologies) to inhibit
cell division and thus providing a negative control for the
further quantification analysis. At specific time points, the 3D
aggregates were analyzed by flow cytometry.

High-throughput microscopy

hBM-MSC (n = 2 donor) were cultured in monolayer (2D) in
a 96-well plate at 3,000 cells/cm2 for 72 h and exposed to dif-
ferent concentrations of Wnt3a (5–40 ng/mL), FGF2 (1–
20 ng/mL), or their combination. Two hours before stopping
the experiment, 10mM Edu was added to the wells. The cells
were then stained according to the manufacturer’s protocol,
using DAPI as counterstaining. Afterward, the 96-well plate
was read by using the Operetta High Throughput Imaging
System (Perkin Elmer). A total of 45 fields/well were acquired
with a 20 · magnification objective. The total number of cells
and the% of EDU + cells (n = 135, 45 fields per well, and three
wells per condition) were calculated by means of the Colum-
bus Image Data Storage and Analysis System (Perkin Elmer).

Glycosaminoglycans and DNA quantification

Pellets were digested with 1 mg/mL protease K in 50 mM
Tris with 1 mM EDTA, 1 mM iodoacetamide, and 10 mg/mL
pepstatin-A for 15 h at 56�C. Glycosaminoglycans (GAG)
amount was spectrophotometrically measured using 1,9-
dimethylmethylene blue chloride dye [22]. Results were
normalized to DNA levels, which were assessed by
CyQuant� Cell Proliferation Assay Kit (Molecular Probes).

Histology, immunohistochemistry,
and immunofluorescence

Pellets after in vitro cultures were fixed in 4% parafor-
maldehyde, dehydrated, and embedded in paraffin. Five
micrometer sections were cut by means of a Microm
HM400 microtome. GAG accumulation, cell morphology,
and matrix organization was evaluated with safranin-O
staining (Fluka, Sigma) with hematoxylin counterstaining.
Immunohistochemical analysis was performed to detect the
CD146 and collagen type II expression. Upon rehydration in
ethanol series, sections were digested using respectively
heat-mediated antigen retrieval step (95�C for 30 min) and
enzymatic digestion (with hyaluronidasae and pronase) [23].
The immunobinding was detected with biotinylated sec-
ondary antibodies and by Vectastatin ABC kit (Dako). The
red signal was developed with Fast red kit (Dako) according
to the manufacturer’s instructions, with hematoxylin as
counterstaining. Negative controls were included for each
analysis, omitting the primary antibodies.

Immunofluorescence for TUNEL and Edu staining was
performed on sections of 3D samples following the manu-
facturer’s indications (Molecular Probe, Life Technologies),

using Hoechst as counterstaining. Histological, immunohis-
tochemical and immunofluorescence sections were analyzed
by means of an Olympus BX-61 microscope. The percentage
of Edu + cells over the total number of Hoechst + cells was
calculated by means of ImageJ software (NIH).

Cytofluorimetric analysis

Pellets were enzymatically treated by 0.05% Trypsin-
EDTA 1 · for 15 min at 37�C to obtain a single cell sus-
pension (modified from Ref. [4]). The harvested cells were
then washed, maintained in 1% BSA for 10 min at room
temperature, and then incubated in the dark at 4�C for
15 min with a fluorochrome-conjugated antibody for CD90,
CD105, CD271, and CD146 (Becton Dickinson) or the cor-
respondent IgG control. For the intracellular staining, hBM-
MSC were fixed and permeabilized by incubation in Flow
Cytometry Fixation/Permeabilization Buffer I (R&D) for
30 min at 4�C. Unphoshorylated b-catenin was detected by
incubating the cells with 10 mg/mL of Mouse IgG1 anti-
active b-catenin (Millipore) for 30 min at 4�C. An isotype
control was added by incubating cells with 10 mg/mL of
Mouse IgG1 anti-CD1c (R&D). Finally, cells were re-
suspended in a Rat Anti-mouse IgG1 FITC-conjugated
secondary antibody solution for 15 min at 4�C. Edu + cells
were detected by using Alexa Fluor 647-conjugated Click-iT
Edu Flow Cytometry Assay Kit� (Molecular Probes), ac-
cording to the manufacturer’s instruction. Cells were finally
analyzed using an FACSCalibur flow cytometer (Becton
Dickinson). FlowJo Proliferation Platform (Treestar) was
used to analyze the results of the cell division assay with
CFSE stained cells.

Statistical analysis

Data are presented as mean – standard deviation. The
number of donors used is specified for each experiment. For
each donor and experimental condition, at least triplicate
samples were used for each assessment. Statistical analysis
was performed using ANOVA, followed by unpaired or
nonparametric t-tests (after assessing the normality of dis-
tribution of the collected data), by means of Prism� software
(GraphPad Software).

Results

Selection of Wnt3a and FGF2 doses

Monolayer expanded hBM-MSC (n = 2 donors) were
exposed to different doses and combinations of Wnt3a (5–
40 ng/mL) and FGF2 (1–20 ng/mL). Both factors (alone or
in combination) positively influenced cell proliferation in
a dose-dependent manner (data not shown) and were
most effective at concentrations of 20 and 5 ng/mL re-
spectively, which were thus selected for subsequent 3D
experiments.

Activation of Wnt signaling in 3D hBM-MSC cultures

hBM-MSC (n = 6 donors) were cultured as 3D pellets and
exposed to 20 ng/mL of Wnt3a for up to 7 days. Figure 1
shows the temporal expression profiles of genes involved in
the Wnt pathway, such as Axin2 (Fig. 1A) and Dkk1 (Fig. 1B),
and in the cell cycle progression, namely Cyclin-D1 (Fig. 1C)
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and p21 (Fig. 1D). Wnt-stimulated hBM-MSC increased
overtime relative expression of all the genes but p21, with
statistically significant differences from vehicle starting from
day 3, thus indicating the Wnt pathway activation and en-
tering into the cell cycle.

We then assessed the presence of the unphosphorylated
form of b-catenin, which, after Wnt canonical pathway acti-
vation, is known to accumulate into the nucleus [24]. Upon
3D condensation in pellets, b-catenin was spontaneously

expressed by almost the totality of hBM-MSC (Fig. 1E),
whereas it started to decrease 24 h after the pellet formation.
Starting from day 3, a higher amount of active b-catenin
could be detected in the Wnt3a group, with a statistically
significant difference after 7 days of stimulation (Fig. 1E). All
the effects of Wnt3a discussed above were totally blocked by
the addition of Dkk1, a known Wnt pathway inhibitor, ul-
timately demonstrating the specificity of the effect of Wnt3a
(Fig. 1A–E).

FIG. 1. hBM-MSC responsiveness to Wnt signaling in 3D. (A–D) Gene expression profile for (A) Axin2, (B) Dkk1, (C)
Cyclin-D1, and (D) p21. (E) Expression overtime of the unphosphorylated form of b-catenin assessed via FACS and quantified
as the percentage of b-catenin + cells respect to the total number of cells. Statistical significance between the Wnt3a group and
all other conditions at the corresponding time point: *P < 0.05, **P < 0.01, ***P < 0.001. hBM-MSC, human bone marrow-
derived mesenchymal stromal/stem cells.
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Effect of Wnt3a and FGF2 on hBM-MSC
proliferation in 3D culture

The effect of Wnt3a on the proliferation of hBM-MSC in a
3D pellet culture (n = 3 donors) was tested with different
readouts. Figure 2A shows a representative picture of an Edu
incorporation assay, indicating the scattered presence of
Edu + , proliferating cells in the micromass. A significantly
higher percentage of Edu + cells was found at day 7 in the
Wnt3a-treated group (Fig. 2B), in line with the established
Wnt pathway activation timing (Fig. 1). These results were
consistent with the Ki67 gene expression trend (Fig. 2C) and
with the percentage of cells that underwent division
(6.40% – 0.69% divided cells in Wnt3a-treated group com-
pared to 1.25% – 0.31% in vehicle condition at day 7) calcu-
lated by CFSE incorporation (Fig. 2D). As described, relevant
differences in terms of proliferation-related gene expression
and cell number were seen starting from day 3, after the lag
phase frequently described for 3D cellular culture and
caused by cell recovery or cell loss in suspension [25]. The
specificity of hBM-MSC response to the Wnt canonical
pathway was further confirmed by the blocking effect ob-
tained with the addition of Dkk1 in the 3D cultures.

Importantly, the 3D pellets displayed an overtime de-
crease in the DNA amount both in the vehicle and Wnt3a
experimental conditions (Fig. 2E), in line with a reduction
(respectively 61.8% – 1.6% and 52.9% – 2.9%) of the pellet
diameter from day 1 to 7. Thus, Wnt3a was able to enhance
hBM-MSC proliferation in 3D cultures, though to a relatively

limited extent and not resulting in a macroscopic increase in
pellet size. Massive cell death caused by apoptosis could be
excluded as not detected within the cellular aggregates by
immunofluorescence upon TUNEL Assay (data not shown).
The supplementation of FGF2 in the 3D culture system (n = 3
donors) not only had no effect on the percentage of Edu +

proliferating cells (Fig. 3A) but also antagonized the effect
of Wnt3a, as displayed by the Ki67 gene expression profile
(Fig. 3B).

Chondrogenesis of hBM-MSC following
Wnt3a removal

The chondrogenic potential of hBM-MSC in the 3D culture
system after Wnt3a and/or FGF2 exposure was evaluated to
verify their capacity to progress toward the formation of the
cartilage anlage (n = 4 donors). Wnt3a and/or FGF2 pre-
conditioning did not modulate the expression of Sox9 (Fig.
3C). When TGF-b-mediated chondrogenesis was induced,
Wnt3a preconditioned samples deposited a higher quality of
cartilaginous matrix than the other groups, as indicated by
increased Safranin-O and collagen type II staining intensity
and confirmed by an increase in GAG deposition ranging
from 12.4% to 51.8% (average 29.9% – 3.8%) (Fig. 4A–C).
However, no significant differences were found in the ex-
pression profile of typical chondrogenic genes (Fig. 4D). In the
absence of TGF-b1 supplementation, chondrogenesis did not
occur in any of the conditions. Noteworthy, the addition of
FGF2 antagonized the beneficial effect of Wnt3a (Fig. 4A–C).

FIG. 2. Wnt3a-stimulated hBM-MSC 3D proliferation. (A) Immunofluorescence for Edu at 3 and 7 days of hBM-MSC
stimulated or not with Wnt3a. Scale bar: 100mm. (B) Edu + hBM-MSC quantification, calculated as the percentage of Edu +

cells with respect to the total number of Hoechst+ cells. (C) Ki67 gene expression profile overtime up to 7 days. (D) Percentage of
cells that underwent division, calculated by carboxyfluorescein diacetate succinimidyl ester assay. (E) DNA quantification at 1, 3,
and 7 days of pellets stimulated or not with Wnt3a. Statistical significance between the Wnt3a group and all other conditions at the
corresponding time point: *P < 0.05, **P < 0.01, ***P < 0.001. Color images available online at www.liebertpub.com/scd
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Response to Wnt3a by CD146 + hBM-MSC

Several typical MSC markers were cytofluorimetrically
tracked along Wnt and FGF stimulation in the 3D culture
system (n = 4 donors). No differences among the experi-

mental groups were detected in the expression of typical
mesenchymal markers, including CD90, CD105, and CD271
[26] (data not shown). Instead, the percentage of hBM-MSC
expressing CD146, a putative marker for early, self-renewing
mesenchymal progenitors [27–29] was significantly increased

FIG. 3. (A, B) FGF2 does
not have a synergistic effect
on hBM-MSC 3D prolifera-
tion. (A) Edu + hBM-MSC
quantification, calculated as
the percentage of Edu + cells
with respect to the total
number of Hoechst + cells
starting. (B) Ki67 gene ex-
pression profile overtime up
to 7 days. (C) Sox9 gene ex-
pression after 7 days of treat-
ment with Wnt3a and/or
FGF2. Statistical significance
between the Wnt3a group and
all other conditions at the
corresponding time point:
*P < 0.05, ***P < 0.001. FGF2,
fibroblast growth factor 2.

FIG. 4. Chondrogenesis
upon Wnt3a and/or FGF2
removal. (A) SafraninO
staining. Scale bar: 100mm.
(B) Immunohistochemistry
for collagen type II. Scale bar:
100 mm. (C) Quantification of
GAG/DNA ratio of cartilagi-
nous pellets. (D) Gene ex-
pression profile for Sox9, Coll
II, and Coll X, BMP4, and
Indian Hedgehog (IHH).
*P < 0.05, **P < 0.01. GAG,
glycosaminoglycans; Coll II,
collagen type II; Coll X, col-
lagen type X; BMP, bone
morphogenetic protein.
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after 7 days of stimulation by Wnt3a with respect to both
vehicle and FGF2 conditions (n = 5) (Fig. 5A). The increase
was blocked by the addition of FGF2 or by the inhibition of
the Wnt canonical pathway with Dkk1. CD146 + cells were
uniformly distributed over the 3D constructs (Fig. 5B). To
further correlate CD146 + cells with Wnt-responding cells,
cells dissociated after 7 days of pellet culture were cyto-
fluorimetrically assessed by double staining for CD146/b-
catenin. Figure 5C displays that 60.9% of the CD146 + cells
were also positive for active b-catenin in the Wnt3a-treated
group, with a 2.3-fold increase with respect to the vehicle
condition. This difference resulted in a statistically significant
higher clonogenicity (n = 4) of the dissociated cells stimulated
with Wnt3a (Fig. 5D).

At this stage, we hypothesized that the CD146-enriched
population could be more responsive to Wnt-canonical
pathway activation. To test this hypothesis, unsorted or
CD146 positively-sorted hBM-MSC (three donors, at least
triplicate for each experimental condition) were cultured in
3D pellets up to 1 week with or without the addition of
Wnt3a. Figure 6 shows that Wnt3a-stimulated CD146 + hBM-
MSC activated both CyclinD1 and Axin2 gene expression
faster and to a higher extent as compared to the unsorted
population (Fig. 6A, B). Moreover, a 1.3-fold higher number
of CD146/b-catenin double-positive cells were generated
starting from day 3 with respect to the unsorted population
(Fig. 6C). Moreover, Wnt3a stimulation also increased the
number of Edu + proliferating cells in the CD146-positively
sorted population (Fig. 6D). This effect was even more evi-
dent when referred to the responding subpopulation of
CD146 + /b-catenin + hBM-MSC, as shown in Fig. 6E. Taken
together, these data suggest that the expression of CD146

correlates with responsiveness to Wnt canonical pathway
activation.

Discussion

In this study, we demonstrated for the first time (i) the
responsiveness of expanded hBM-MSC to Wnt3a exposure in
a 3D culture model, (ii) the increase in the fraction of pro-
liferating cells by Wnt canonical pathway activation in the
3D cellular constructs, and (iii) the enhanced in vitro chon-
drogenesis of Wnt3a stimulated cells upon switch to a
chondrogenic medium including TGF-b1. Interestingly, the
CD146 + clonogenic subpopulation was more responsive to
Wnt pathway activation and more prompt to exert a Wnt3a-
mediated response in terms of 3D proliferation.

Wnt3a was previously reported to enhance bone mor-
phogenetic protein 2 (BMP2)-mediated chondrogenesis in a
multipotent mesenchymal cell line [30], and to increase the
proliferation rate [14,15] of hBM-MSC, expanding a clono-
genic subpopulation. However, these studies have been
performed using typical 2D culture models, which (i) expose
hBM-MSC to an infinitely stiff, nonphysiological substrate
[31] and (ii) are not permissive to chondrogenesis, unless
cells are then transferred to a pellet culture system [32]. Our
findings confirmed that also in a 3D culture setting, relevant
to mimic the developmental steps of mesenchyme conden-
sation and growth, Wnt3a represents a pivotal cue to regu-
late the proliferation and differentiation capacity of hBM-
MSC. On the other hand, the model allowed to identify so far
unaddressed limits and challenges.

In fact, despite the responsiveness of hBM-MSC to Wnt3a
and the associated increase in the fraction of proliferating

FIG. 5. Wnt3a-mediated
CD146 modulation in hBM-
MSC. CD146 expression for
3D pellets stimulated with
Wnt3a and/or FGF2 assessed
via (A) FACS and (B) immu-
nohistochemistry. Scale bar:
100 mm. (C) Quantification
via FACS of CD146/b-cate-
nin double-positive hBM-
MSC normalized with respect
to the total number of
CD146 + cells. (D) Percentage
of clonogenic cells upon
Wnt3a and/or FGF2 3D
stimulation. Statistical signif-
icance between the Wnt3a
group and all other condi-
tions: *P < 0.05, **P < 0.01,
***P < 0.001.
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cells, the resulting 3D construct did not increase in size or cell
number, in contrast to what is observed for the expansion of
condensating mesenchyme during limb development. This
seems to be different from other stem cell-based models of
organogenesis (ie, optic cup and gut crypt), where self-
organization of 3D morphogenesis has been successfully re-
capitulated in vitro [33,34]. The finding could be related to
some features of the 3D culture model, to the lack of other
key signaling ligands, and/or to the intrinsic biological dif-
ference between expanded hBM-MSC and mesenchymal
limb progenitors, as discussed in the following paragraphs.

The use of a suitable 3D culture system is fundamental to
allow cells to respond to environmental/signaling cues. In
our experimental model, the condensation induced in 3D
pellets might have negatively influenced cell expansion by
imposing too tight cell-to-cell contacts, possibly interfering
with cell proliferation. For example, cell density may have
resulted into a construct elasticity not matching the corre-
sponding native tissue, thereby disregulating cell proliferation
and fate determination programs [35]. Moreover, the uniform
delivery of Wnt3a and FGF2 in the medium, as opposed to
the time-dependent establishment of spatial gradients during
limb development, might have determined an uncontrolled
morphogen distribution within the developing tissue, result-
ing into a heterogeneous and suboptimal cell response. Fur-
ther studies might thus need to target the combined use of
‘‘spacer’’ scaffolds (eg, hydrogels) with morphogen delivery
from a spatially confined source (eg, microbead).

Alternatively, 3D tissue expansion of hBM-MSC might
require additional signaling factors. Contrary to murine and
chick models [8,9] and to the observed results obtained with

hBM-MSC in monolayer (data not shown) where FGFs syn-
ergistically act with Wnt pathway, in our 3D culture condi-
tions FGF2 seemed either to antagonize or to have no
additive effect with the Wnt3a. On one hand, the 3D envi-
ronment may play a role in differential responsiveness to-
ward supplemented factors [36]. On the other hand, as
suggested by Oldershaw and colleagues [37], the expansion
of mesenchymal progenitors densely packed in 3D nodules,
which precedes the complete chondrogenic differentiation of
human embryonic stem cells, requires the stimulation by
Wnt3a and FGF2, along with Activin-A and/or BMP4. Thus,
next investigations might include selected members of the
TGF-b superfamily in the cocktail of growth factors to
guarantee higher 3D cell survival and expansion and to
prime hBM-MSC toward a chondrogenic fate.

Our findings may also imply that hBM-MSC markedly
differ from limb mesenchymal cells, so that their expansion
and chondrogenesis cannot be instructed by directly reca-
pitulating developmental cues. Wnt ligands are known to
activate cell entry into the cell cycle in a way that depends on
the state of commitment of the responder population [38]
and that is based on the balance between Sox9 and Cbfa1
[2,39]. The constitutively high levels of expression of these
key transcriptional factors in expanded hBM-MSC [40] sug-
gests a more restricted cell commitment than in mesenchy-
mal limb progenitors and consequently the limited 3D
growth in response to Wnt signaling. Accordingly, it is
conceivable that only early progenitors within the hetero-
geneous hBM-MSC population would similarly respond to
embryonic mesenchyme upon Wnt3a stimulation. In sup-
port of this hypothesis, we found that a CD146-positive

FIG. 6. (A–C) CD146-enriched hBM-MSC responsiveness to Wnt3a. (A, B) Gene expression profile of Wnt3a-stimulated
CD146 + and unsorted hBM-MSC populations for (A) CyclinD1 and (B) Axin2 gene expression. (C) Quantification via FACS
of CD146/b-catenin double-positive cells for CD146 + and unsorted hBM-MSC populations. (D, E) Wnt3a-stimulated CD146 +

hBM-MSC 3D proliferation. (D) Percentage of Edu + proliferating cells with respect to the total number of cells in the CD146-
positively sorted and unsorted populations. (E) Quantification via FACS of CD146 + /b-catenin + /Edu + hBM-MSC. *P < 0.05,
**P < 0.01, ***P < 0.001.
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subpopulation was more consistently and robustly activated
by Wnt3a. Interestingly, despite the plethora of features as-
sociated with hBM-MSC, the general consensus associates
CD146 with bona fide stem cells, able to self-renew and un-
dergo multilineage differentiation [28,29,41]. Our results
are in line with a key principle proposed by 3D organogen-
esis pioneers [33,34], namely that working with a defined
homogenous cell population is pivotal to achieve control
over signaling pathways and finally tissue morphogenesis.
Despite the preliminary nature of our descriptive observa-
tions, our findings would prompt for further investigations,
possibly at clonal level [42], aimed at correlating the potential
to manipulate the fate of hBM-MSC by Wnt signaling
with the stage of cell differentiation and associated marker
expression.

Conclusions

We have demonstrated that hBM-MSC could respond to
key morphoregulatory factors (ie, Wnt3a) mimicking the first
events of endochondral route, but to a limited extent. This
work represents an additional proof of principle that certain
limb development paradigms can be recapitulated with
adult cells, though with significant differences. The identifi-
cation of crucial nodes to control and manipulate hBM-MSC
fate and, ultimately, engineer self-regulated cellular pro-
cesses will be an important milestone for advances in skeletal
tissue regeneration and in turn will offer invaluable human
cellular models to developmental biologists.
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