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Abstract
Re-directing mesenchymal stromal cell (MSC) chondrogenesis towards a non-hypertrophic articular chondrocyte-(AC)-like 
phenotype is important for improving articular cartilage neogenesis to enhance clinical cartilage repair strategies. This study 
is the first to demonstrate that high levels of non-canonical WNT5A followed by WNT11 and LEF1 discriminated MSC 
chondrogenesis from AC re-differentiation. Moreover, β-catenin seemed incompletely silenced in differentiating MSCs, 
which altogether suggested a role for WNT signaling in hypertrophic MSC differentiation. WNT inhibition with the small 
molecule IWP-2 supported MSC chondrogenesis according to elevated proteoglycan deposition and reduced the character-
istic upregulation of BMP4, BMP7 and their target ID1, as well as IHH and its target GLI1 observed during endochondral 
differentiation. Along with the pro-hypertrophic transcription factor MEF2C, multiple hypertrophic downstream targets 
including IBSP and alkaline phosphatase activity were reduced by IWP-2, demonstrating that WNT activity drives BMP 
and hedgehog upregulation, and MSC hypertrophy. WNT inhibition almost matched the strong anti-hypertrophic capac-
ity of pulsed parathyroid hormone-related protein application, and both outperformed suppression of BMP signaling with 
dorsomorphin, which also reduced cartilage matrix deposition. Yet, hypertrophic marker expression under IWP-2 remained 
above AC level, and in vivo mineralization and ectopic bone formation were reduced but not eliminated. Overall, the strong 
anti-hypertrophic effects of IWP-2 involved inhibition but not silencing of pro-hypertrophic BMP and IHH pathways, and 
more advanced silencing of WNT activity as well as combined application of IHH or BMP antagonists should next be con-
sidered to install articular cartilage neogenesis from human MSCs.
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Introduction

Articular cartilage has a poor regenerative capacity and 
localized cartilage defects which are left untreated repre-
sent a clear risk for development of osteoarthritis [1]. Sev-
eral surgical techniques are available to stimulate healing of 
damaged cartilage [2–4] and multiple cell-based strategies 
have been tested and optimized to reach satisfying outcome 
after cartilage repair [5]. The clinical use of cell-based thera-
pies relies on autologous chondrocytes harvested from a less 
load-bearing area of the patients’ joint and this tissue dam-
age to obtain articular chondrocytes (ACs) for implantation 
as well as a rather limited understanding of articular carti-
lage neogenesis still hampers the development of successful 
therapies to restore joint surface defects.

Bone marrow-derived mesenchymal stromal cells 
(MSCs) are an attractive alternate cell source for cartilage 
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regeneration but when induced to differentiate into chondro-
cytes in vitro, MSCs recapitulate the endochondral differen-
tiation of growth plate chondrocytes, become hypertrophic 
and develop an inherent mineralization activity leading to 
bone formation at ectopic sites [6]. Instead, ACs re-differ-
entiate into a stable articular cartilage phenotype and form 
no bone under the same conditions [6]. Permanent secretion 
of parathyroid hormone-related protein (PTHrP) was sug-
gested as a potential mechanism how ACs actively prevent 
progression to hypertrophy [7] in line with studies on embry-
onic cartilage development [8, 9]. However, MSCs down-
regulate PTHrP expression during early chondrogenesis in 
favor of upregulation of BMPs and Indian hedgehog (IHH), 
and progress along the endochondral pathway with common 
hypertrophic and osteogenic markers being upregulated [7, 
10]. The drivers for this BMP and IHH upregulation remain 
currently unknown.

Re-directing MSC chondrogenesis to obtain stable chon-
drocytes is an active field of investigation, and to date, a 
few studies have claimed to achieve a stable, articular carti-
lage phenotype by in vitro differentiation of MSCs [11–15]. 
Intriguingly, completely different or even opposite strategies 
[11, 12] were applied, suggesting the apparent ease of such 
an attempt. But neither approach, being it WNT signaling 
stimulation [12], WNT signaling stimulation followed by 
inhibition [11], selective silencing of a single microRNA 
[13], silencing of BMP receptor signaling [15], or growing a 
self-assembling tissue in dual compartment culture [14], has 
yet independently been reproduced. Neither of these stud-
ies addressed whether the obtained MSC-derived chondro-
cytes indeed copied the low levels of relevant hypertrophic 
(like COL10A1, IHH, MEF2C and PTH1R) and osteogenic 
markers (ALPL, IBSP, OPN, RUNX2) of ACs; nor have 
mechanisms regarding an active or passive maintenance of 
chondrocyte phenotype stability been considered at all [14] 
or beyond a single pathway [11–13, 15]. Given the impor-
tance and tight interaction of TGF-β, BMP, WNT and IHH 
signaling pathways during embryonic cartilage development 
[16], consideration of more than one pathway is required 
for a comprehensive understanding of articular cartilage 
neogenesis.

We previously reported that introduction of short daily 
PTHrP(1–34) pulses during chondrogenesis of MSCs pre-
vents upregulation of IHH and keeps the osteogenic mark-
ers ALP and IBSP and the hypertrophic marker MEF2C at 
lower levels, while slightly increasing cartilage matrix depo-
sition [17]. However, COL10A1 and PTH1R expression were 
insufficiently reached, indicating that PTHrP(1–34) pulses 
acted strongly anti-osteogenic but only selectively anti-
hypertrophic. Bone morphogenetic proteins (BMPs) are, 
in addition to their pro-chondrogenic activity, also widely 
believed to drive chondrocyte hypertrophy [18–20]. In line, 
MSCs upregulated BMP4 and BMP7 expression during 

MSC chondrogenesis, while, in turn, ACs increased natu-
ral BMP antagonists [21]. However, since BMP signaling 
was also essential for early SOX9 upregulation, silencing of 
early canonical BMP signaling with dorsomorphin prevented 
chondrogenesis, while later treatment suppressed hypertro-
phy at the expense of reduced differentiation and cartilage 
matrix deposition [21]. Conclusively, neither PTHrP(1–34) 
pulses nor dorsomorphin were fully able to shift MSCs from 
the endochondral development of growth plate chondrocytes 
to the stable articular chondrocyte phenotype.

WNT signaling controls chondrocyte hypertrophy and 
endochondral ossification in the growth plate during limb 
development [22–27]. It consists of a complex network of 
pathways including the canonical pathway inducing sta-
bilization and nuclear translocation of the transcriptional 
co-activator β-catenin and several less well-understood 
non-canonical pathways that act independent of β-catenin. 
Despite its evident role in cartilage and bone development, 
surprisingly little is known about WNT activity and regula-
tion of WNT network molecules during endochondral MSC 
differentiation compared to ACs. Which of the 19 known 
WNT ligands may contribute to driving MSC hypertrophy, 
the relevance of canonical versus non-canonical WNT sign-
aling, and whether natural WNT inhibitors may protect ACs 
from hypertrophy during re-differentiation, are important 
questions that remain insufficiently understood.

In osteoblasts, WNT signals have been reported to cross-
talk with both BMP and IHH signaling. Specifically, induc-
tion of ALP activity was synergistically driven by WNT and 
BMP2 [28, 29] with WNT acting as upstream regulator of 
BMP expression and ALP activity [30]. WNT/BMP cross-
talk was also observed in many other biological processes 
[28, 31, 32]. Moreover, in growth plate chondrocytes, WNT 
was reported to act upstream of IHH and inhibit chondro-
cyte apoptosis [33, 34]. Thus, inhibition of WNT signaling 
during MSC in vitro chondrogenesis may have the potential 
to lower BMP and IHH signaling, and repress prominent 
hypertrophic and osteogenic differentiation markers to levels 
seen in ACs.

Aim of this study was to identify specific candidate driv-
ers in the complex WNT signaling network and the mecha-
nism by which WNT signaling results in transient endochon-
dral cartilage formation. Here, we hypothesized that WNT 
activity drives BMP and IHH upregulation during endo-
chondral MSC differentiation and that WNT inhibition could 
silence both BMP and IHH signaling. Thus, WNT inhibition 
could potentially be more powerful for re-directing MSC 
chondrogenesis towards chondrocytes which are resistant to 
ectopic in vivo mineralization than manipulating either the 
BMP or IHH pathway alone. Altogether, this will improve 
articular cartilage neogenesis from MSCs and provide novel 
therapeutic strategies for regeneration of cartilage tissue in 
damaged joints.
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Materials and methods

Cell isolation, expansion and differentiation

All procedures were in accordance with the ethical stand-
ards of the ethics committee on human experimentation of 
the Medical Faculty of Heidelberg University and with the 
Helsinki Declaration of 1975 in its latest version. MSCs were 
isolated from human bone marrow aspirates obtained with 
informed consent from patients (age 21–83) undergoing total 
hip replacement. Mononuclear cells were isolated via Ficoll-
PaqueTM (GE Healthcare) and expanded with Dulbecco’s 
Modified Eagle’s Medium (DMEM, Gibco, Life Technolo-
gies) high glucose, 12.5% fetal calf serum (FCS, Gibco, Life 
Technologies), 100 units/m penicillin, 100 µg/mL streptomy-
cin (Biochrom), 2 mM l-glutamine (Gibco, Life Technolo-
gies), 1% non-essential amino acids (Gibco, Life Technolo-
gies), 1% β-mercaptoethanol (Gibco, Life Technologies), 4 ng/
mL human fibroblast growth factor-2 (FGF-2, Miltenyi Biotec, 
Germany). Where indicated, 250 ng/mL human recombinant 
WNT3A (R&D Systems, Germany) was added. In accordance 
with the generally accepted surface marker profile, our MSCs 
were routinely tested and found positive for CD90, CD105, 
CD73 and CD146, and negative for CD34 and CD45 (sup-
plemental figure S7).

ACs were isolated from human articular cartilage obtained 
with informed consent from patients (age 57–82) undergo-
ing total knee replacement. Cartilage from phenotypically 
healthy regions was minced and digested overnight at 37 °C 
with 1.5 mg/mL collagenase B (Roche Diagnostics) and 
0.1 mg/mL hyaluronidase (Sigma Aldrich). Chondrocytes 
were expanded in low-glucose DMEM supplemented with 
10% FCS, penicillin/streptomycin.

MSC chondrogenesis and AC re-differentiation were per-
formed in 3D micromass culture by pelleting cells in chon-
drogenic induction medium (DMEM high glucose, 0.1 mM 
dexamethasone, 0.17 mM ascorbic acid 2-phosphate, 5 mg/mL 
transferrin, 5 ng/mL sodium selenite, 1 mM sodium pyruvate, 
0.35 mM proline, 1.25 mg/mL BSA (all from Sigma Aldrich), 
penicillin/streptomycin, 5 mg/mL insulin  (Lantus®, Sanofi-
Aventis) and 10 ng/mL TGF-β1 (PeproTech). Where indicated, 
pellets were treated with 2 µM IWP-2 (Tocris Bioscience), 
or dorsomorphin (10 µM, ENZO Life Science, as described 
before [21]) starting at day 14 of differentiation. For PTHrP 
pulse experiments, 2.5 nM PTHrP(1–34) (Bachem) was added 
starting at day 7 for 6 h before a daily medium exchange, as 
described previously [17]. Controls received the corresponding 
amount of solvent.

Microarray analysis

Samples of n = 4 AC donors and n = 5 MSC donors were 
studied at day 0 of (re-) differentiation, while n = 5 for both 
ACs and MSCs were used at day 28. Five pellets per popula-
tion and time point were pooled and total RNA was extracted 
using RNeasy Mini kit (Qiagen). Microarray analysis (Illu-
mina Human Sentrix, Human Ref_8 v3.0) was performed at 
the Genomic and Proteomics Core Facility of the German 
Cancer Research Center in Heidelberg, Germany. Data were 
extracted for all individual beads and outliers with a more 
than 2.5-fold difference from the mean were removed. Sig-
nals were quantile normalized and log2 transformed. Group 
comparisons were performed for 71 identified WNT com-
ponents, based on the mean signal of all beads per probe 
passing quality control.

Animal experiments

In vivo mineralization was assessed in the classical ectopic 
bone formation assay, because subcutaneously, hypertrophic 
cartilage can become vascularized and remodeled into bone 
much more quickly than orthotopically in non-vascularized 
articular cartilage. Importantly, engineered AC-derived car-
tilage resists vascularization and mineralization at ectopic 
sites [6]. Experiments were approved by the Animal Experi-
mentation Committee Karlsruhe all procedures were per-
formed according to the national guidelines for animal care 
in accordance with the European Union Directive (2010/63/
EU). 4 day 35 pellets were implanted into subcutaneous 
pouches of female SCID mice (8–9 weeks old, CB17/Icr-
Prkdcscid/IcrIcoCrl Charles River Laboratories, Germany). 
Animals were anaesthetized by Medetomidine  (Sedin® 
0.3 mg/kg, Alvetra) and  Ketamin® (120 mg/kg, Medistar). 
One hour after surgery, the anesthesia was antagonized 
by Atipamelzol  (Alzane® 2.5 mg/kg, Zoetis). No animal 
exhibited adverse reactions to the presence of the implants 
throughout the duration of the experiments and the animals 
were killed 8 weeks after surgery.

Micro‑CT analysis

Pellets were scanned in skin pouches in the Sky-Scan 1076 
in vivo X-ray microtomograph (Skyscan) using a 0.5-mm 
aluminum filter, with the following settings: voxel size 
8.85 µm, 48 kV, 200 µA, frame averaging 3. Data were 
recorded every 1.1° rotation step through 180°. Reconstruc-
tion of the X-ray pictures was performed using  NRecon® 
software (version 1.6.3.2, Skyscan).  CTAn® software was 
used for calculating the volume of mineralized tissue in the 
volume of interest. For analysis of the mineralized volume, 
the lower gray level was set at 75 and the upper gray level 
was set at 255. Two pellets (one from the control group, one 
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from the WNT3A-expanded IWP-2 group) were lost after 
scanning and could, thus, not be processed for histology.

Histology

Explants were partially decalcified for 1 day in Bouin’s solu-
tion (Sigma-Aldrich); in vitro pellets were fixated for 2 h 
in 4% formaldehyde (Merck). 5-µm paraffin sections were 
stained according to standard histological procedures with 
safranin O (0.2% in 1% acetic acid) with fast green counter-
staining (0.04% in 0.2% acetic acid), or with Mayer’s hema-
toxylin and eosin counterstaining (1% aqueous solution), or 
with Movat’s pentachrome (all from Chroma). ALP activity 
on paraffin embedded sections was visualized via turnover 
of NBT/BCIP (Roche).

For immunohistochemistry, sections were treated with 
4  mg/mL hyaluronidase followed by 1  mg/mL pronase 
(Roche), and unspecific binding sites were blocked with 
5% BSA. Collagen II and X were visualized using the same 
primary antibodies as for Western blotting (see below) and 
biotinylated goat anti-mouse antibody (1:500; Dianova) 
followed by streptavidin–alkaline phosphatase and fast red 
detection (Roche).

Quantitative reverse transcription PCR

Four or five pellets per donor, time point, and condition 
were pooled and mechanically minced. RNA was extracted 
via guanidinium thiocyanate/phenol (Trifast, peqGOLD, 
Peqlab) standard protocol. Poly-adenylated mRNA was 
extracted using oligo-d(T)-coupled magnetic beads (Dyna-
beads, Dynal, Thermo Fisher Scientific) and reverse tran-
scribed with  Omniscript® (Qiagen). Transcript levels were 
determined via qPCR using Light Cycler™ technology 
(Roche Diagnostics) with the primers given in supple-
mental table S3. Gene expression was calculated relative 
to the mean expression of the reference genes CPSF6 and 
HNRPH1 via the ΔCt method. Percent reference gene values 
were calculated as 100% ⋅ 1.8

ΔC
t.

Western blotting

Whole cell lysates were prepared using RIPA buffer or Phos-
phoSafe™ Extraction Reagent (Novagen, Merck Millipore) 
supplemented with 1 mM  Pefabloc® (Sigma-Aldrich). Con-
centration of proteins was determined via Bradford rea-
gent (Sigma Aldrich) and BSA standards. Collagens were 
isolated from micromass pellets after pepsin digestion as 
described previously [7]. Note that most proteins includ-
ing common reference proteins like actin and GAPDH are 
degraded by pepsin. Proteins were separated via denatur-
ing SDS-PAGE and blotted onto a nitrocellulose membrane 
(GE Healthcare). Immunostaining was performed using 

the following antibodies: anti-MEF2C (clone D80C1, Cell 
Signaling, 5030), anti-active β-catenin (clone 8E7, Merck 
Millipore, 05-665), anti-total β-catenin (BD Biosciences, 
610154), anti-WNT11 (Merck Millipore, ABD105), anti-
WNT5A (MAB645, R&D systems), anti-pSmad 1/5/8 (Cell 
Signaling, #9511S), anti-Smad 1 (clone EP565Y, Abcam 
#33902), anti-Smad 5 (clone EP619Y, Abcam #ab40771), 
anti-β-actin (clone AC-15, GeneTex, GTX26276), anti-
histone H3 (Merck Millipore 07-690), anti-collagen type II 
(clone 4c11, MP Biomedicals/Quartett), and anti-collagen 
type X (clone X-53, supernatant provided by Prof. Klaus von 
der Mark). Endogenous WNT11 or MEF2C in SAOS cells 
and WNT5A-overexpressing SAOS cells (addgene plasmid 
#35911, gift from Marian Waterman [35]) served as posi-
tive controls. For Smads, MSC-derived chondrocytes served 
as positive control. Bands were visualized with peroxidase-
coupled secondary antibodies using ECL detection.

ALP enzyme activity in the supernatant

Culture supernatants were pooled from 3 pellets per group. 
100 µL supernatant was incubated with 100 µL substrate 
[10 mg/mL p-nitrophenyl phosphate (Sigma Aldrich) in 
0.1 M Glycin (Carl Roth), 1 mM  MgCl2 (Sigma Aldrich), 
1 mM  ZnCl2 (Sigma Aldrich), pH 9.6]. Absorbance was 
measured at 405/490 nm (Sunrise™, Tecan) and related to 
a standard curve made from p-nitrophenol (Sigma Aldrich) 
and calculated as ALP activity (ng/mL/min).

GAG and DNA quantification

For measurement of glycosaminoglycan (GAG) and DNA 
content, two pellets were separately digested with 3 U/mL 
proteinase K (Fermentas) dissolved in 0.05 M Tris (Merck), 
1 mM  CaCl2 (pH 8.0, Sigma Aldrich) overnight at 60 °C. 
The DNA content of the digest was determined with the 
Quant iT PicoGreen ds DNA Assay Kit (Thermo Scientific, 
Germany) and fluorescence was measured at 485/535 nm. 
For GAG quantification, 30 µL of the 1:2 diluted proteinase 
K digest was mixed with 200 µL 1,9-dimethyl-methylene 
blue (DMMB, Sigma Aldrich) dye solution (pH 3.0) [36] 
and absorbance was measured at 530 nm.

Statistics

For all values, mean and standard error of the mean were cal-
culated and differences between groups were analyzed with 
Student’s t test for equal or different variances according to F 
test. For comparing MSCs with ACs at the same time points, 
unpaired analysis was performed, for cells at different time 
points and for different treatment of cells (IWP-2 vs. con-
trol), paired analysis was used. Bonferroni correction was 
applied to account for multiple testing. Correlation analysis 
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was performed with Pearson’s correlation test. A two-tailed 
significance value of p ≤ 0.05 was considered statistically 
significant.

For microarray analysis (Illumina Human Sentrix, Human 
Ref_8 v3.0), mean quantile normalized signals of all beads 
per probe passing quality control signals were calculated.

Results

To document the chondrogenic capacity of MSCs and the 
differences between endochondral MSC differentiation and 
AC re-differentiation, we compared expression of specific 
marker genes and matrix deposition in MSC versus AC cul-
tures on day 28 of (re-) differentiation. Two common chon-
drogenic, four hypertrophic, and four osteogenic markers 
were assessed including the pro-hypertrophic transcription 
factor MEF2C and the pro-osteogenic transcription factor 
RUNX2 (Table 1). COL2A1, ACAN and SOX9 mRNA levels 
were comparable in chondrocytes derived from both sources, 
while mean expression of hypertrophy-associated COL10A1, 
PTH1R, IHH and MEF2C was strongly elevated in MSC-
derived chondrocytes. The osteogenic markers SPP1 (osteo-
pontin) and ALPL reached about 80-fold higher levels in 
MSC-derived tissue than in ACs. In a time course over 
6 weeks, COL2A1 upregulation was similar in both groups 
(supplemental figure S1A) and ACAN upregulation in MSCs 
reached levels in ACs from day 28 on, while hypertrophic 
and osteogenic markers remained low in ACs. COL10A1 
was significantly higher in MSCs from day 7 onwards (figure 
S1B), ALP activity from day 14 onwards (figure S1C) and 
IHH from day 21 onwards (figure S1B). Cartilage matrix 
rich in proteoglycans and collagen type II accumulated in 
(re-) differentiated AC- and MSC-derived tissue (figure 

S1D), while only differentiated MSC-derived chondrocytes 
deposited collagen type X. Thus, at similar COL2A1 expres-
sion, hypertrophic and osteogenic markers were upregulated 
exclusively during MSC chondrogenesis.

Enhanced expression of non‑canonical WNT ligands 
in MSC‑derived chondrocytes

To discover a differential expression of WNT network mem-
bers between MSC-derived hypertrophic chondrocytes and 
re-differentiated ACs, we extracted 71 WNT components 
from whole-genome transcriptome data obtained from 4 
to 5 donor cell populations per group. Importantly, typical 
canonical WNT ligands were barely expressed in chondro-
cytes from both groups (supplemental table S1). At day 28, 
eleven genes showed a more than twofold difference in mean 
expression levels between re-differentiated ACs and MSC-
derived chondrocytes (Table 2). They included the non-
canonical ligands WNT5A and WNT11, the non-canonical 
(co-) receptors FZD9 and PTK7, two signaling molecules 
including the canonical transcription factor LEF1, as well 
as four inhibitors and activators comprising the canonical 
antagonist SFRP1. Importantly, nine out of these eleven 
genes were higher expressed in the MSC-derived chon-
drocytes, suggesting higher WNT activity specifically in 
hypertrophic chondrocytes. PCR validation in independent 
samples largely confirmed higher expression of these genes 
of interest in hypertrophic chondrocytes (supplemental 
table S2). Taken together, higher expression of non-canoni-
cal ligands and (co-) receptors in MSC-derived chondrocytes 
suggested a role for non-canonical WNT signaling in hyper-
trophic differentiation. Nevertheless, according to enhanced 
expression of canonical LEF1 and SFRP1 in the MSC group, 
canonical WNT signaling may also be important.

Table 1  Mean expression of 
marker genes at day 28 of 
MSC chondrogenesis vs. AC 
re-differentiation (n = 5 per 
group) extracted from whole-
genome microarray analysis

b mean values are below background (80)

Gene MSC AC Fold

Chondrogenic
 SOX9: sex determining region Y-box 9 3631.0 2289.0 1.6
 COL2A1: collagen type II 19762.0 20027.9 − 1.0
 ACAN: aggrecan 143.5 215.3 − 1.5

Hypertrophic
 COL10A1: collagen type X 13370.0 495.5 27.0
 PTH1R: parathyroid hormone receptor 1 10026.3 1007.2 10.0
 IHH: indian hedgehog 180.0 b 3.0
 MEF2C: myocyte enhancer factor 2C 460.1 179.6 2.6

Osteogenic
 SPP1: secreted phosphoprotein 1 (osteopontin) 10720.8 132.4 81.0
 ALPL: alkaline phosphatase 9304.0 122.1 76.2
 IBSP: integrin-binding sialoprotein 3169.6 b 48.5
 RUNX2: runt-related transcription factor 2 410.6 145.3 2.8
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Inverse regulation of WNT5A and WNT11 
during MSC chondrogenesis

Interestingly, WNT5A and WNT11, the two ligands found 
above to be expressed during MSC chondrogenesis, are 
also the prevailing WNT ligands in growth plate chondro-
cytes [37]. Therefore, we were interested in their regula-
tion during endochondral MSC differentiation. WNT11 was 
significantly upregulated during MSC chondrogenesis from 
day 7 on, reaching significantly higher mRNA levels than 
re-differentiated ACs from day 21 on (p < 0.05; Fig. 1a). 
Western blotting confirmed this upregulation during MSC 
chondrogenesis (Fig. 1b; n = 2–4), while WNT11 remained 
undetectable in ACs (not shown). By contrast, mean WNT5A 
expression was higher in MSCs than in ACs at day 0 and 
WNT5A became significantly downregulated during MSC 
chondrogenesis (p < 0.05; Fig. 1a), while it remained low 
during AC re-differentiation. In line, Western blotting 
detected WNT5A protein in MSCs but not ACs at day 0 
(Fig. 1b, n = 3–4) demonstrating that only MSCs started into 
chondrogenesis with high WNT5A levels.

Along with non-canonical WNT11, the non-canonical 
(co-) receptors FZD9 and PTK7 were significantly upregu-
lated only during MSC chondrogenesis (Fig. 1c). In addition, 
the canonical transcription factor LEF1 increased signifi-
cantly, reaching 8.5-fold higher levels than in ACs at day 
35, while the canonical antagonist SFRP1, although not 
upregulated, remained significantly higher in MSC-derived 
chondrocytes than in re-differentiated ACs (19.7-fold on day 
35, p < 0.05).

High active β-catenin levels were observed by Western 
blotting on day 0 in both groups which gradually declined 

over time. However, a slightly slower drop in the MSC 
group suggested a trend for higher canonical WNT activity 
in hypertrophic chondrocytes (Fig. 1d). In summary, regu-
lation of non-canonical WNT5A and WNT11 ligands and 
specific upregulation of non-canonical FZD9 and PTK7 with 
hypertrophy provided strong arguments for a relevance of 
non-canonical WNT signaling during MSC chondrogenesis, 
with the β-catenin-dependent canonical pathway being also 
involved.

Strong anti‑osteogenic and mild anti‑hypertrophic 
effects of WNT inhibition

To test whether inhibition of WNT signaling can re-direct 
MSC chondrogenesis to obtain stable chondrocytes, we 
blocked processing and secretion of all WNT ligands by 
the porcupine inhibitor IWP-2 to silence canonical and 
non-canonical signaling. The reduced levels of the canoni-
cal WNT response gene AXIN2 under IWP-2 compared to 
DMSO controls confirmed a reduced canonical WNT activ-
ity on days 21 and 35, i.e., after 1 and 3 weeks of treatment 
(supplemental figure S2A). Chondrogenic differentiation of 
MSCs remained high under IWP-2 according to maintained 
SOX9, COL2A1, and ACAN expression and similar safranin 
O and collagen type II staining of pellets (figure S2A,B). 
GAG/DNA content was slightly but significantly increased 
under IWP-2 (1.2-fold, p < 0.05; figure S2C), suggesting a 
slight anabolic effect of WNT inhibition.

A mild anti-hypertrophic effect was observed on the 
expression of all four tested markers (COL10A1, IHH, 
PTH1R, MEF2C), which remained significantly lower under 
IWP-2 (p < 0.05; Fig. 2a). For PTH1R, the day 35 effect 

Table 2  Mean WNT component 
expression at day 28 of 
MSC chondrogenesis vs. AC 
re-differentiation extracted from 
microarray data (n = 5)

Only genes with a ≥ twofold difference are listed

Gene MSC AC Fold

Ligands
 WNT5A: wingless-type MMTV integration site family, 5A 309.4 155.2 2.0
 WNT11: wingless-type MMTV integration site family, 11 292.2 111.6 2.6

Receptors
 FZD2: frizzled homolog 2 192.3 89.4 2.2
 FZD9: frizzled homolog 9 1086.0 545.6 2.0

Co-receptors
 PTK7: protein tyrosine kinase 7 1145.1 288.9 4.0

Signaling molecules
 LEF1: lymphoid enhancer binding factor 1 1157.6 207.4 5.6
 PRICKLE1: prickle homolog 1 904.9 203.6 4.4

Inhibitors/activators
 SFRP1: secreted frizzled-related protein 1 1452.6 105.4 13.8
 APCDD1: adenomatosis polyposis coli down-regulated 1 549.4 239.5 2.3
 RSPO2: R-spondin 2 homolog 129.5 316.2 -2.4
 RSPO3: R-spondin 3 homolog 165.2 894.8 -5.4
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was only seen by trend. Although COL10A1 mRNA levels 
remained 20–30% lower, the collagen type X content per 
pellet was maintained under IWP-2 as was collagen type II 

deposition (Fig. 2c). In line with reduced MEF2C mRNA 
expression (Fig. 2a), protein levels of MEF2C were lower 
under IWP-2 (Fig. 2d), suggesting that WNT signaling 

Fig. 1  Inverse regulation of WNT11 and WNT5A and downregula-
tion of β-catenin during MSC chondrogenesis. Micromass pellets 
of ACs and MSCs were cultured for up to 6 weeks in chondrogenic 
medium with TGF-β. a qPCR assessment of the regulation of gene 
expression over time (mean ± SEM of n = 5 independent donor popu-
lations of ACs and MSCs). HNRPH1 and CPSF6 were used as refer-
ence genes. *p < 0.05 vs. AC at the same time point; #p < 0.05 vs. day 
0. b WNT11 at days 0 and 35 in 2 representative out of 4 independ-

ent MSC populations with histone H3 as reference; and WNT5A at 
day 0 in independent AC and MSC populations (D1, D2, representa-
tive for n = 3–4). c Gene expression relative to HNRPH1 and CPSF6 
depicted as mean ± SEM of n = 5 independent donor populations 
with *p < 0.05 vs. AC at the same time point and #p < 0.05 vs. day 
0. d Active and total β-catenin with β-actin as reference. One repre-
sentative blot of 3 independent experiments shown. Quantification of 
β-catenin blots relative to β-actin
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drives MEF2C upregulation during MSC chondrogen-
esis. In contrast to mild effects on hypertrophic markers, 
expression of the osteogenic markers ALPL and IBSP was 
strongly suppressed by IWP-2 (p < 0.05; Fig. 2b) and SPP1 
and RUNX2 were also affected. Importantly, ALP activity 
was strongly downregulated by IWP-2 by about 80% on 
days 21–35 (Fig. 2e). Constant suppression of ALP activity 
at maintained chondrogenic capacity was obtained, when 
IWP-2 treatment was started at day 0 of MSC chondrogen-
esis (n = 2, Fig. 2e).

Since an earlier study reported generation of stable 
chondrocytes when MSCs were expanded under WNT3A 
treatment before IWP-2 was applied during chondrogen-
esis, we repeated our experiments with WNT3A-expanded 
MSCs, following the conditions described by Narcisi et al. 
[11]. Prior WNT3A application did largely not affect the 
outcome seen with IWP-2 treatment alone; although due to 
lower replicate numbers (n = 3 independent experiments), 
some effects remained only by trend (supplemental figure 
S3).

Fig. 2  WNT inhibition suppresses mineralizing activity developing 
during MSC chondrogenesis. Micromass MSC pellets were cultured 
for up to 5  weeks in chondrogenic medium with TGF-β. Treatment 
with 2  µM IWP-2 or DMSO as control was started at day 14. a, b 
qPCR assessment of specified hypertrophic and osteogenic markers. 
Depicted is the mean ± SEM of n = 5 independent donor populations; 
*p < 0.05 CTRL vs. IWP-2 at the same time point. c Western blot of 
collagen types II and X in precipitates of day 35 micromass cultures 
of 2 independent MSC populations (D1, D2). Equal volumes of re-

soluted collagen precipitates were loaded. d MEF2C Western blot 
in cell lysates of day 35 micromass cultures of 2 independent MSC 
populations (D1, D2). e: ALP activity in the supernatant measured 
by conversion of the substrate p-nitrophenylphosphate (mean ± SEM; 
n = 5 independent donor populations; *p < 0.05 vs. CTRL at the same 
time point). Two independent experiments were performed with 
IWP-2 treatments starting at day 0 (gray line). Arrows designate 
begin of treatment with IWP-2
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Conclusively, IWP-2 strongly suppressed ALP activity 
relevant for tissue mineralization and reduced osteogenic 
markers during MSC chondrogenesis, indicating a strong 
anti-osteogenic activity of IWP-2. In contrast, hypertrophic 
markers were only mildly affected and collagen type X pro-
tein deposition appeared unchanged by IWP-2. These effects 
were independent of pre-stimulation by WNT3A.

Co‑regulation of WNT11 with MEF2C, IBSP and ALPL

Hypothesizing that expression levels of a driver of MSC 
hypertrophy would correlate with levels of hypertrophic/
osteogenic markers, we assessed some WNT genes of 
interest for correlated expression with the three marker 
genes MEF2C, ALPL, and IBSP, which were most strongly 
reduced by IWP-2. Importantly, only WNT11 levels, but not 
WNT5A, FZD9, PTK7, and LEF1 levels showed a significant 

positive correlation with all three tested marker genes with 
the highest correlation coefficient seen between WNT11 and 
MEF2C (ρ = 0.936, p < 0.0001; Fig. 3a), followed by IBSP 
(ρ = 0.859, p < 0.0001). This suggested that WNT11 expres-
sion is linked with the prominent pro-hypertrophic transcrip-
tion factor MEF2C [38, 39] and its downstream targets IBSP 
and ALPL [40]. Whether WNT11 directly drives MEF2C 
expression, or vice versa, should next be determined by over-
expression studies.

WNT inhibition lowers BMP and IHH target gene 
expression

Asking whether WNT signaling during MSC in vitro chon-
drogenesis may drive BMP and IHH signaling, we investi-
gated whether the known upregulation of BMP4 and BMP7 
during MSC chondrogenesis [21] and expression of the 

Fig. 3  Correlation of WNT11 with hypertrophic/osteogenic mark-
ers and suppression of BMP- and IHH targets by WNT inhibition. 
A: Micromass pellets of MSCs were treated with 2 µM IWP-2 or the 
respective amount of DMSO as control starting at day 14 of chon-
drogenic culture in the presence of TGF-β. Pearson correlation of 

WNT11 with expression of ALPL, IBSP, and MEF2C after chon-
drogenesis (n = 20 from 5 independent populations). b qPCR assess-
ment of specified genes at day 21 and day 35. Data are presented as 
mean ± SEM of n = 5 independent populations
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common BMP target gene ID1 [41, 42] would be affected 
by IWP-2 treatment. In line with a crosstalk of WNT sign-
aling with BMP induction, WNT inhibition significantly 
lowered BMP4 expression at day 21 (not shown) and BMP7 
expression at day 35 (Fig. 3b). Significant suppression of 
ID1 at day 35 indicated an overall reduced activity of the 
BMP signaling pathway under WNT inhibition (Fig. 3b). 
Furthermore, along with reduced IHH expression (Fig. 2a), 
the common IHH target gene GLI1 [9] was reduced under 
IWP-2, demonstrating that WNT inhibition also reduced 
IHH signaling (Fig. 3b). Taken together, this provided strong 
evidence that WNT signaling drives BMP and IHH upregu-
lation during endochondral differentiation of MSCs. This 
led to the question whether WNT inhibition may be most 
powerful in re-directing MSC chondrogenesis towards the 
low marker levels observed in ACs.

Similar effects of WNT inhibition and pulsed PTHrP

We next compared, whether treatment with IWP-2, pulses 
of the natural IHH inhibitor PTHrP(1–34), or application 
of dorsomorphin to silence BMP signaling would suppress 
hypertrophic and osteogenic markers to levels observed 
in ACs. As expected, dorsomorphin reduced activation 

of SMAD1/5/9 during MSC differentiation compared to 
controls (supplemental figure S4). In line with our previ-
ous results [21], dorsomorphin treatment but not pulsed 
PTHrP(1–34) [43] or IWP-2 was anti-chondrogenic accord-
ing to strongly reduced COL2A1 mRNA (Fig. 4a). Notably, 
hypertrophic and osteogenic markers still remained signifi-
cantly higher than in re-differentiated ACs under any of the 
tested conditions (Fig. 4b, c), with one exception. ALP activ-
ity was always strongly suppressed reaching levels close to 
AC niveau (Fig. 4d). Interestingly, IHH and MEF2C were 
significantly lower under PTHrP(1–34) pulses than under 
IWP-2; while otherwise, these two anti-hypertrophic agents 
resulted overall in a very similar marker profile. Importantly, 
both treatments outperformed BMP silencing with dorso-
morphin which proved anti-chondrogenic. Thus, pulsed 
PTHrP was more powerful to re-direct MSC chondrogen-
esis towards an AC expression profile, although effects of 
IWP-2 came close.

Reduced but not eliminated in vivo mineralization 
after WNT inhibition

Since ALP levels during MSC chondrogenesis under 
IWP-2 treatment were as low as in ACs, we tested whether 

Fig. 4  Comparison of re-differentiated ACs with MSC-derived chon-
drocytes under treatment with IWP-2, pulsed PTHrP, or BMP silenc-
ing with dorsomorphin with regard to chondrogenic, hypertrophic 
and osteogenic marker expression. qPCR assessment of specified 
chondrogenic (a), hypertrophic (b) and osteogenic (c) markers as well 

as ALP activity (d) in the supernatant at the end of chondrogenesis. 
Expression of MSC control pellets treated with the respective solvent 
in chondrogenic medium was set to 100% (dashed line). Mean ± SEM 
of n = 3–5 independent donor populations. *p < 0.05 vs. ACs; (*) sig-
nificance lost by Bonferroni correction; #p < 0.05 IWP-2 vs. PTHrP
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WNT inhibition would prevent ectopic cartilage miner-
alization and bone formation as reported for two donors 
by Narcisi et al. in a recent study [11]. Day-35 MSC pel-
lets generated in the presence or absence of IWP-2 were 
implanted into subcutaneous pouches of immune defi-
cient mice. Micro-CT analysis revealed mineralization 
in all 8-week explants from four donors (n = 24) (sup-
plemental figure S5). However, in the IWP-2 group, the 
volume of mineralized tissue was 30% lower (Fig. 5a, b, 
p < 0.05) demonstrating that generation of MSC-derived 
chondrocytes under WNT inhibition reduced but did not 
prevent in vivo mineralization. Less mineral deposition 
under IWP-2 was also observed with WNT3A-expanded 
MSCs, but due to two outliers, this did not reach signifi-
cance (supplemental figure S6). This discrepancy to the 
Narcisi study may be attributed to their use of atypical 
CD146-negative MSCs, while our MSCs generally con-
tained 60–80% of cells positive for this stem cell potency 
marker (supplemental figure S7).

According to histology, bone tissue was formed in both, 
IWP-2-treated samples and controls (4 out of 12 IWP-2 con-
structs, 7 out of 11 controls, Fig. 5c). Prior WNT3A stimula-
tion did not change these results (bone identified in 5 out of 
8 IWP-2 pellets and 6 out of 9 controls, supplemental figure 
S6C). Taken together, WNT activity drove BMP and IHH 
upregulation during endochondral MSC development along 
with MEF2C and hypertrophic downstream targets. How-
ever, inhibition of WNT ligand secretion by IWP-2 alone 
installed no full lineage shift into a permanent articular 

chondrocyte phenotype and further WNT blocking options 
should be considered in the future.

Discussion

Co-induction of hypertrophic and osteogenic markers dur-
ing MSC in vitro chondrogenesis recapitulates endochon-
dral development of growth plate chondrocytes and prede-
termines that the generated cartilaginous tissue becomes 
mineralized and remodeled into bone at ectopic sites. This 
is undesired for cartilage regeneration, but the signals that 
drive MSCs into endochondral development are still incom-
pletely understood. We here showed for the first time that 
MSC chondrogenesis differed from AC re-differentiation in 
an incomplete silencing of active β-catenin levels and an 
inverse regulation of non-canonical WNT5A and WNT11 
over time, which interestingly resembled the inverse regu-
lation of PTHrP and IHH during endochondral differentia-
tion. Importantly, we showed that endogenous WNT activity 
drove MSC hypertrophy and upregulation of BMP and IHH 
signaling, raising the pro-hypertrophic transcription factor 
MEF2C along with multiple hypertrophic and especially 
osteogenic downstream targets. The effect of WNT inhibi-
tion was highly similar to pulsed PTHrP(1–34) application, 
the currently most potent anti-hypertrophic treatment in our 
hands. As consequence of potent but incomplete suppression 
of hypertrophy by WNT inhibition in vitro, the generated 
cartilage tissue mineralized less and formed less ectopic 

Fig. 5  WNT suppression decreases in  vivo mineralization and bone 
formation. Micromass pellets of MSCs were treated with 2  µM 
IWP-2 or the respective amount of DMSO as control starting at day 
14 of chondrogenic culture in the presence of TGF-β. After 35 days, 
12 micromasses from 4 independent populations per group were 
implanted subcutaneously into SCID mice. Mice were killed after 

8 weeks. a, b Micro-CT evaluation of the mineralized tissue volume. 
Numbers in a give the number of mineralized constructs per total 
construct number, scale bar represents 500 µm. Data in b are given 
as mean ± SEM. c Movat’s pentachrome staining to identify bona fide 
bone tissue (marked by arrow heads). Numbers refer to the number of 
samples that formed bone in vivo
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bone in vivo than untreated MSC-derived tissue. This dem-
onstrated the importance of endogenous WNT activity for 
stimulation of MSC hypertrophy and subsequent cartilage 
mineralization and bone transition in vivo. Importantly, inhi-
bition of WNT ligand secretion by IWP-2 was encouraging 
but insufficient to fully shift MSC chondrogenesis towards 
stable ACs. Thus, next aims are to uncover whether more 
advanced WNT silencing by the use of alternate WNT inhib-
itors and/or receptor antagonists or a combination of WNT 
silencing and IHH and/or BMP silencing is needed to install 
articular cartilage neogenesis from MSCs.

An important novelty of this study was to pin down WNT 
ligands and network molecules associated with MSC hyper-
trophy. The two non-canonical ligands, WNT5A and WNT11, 
which were higher expressed during MSC chondrogenesis 
than in AC re-differentiation, are known to be expressed 
together with Wnt5b and Wnt4a in mouse and chick growth 
plate cartilage [37, 44–46]. Of note, WNT5B was also 
expressed in MSCs and ACs according to our array data, 
albeit not differentially. Thus, in vitro MSC chondrogenesis, 
beyond recapitulating many aspects of growth plate develop-
ment [47], also shared expression of these WNT ligands and 
is, thus, an attractive model to shed more light on the role 
of WNT5A and WNT11 for endochondral differentiation.

Typical WNT inhibitors were not higher expressed dur-
ing AC re-differentiation versus MSC chondrogenesis with 
exception of FRZB, which had previously been implicated 
in AC phenotype stability [18]. Although fivefold higher 
expressed in ACs versus MSCs at day 0 (supplemental 
table S1, PCR confirmation not shown), this difference dis-
appeared during (re-) differentiation. Since other canonical 
WNT inhibitors like SFRP1 were even higher in the MSC 
group, natural WNT inhibitors seemed no relevant protectors 
from hypertrophy in ACs. This is different in the BMP sign-
aling pathway where BMP inhibitors were higher expressed 
in re-differentiating ACs and appeared to help protecting 
ACs from progression into hypertrophy [21].

Our aim to identify specific WNT drivers of MSC hyper-
trophy and to illuminate the relevance of canonical versus 
non-canonical WNT signaling proved unexpectedly difficult. 
Given the strong evidence for canonical WNT signaling con-
trolling chondrocyte hypertrophy in the mouse growth plate 
[24–26], we were surprised to find active β-catenin down-
regulated when hypertrophic markers were induced dur-
ing MSC chondrogenesis, and also, the difference in active 
β-catenin to re-differentiating ACs was surprisingly small. 
Nevertheless, three previous studies suggested that canoni-
cal WNT activity contributed to ALPL expression during 
MSC chondrogenesis, however, without addressing active 
β-catenin levels [18, 48, 49]. In line with a role of canonical 
WNT signaling for hypertrophy, IWP-2 here lowered canoni-
cal AXIN2 expression, indicating that reduction of canoni-
cal WNT activity may have contributed to redirecting the 

chondrocyte phenotype. Being the only ligands differentially 
expressed during MSC chondrogenesis compared to AC re-
differentiation, we propose WNT5A and WNT11 as source 
for relevant WNT activity.

Wnt5a is one of the most dominant Wnt ligands in mouse 
and chick limb mesenchyme and growth plate cartilage 
[50–52]. Mouse knockout studies indicated that Wnt5a 
inhibited chondrocyte proliferation and enhanced pro-
gression towards pre-hypertrophic chondrocytes [52, 53], 
which supports a pro-hypertrophic role of the here observed 
WNT5A expression during early MSC chondrogenesis.

A potential pro-hypertrophic/pro-osteogenic activity of 
WNT11 was suggested due to elevated levels observed in 
pre-hypertrophic chondrocytes underlying the presumptive 
bone collar in embryonic chick wings [45]. Furthermore, 
WNT11 expression correlated with aortic valve calcifica-
tion which is thought to recapitulate bone development 
[54]. Wnt11 overexpression also enhanced ALP activity 
and osteogenic marker expression in MC3T3-E1 cells and 
in rat MSCs [55, 56] but not in chicken limb bud cultures 
and C2C12 cells [45, 57]. Such inconsistencies may be 
explained by a permissive rather than an active signaling 
role of WNT11 as suggested from Xenopus studies, where 
WNT11 depended on cooperation with instructive TGF-β 
signaling [58]. Thus, WNT11 may not cause hypertrophy 
itself but may be a TGF-β response gene, co-regulated 
with hypertrophic markers without actively driving them. 
Quick upregulation upon TGF-β stimulation in MSCs, 
upregulation also during AC re-differentiation (albeit only 
15-fold compared to > 250-fold in MSCs), and mouse stud-
ies reporting Wnt11 as TGF-β target gene [59, 60] support 
this interpretation. Taken together, WNT11 may or may not 
have own pro-hypertrophic activity but may cooperate with 
other pro-hypertrophic pathways like TGF-β/BMP/Nodal/
Activin or Notch signaling. This interesting question should 
be addressed in follow-up studies combining WNT11 treat-
ment with respective pathway modulators.

Importantly, we here discovered that WNT inhibition 
during MSC chondrogenesis decreased BMP and IHH 
signaling, demonstrating for the first time that WNT, IHH 
and BMP formed a pro-hypertrophic network during MSC 
in vitro chondrogenesis. WNT appeared here to enhance 
BMP4 and BMP7 expression, consistent with WNT/β-
catenin-induced Bmp2 expression and BMP reporter activity 
in various osteoblastic mouse cells [30].

WNT suppression also reduced IHH expression and IHH 
activity, which was no direct IWP-2-mediated effect, since 
IWP-2 blocks porcupine but not hedgehog acyltransferases 
[61]. WNT enhancing IHH expression was in line with 
genetic mouse studies showing that Wnt can act upstream 
of Ihh in pre-hypertrophic and hypertrophic growth plate 
chondrocyte [33, 34]. Importantly, in here, IWP-2 did not 
fully suppress BMP and IHH activity, indicating that a 
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combinatorial inhibitor approach may be necessary to fully 
silence this pro-hypertrophic network during MSC chondro-
genesis, considering also additional, yet unidentified driv-
ers. Extending previous work [47, 62, 63], we recommend 
MSC chondrogenesis as a valuable human cell-based in vitro 
model of growth plate development to dissect the contribu-
tion of individual signaling pathways and their crosstalk for 
endochondral cell differentiation.

Effects of WNT inhibition were surprisingly similar to 
pulsed treatment with PTHrP, which was also strongly anti-
osteogenic but only selectively anti-hypertrophic. One likely 
explanation was that PTHrP pulses acted upstream of WNT 
activity as demonstrated for bone anabolism, where inter-
mittent PTH regulated WNT activity [32]. In line, pulsed 
PTHrP treatment lowered AXIN2 expression in our model 
similar to IWP-2 (unpublished data). Alternatively, WNT 
and PTHrP signal transduction may overlap, since both 
WNT and PTHrP signal via G-protein-coupled receptors 
that can modulate calcium signaling. Taken together, WNT 
inhibition and PTHrP pulses probably anastomose, and thus 
elicit very similar effects.

Our data directly contradicted results from Narcisi et al. 
[11] who claimed that WNT stimulation during MSC expan-
sion followed by WNT inhibition during chondrogenesis 
reliably prevented in vivo mineralization of differentiated 
MSC-derived cartilage. Even inferior MSC donor popula-
tions that deposited less proteoglycans and did consequently 
not form bone in vivo still mineralized the cartilage. Notably, 
Narcisi et al. worked with MSCs which were negative for 
CD146, an important potency marker defining the stem cell 
entity of MSC populations [64, 65]. Thus, Narcisi may have 
used rather atypical MSC populations which even needed 
WNT3A treatment for proper expansion. In turn, our MSCs 
standardly contain 60–80% CD146-positive cells [66] and 
WNT3A application during expansion did not open means to 
improve chondrogenesis. In view of the here-shown incom-
plete silencing of the pro-hypertrophic signaling network in 
MSCs by all tested treatments and given the discontinuation 
of inhibition after ectopic transplantation, in vivo miner-
alization was an expected result. Complete and enduring 
inhibition of the pro-hypertrophic signaling network requires 
installation of more potent suppression than achieved here 
with IWP-2, together with yet-to-define epigenetic memory 
mechanisms arresting the cells in the AC phenotype.

In conclusion, we here discovered a reciprocal regula-
tion of WNT5A and WNT11 during MSC chondrogenesis 
and demonstrated that WNT activity drives BMP and IHH 
upregulation, and hypertrophy during endochondral develop-
ment, and affected cartilage mineralization and bone tran-
sition in vivo. Although in vitro ALP activity was easy to 
suppress with several anti-hypertrophic treatments including 
WNT inhibition, fully reprogramming MSC-derived chon-
drocytes into non-mineralizing ACs remained challenging 

and not as simple as some studies had implicated [11, 12]. 
Since both WNT and PTHrP signal via G-protein-coupled 
receptors that can modulate calcium signaling, future work 
should consider the use of corresponding receptor antago-
nists and alternate WNT inhibitors to govern hypertrophy of 
MSCs and install articular cartilage neogenesis from MSCs.
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