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IGF1 drives Wnt-induced joint damage and is
a potential therapeutic target for
osteoarthritis

Ana Escribano-Núñez 1, Frederique M. F. Cornelis 1, Astrid De Roover 1,
An Sermon 2,3, Frédéric Cailotto 4, Rik J. Lories 1,5,6 &
Silvia Monteagudo 1,6

Osteoarthritis is the most common joint disease and a global leading cause of
pain and disability. Current treatment is limited to symptom relief, yet there is
no disease-modifying therapy. Its multifactorial etiology includes excessive
activation of Wnt signaling, but how Wnt causes joint destruction remains
poorly understood. Here, we identify that Wnt signaling promotes the tran-
scription of insulin-like growth factor 1 (IGF1) in articular chondrocytes and
that IGF1 is a major driver of Wnt-induced joint damage. Male mice with
cartilage-specific Igf1 deficiency are protected from Wnt-triggered joint dis-
ease. Mechanistically, Wnt-induced IGF1 transcription depends on β-catenin
and binding of Wnt transcription factor TCF4 to the IGF1 gene promoter. In a
clinically relevant mouse model of post-traumatic osteoarthritis, cartilage-
specific deletion of Igf1 protects against the disease in male mice. IGF1 silen-
cing in chondrocytes from patients with osteoarthritis restores a healthy
molecular profile. Our findings reveal that reducing Wnt-induced IGF1 is a
potential therapeutic strategy for osteoarthritis.

Osteoarthritis, the most common chronic joint disease affecting more
than 500million people (7% of the global population), is characterized
by progressive joint damage, which leads to pain and loss of function1.
The prevalence and burden associated with the disease are steadily
increasing due to the aging of the population and rising obesity rates.
This represents a major escalating public health challenge for the
decades ahead. Osteoarthritis, ranked as a major contributor to global
disability and chronic pain, adversely affects mobility, physical func-
tion, and individual well-being1. The currently available pharmacolo-
gical treatments are only able to target the disease symptoms and, in
severe cases, joint replacement surgery is the only option. The absence
of an effective disease-modifying therapy has led to the recognition of
osteoarthritis as a serious disease with a high unmet medical need2.

Osteoarthritis is a complex disease that affects the whole
joint. It is primarily characterized by articular cartilage damage
and is often accompanied by osteophyte formation, subchondral
bone sclerosis, and synovial inflammation. Similarly to many
common diseases, the etiology of osteoarthritis is complex,
involving multiple factors that contribute to the condition. These
factors include joint injury, altered joint anatomy and bio-
mechanics, aging, obesity, and metabolic alterations, all of which
interact with the individual’s genetic predisposition3. The multi-
factorial nature of the disease combined with the multiple
alterations in distinct joint tissues may explain why the develop-
ment of an effective therapy for osteoarthritis remains a major
challenge.
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A detailed understanding of the mechanisms underlying the
initiation and progression of osteoarthritis is crucial to identify effec-
tive targets and strategies. Hyper-activation of canonical β-catenin-
dependent Wnt signaling (henceforth referred to as Wnt signaling for
brevity) has been strongly implicated in the pathogenesis of the
disease4,5. Wnt signaling is highly conserved and versatile, regulating
tissue development, homeostasis, and disease, and has been increas-
ingly recognized as a therapeutic target for osteoarthritis5,6. However,
the downstream molecular players that drive Wnt-induced damage to
the joint remain elusive, posing a substantial barrier to the develop-
ment of highly specific and effective pharmacological interventions.

Here, we analyzed two different genome-wide transcriptome
datasets of articular cartilage withWnt hyper-activation and unraveled
that Wnt signaling promotes the expression of insulin-like growth
factor 1 (IGF1) in chondrocytes. Then, usingmicewith cartilage-specific
Igf1 deficiency, we demonstrate that IGF1 drives joint damage down-
stream of Wnt activation. We identify the underlying molecular
mechanisms that involve direct transcriptional control of IGF1 by Wnt
signaling. Translationally, we prove that suppression of IGF1 in
articular cartilage protects against osteoarthritis in mice upon joint
injury and restores a healthy molecular profile in chondrocytes from
patients with osteoarthritis. Our findings therefore indicate that
decreasingWnt-induced IGF1 may represent a therapeutic strategy for
osteoarthritis.

Results
Bioinformatics reveal a Wnt-IGF1 link in articular cartilage
To identify key downstream molecular players that drive the deleter-
ious effects of excessive Wnt signaling activation in osteoarthritis, we
took advantage of our genome-wide transcriptome dataset from
human articular chondrocytes (hACs)whereinwe inhibited the activity
of the Disruptor of telomeric silencing-1 like (DOT1L) enzyme (geonr:
GSE77916)7. In chondrocytes,Wnt signaling is epigenetically restricted
by DOT1L, a histone methyltransferase that maintains joint
homeostasis7,8. DOT1L inhibition in these cells thus resulted in hyper-
activation of Wnt signaling7. We performed a protein network analysis
of the top up- and down-regulated genes in the transcriptome dataset
using db-STRING9. This analysis defined a transcriptional networkwith
IGF1 as a prominent node (Fig. 1a), suggesting a regulatory loop in
articular cartilage that links Wnt hyper-activation with IGF1. In fact,
IGF1 appeared among the top upregulated genes in the transcriptome
dataset (geonr: GSE77916). In addition, we performednetwork analysis
using the HumanBase tool, which allows us to build cartilage-specific
networks10. This analysis revealed that both Wnt and IGF1 pathways
appeared as major cartilage-specific modules, likewise suggesting a
connection between these two signaling cascades (Fig. 1b and Sup-
plementary Table 1). Up-regulation of IGF1 expression in DOT1L-
inhibited hACs was experimentally validated by quantitative PCR
(Fig. 1c). In vivo, we detected increased IGF1 protein levels in articular
cartilage of mice intra-articularly injected with a DOT1L inhibitor
(Fig. 1d) and of cartilage-specific Dot1l knockout (KO) mice compared
to controls (Supplementary Fig. 1a, b), a pattern similar to that of the
direct Wnt target gene TCF17,8. Thus, loss of the negative epigenetic
Wnt regulator DOT1L and subsequent Wnt hyper-activation trigger
IGF1 expression in articular cartilage.

Then, we analyzed a different in vivo model of Wnt gain-of-func-
tion, the Frizzled-related-protein (Frzb) KO mice. FRZB, also called
secreted Frizzled-related protein 3 (sFRP3), is an extracellular
antagonist in the Wnt signaling pathway. Frzb KO mice display more
articular cartilage damage compared to controls in osteoarthritis
triggered by surgical instability, enzymatic injury, or inflammation,
associated with increased Wnt signaling11,12. We found that, in our
previous transcriptome dataset of articular cartilage of Frzb KO mice
compared to wild-type mice (geonr: GSE33656)13, Igf1 expression was
highly upregulated. Network analysis of this transcriptome dataset

using db-STRING showed IGF1 as a highly connected node (Fig. 1e).We
also examined this dataset using the HumanBase tool and identified
Wnt signaling as one of the major cartilage-specific modules. Within
this module, IGF1 appeared as a central node (Fig. 1f and Supplemen-
tary Table 2). We detected increased IGF1 expression in the articular
cartilage of FrzbKOmice (Fig. 1g), comparable to staining for thedirect
Wnt target gene TCF1 (Supplementary Fig. 2a). Together, these results
show that loss ofWnt negative regulators acting at differentmolecular
levels increases IGF1 in articular cartilage, suggesting an intriguing link
between Wnt signaling activation and IGF1 expression in this tissue.

IGF1 is a protein that is critical for normal body development,
growth, andmaintenance14. In growth plate cartilage, a transient tissue
that is gradually replaced by bone during skeletal development and
growth, IGF1 stimulates chondrocyte hypertrophy, promoting bone
growth before and after birth15,16. Due to this anabolic role, IGF1 has
been explored in tissue engineering approaches toward joint repair17.
However, recent evidence has shown that IGF1 can trigger aberrant
chondrocyte hypertrophy in bovine articular chondrocytes18 and in the
human costal C28/I2 chondrocyte cell line19, thereby changing the
cells’ molecular identity. Of note, we found multiple lines of experi-
mental evidence that IGF1 expression is upregulated in osteoarthritic
articular cartilage, serum, and synovial fluid from different species,
including humans (Supplementary Table 3). Despite these observa-
tions, the precise role of IGF1 in osteoarthritis remains largely elusive,
primarily due to the absence of studies employing cartilage-specific
Igf1-deficient animals in translational models of the disease. In addi-
tion, the signaling pathways that control the expression of IGF1 in
articular chondrocytes are unknown.

Wnt signaling induces IGF1 in articular chondrocytes
Following the intriguing observations in the different models of Wnt
negative regulators, we proceeded to examine the impact of direct
activation of Wnt signaling on the expression of IGF1 in articular car-
tilage. To this end, we treated hACs with recombinant WNT3A, which
binds Frizzled receptors and the low-density lipoprotein receptor-
related protein (LRP) 5 and 6 coreceptors and activates canonical Wnt
signaling. WNT3A increased IGF1 gene expression in a concentration-
dependent manner (Fig. 2a), similar to the effect on Wnt target gene
TCF1 (Supplementary Fig. 2b).

Glycogen synthase kinase-3β (GSK-3β) is a key component in the
canonical Wnt signaling cascade, as part of a cytosolic destruction
complex that targets β-catenin for proteasomal degradation, thereby
antagonizing Wnt signaling. To further investigate the effects of Wnt
signaling activation on IGF1 expression, we tested two different phar-
macological GSK-3β inhibitors, the ATP-competitive inhibitor CHIR-
99021 (CHIR) and the non-ATP-competitive inhibitor lithium chloride
(LiCl). Both CHIR and LiCl treatments upregulated IGF1 gene expres-
sion in a concentration-dependent manner in hACs (Fig. 2b, c), similar
to the effect on TCF1 (Supplementary Fig. 2c, d).

The IGF1 gene can be the origin of distinct transcripts that encode
for different precursor polypeptides20 (Supplementary Fig. 3a). Only
IGF1 class 1 transcripts were found in hACs, and all the class 1 tran-
scripts were enhanced upon Wnt stimulation (Supplementary Fig. 3b-
d). Of note, Wnt signaling activation by WNT3A or GSK-3β inhibitors
did not change the expression of paralog gene IGF2 (Supplementary
Fig. 4a–c).

Then, we tested whether Wnt signaling activation also leads to
enhanced IGF1 protein levels. We used an in vitro enzyme-linked
immunosorbent assay (ELISA) for the quantitative measurement of
IGF1 in cell culture supernatants of hACs treated with different con-
centrations of WNT3A, CHIR, and LiCl. Wnt activation led to a
concentration-dependent up-regulation of IGF1 protein amounts
(Fig. 2d–f). In vivo, intra-articular injections of Wnt activator CHIR in
wild-type mice also resulted in enhanced IGF1 protein amounts in
articular cartilage (Fig. 2g) mirroring the increase in TCF1
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Fig. 1 | Bioinformaticanalysis andvalidationexperiments reveal a linkbetween
Wnt signaling and IGF1 in articular cartilage and osteoarthritis. a, b STRINGdb
protein-protein network (a) and HumanBase cartilage-specific network (b) of top
differentially expressed genes in microarray data obtained from human articular
chondrocytes (hACs) treated with DOT1L inhibitor (DOT1Li) EPZ-5676 or vehicle (V)
(n=5 different donors). c Real-time PCR of IGF1 gene expression in hACs treatedwith
DOT1Li or V (n=6 different donors with 3 technical replicates per donor), **t5 = 5.5,
p=0.0027 by two-sided paired t-test. Error bars indicate mean±SD. Source data are

provided as a Source Data file. d Immunohistochemical detection of IGF1 in articular
cartilage of 10-week-old male wild-type (WT) mice treated with DOT1Li or V (images
are representative of 3 mice per group). Scale bar: 50 µm. e, f STRINGdb protein-
protein network (e) andHumanBase cartilage-specific network (f) of top differentially
expressed genes in microarray data comparing articular cartilage of 6-week-old male
Frzb knockout (KO)mice toWTmice (n= 3mice per group).g Immunohistochemical
detection of IGF1 in articular cartilageof 8-week-oldmale FrzbKOorWTmice (images
are representative of 3 mice per group). Scale bar: 50 µm.
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(Supplementary Fig. 2e). Thus, Wnt signaling activation increases IGF1
expression both at the transcriptional and at the protein level, in
articular chondrocytes.

Growth hormone (GH), themain inducer of IGF1 in the liver, which
accounts for 75%of circulating IGF114, did not induce IGF1 expression in
hACs (Supplementary Fig. 5a), in agreement with previous
observations21. In C2C12muscle cells, used as a positive control, GHdid
induce IGF1 expression (Supplementary Fig. 5b). Therefore, GH-
independent mechanisms, in particular Wnt signaling, seem to be
key for controlling local IGF1 expression in articular cartilage.

IGF1 is a key downstream player in Wnt-triggered joint damage
Wenext sought to elucidate the biological significanceof the identified
Wnt/IGF1 link in articular cartilage and osteoarthritis. To this end, we

generated inducible cartilage-specific Igf1 KO (Igf1CART-KO) male mice.
Four weeks after injection of tamoxifen to trigger recombination in
chondrocytes, IGF1 expression was strongly reduced in articular car-
tilage of Igf1CART-KO mice compared to controls, validating the efficiency
of the KO technique (Supplementary Fig. 6a, b). To determine the
effects of IGF1 downstream of Wnt signaling in the joint, we locally
induced Wnt signaling hyper-activation by repeated intra-articular
injections of CHIR in Igf1CART-KO and control mice (Fig. 3a). After Wnt
hyper-activation with CHIR, Igf1CART-KO presented less cartilage damage
compared to control mice, suggesting that deletion of the Igf1 gene
upon Wnt activation protects against the development of osteoar-
thritis (Fig. 3b). Igf1CART-KO also showed less osteophyte formation
compared to controls uponWnt activation with CHIR (Fig. 3c). Hyper-
activation ofWnt signaling in the joint led to mildly increased synovial

a

d

g
IgG V CHIR 5 mg/kgCHIR 2,5 mg/kgCHIR 1 mg/kg

IGF1

b c

e f

Fig. 2 | Wnt signaling activation induces IGF1 expression in articular chon-
drocytes. a–c Real-time PCR of IGF1 gene expression in human articular chon-
drocytes (hACs) treated with vehicle (V), WNT3A (a), CHIR-99021 (CHIR) (b) or
Lithium Chloride (LiCl) (c). d–f Protein levels of IGF1 in hACs treated with V, WNT3A
(d), CHIR (e), or LiCl (f) as determined by ELISA. a–f n= 3 different donors with 3
technical replicates per donor, F1.202, 2.403 = 429.2, *p =0.0432 (V vsWNT3A 1 ng/ml),
**p =0.0036 (V vs WNT3A 10ng/ml), **p =0.0017 (V vs WNT3A 100ng/ml),
**p =0.0017 (V vs WNT3A 100ng/ml) (a); F1.459, 2.918 = 1923, *p =0.0396 (V vs CHIR
0.5 µM), *p =0.0120 (V vs CHIR 1 µM), **p =0.0019 (V vs CHIR 3 µM), ***p =0.0008

(V vs CHIR 10 µM) (b); F1.842, 3.684 = 342.4, *p =0.0204 (V vs LiCl 10mM), **p =0.0019
(V vs LiCl 20mM), **p =0.0037 (V vs LiCl 50mM) (c); F1.050, 2.100 = 21.70 (d);
F1.022, 2.044 = 11.34, **p =0.0067 (V vs CHIR 3 µM), *p =0.0195 (V vs CHIR 10 µM) (e);
F1.129, 2.258 = 75.04, *p =0.119 (V vs LiCl 20mM), **p =0.0081 (V vs LiCl 50mM) (f) in
repeatedmeasures one-wayANOVA for 4 (a,b,d, e) or 3 (c, f) pairwise tests using the
Dunnett’s multiple comparisons test. Error bars indicate mean± SD. Source data are
provided as a Source Data file. g Immunohistochemical detection of IGF1 in articular
cartilage of 9-week-oldmalewild-typemice treatedwith the indicated doses of CHIR
or V (images are representative of 3 mice per group). Scale bar: 50 µm.
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inflammation in both Igf1CART-KO mice and control mice (Supplementary
Fig. 7a). Although the difference was not statistically significant, a
trend toward less synovial inflammation in Igf1CART-KOmice compared to
controls was observed. In addition, we measured the subchondral
bone plate thickness of the tibial plateau of the mice by histomor-
phometry. Igf1CART-KO mice presented increased subchondral bone
thickness compared to controlmice in the vehicle group. However, the
subchondral bone thicknesswasdecreased in Igf1CART-KOmice uponWnt
activation but not in control mice (Supplementary Fig. 7b).

In osteoarthritis, articular chondrocytes lose their molecular
identity and aberrantly differentiate toward hypertrophic
chondrocytes22. This switch contributes to joint damage and has been
associated with increasedWnt signaling4. In line with this, we detected
increased chondrocyte hypertrophy in the articular cartilageof control
mice intra-articularly injected with CHIR, assessed by immunohis-
tochemistry of chondrocyte hypertrophy marker collagen type 10
(COLX). Cartilage-specific deletion of Igf1 prevented pathological
hypertrophic differentiation upon Wnt hyper-activation (Fig. 3d).
Furthermore, we detected neoepitopes of aggrecan degradation using
NITEGE staining. Deletion of the Igf1 gene in the articular cartilage of
Igf1CART-KO mice prevented the increase in aggrecan degradation
observed after intra-articular injections of CHIR in control mice
(Fig. 3e). We further assessed the effects of deleting Igf1 in articular
cartilage frommice by performing immunohistochemistry of different
matrix-degrading enzymes. Igf1CART-KO presented less staining of the
cartilage degrading enzymes matrix metalloproteinase 13 (MMP13)
and a disintegrin and metalloproteinase with thrombospondin motifs
5 (ADAMTS5) compared to control mice upon CHIR intra-articular
injections (Supplementary Fig. 8a, b). These results indicate that Igf1
deletion in articular cartilage protects male mice from developing
Wnt-triggered osteoarthritic changes. Thus, IGF1 acts as a key down-
streammolecular player in the deleterious cascade of events triggered
by Wnt signaling in the joint.

IGF1 is a direct Wnt target gene in articular chondrocytes
Considering the important role of IGF1 in the development of Wnt-
triggered osteoarthritis, we investigated the molecular mechanisms
via which Wnt regulates IGF1 expression. First, we explored the role of
the central canonical Wnt signaling component β-catenin. To this end,
we initially used the in vivo model of epigenetically-driven Wnt hyper-
activation by DOT1L inhibition in articular cartilage, as these mice
showed increased IGF1 expression (Fig. 1d). To determine whether the
latter effect is β-catenin-dependent, we analyzed knee sections ofmice
that we previously intra-articularly co-injected with a DOT1L inhibitor
and Wnt inhibitor XAV-939 (XAV)7. The tankyrase inhibitor XAV sti-
mulates β-catenin degradation by stabilizing Axin, the concentration-
limiting component of the destruction complex. XAV co-
administration prevented up-regulation of IGF1 expression in this
Wnt hyper-activationmodel (Fig. 4a). To validate the involvement of β-
catenin in the induction of IGF1 expression, we silenced β-catenin in
hACs and treated these cells with WNT3A to stimulate Wnt signaling.
We observed that siRNA-mediated knockdown of β-catenin blocked
WNT3A-induced IGF1 expression (Fig. 4b and Supplementary Fig. 9a).
These results demonstrate that induction of IGF1 expression uponWnt
signaling activation is β-catenin-dependent.

Next, we investigated whether Wnt signaling directly regulates
the transcription of the IGF1 gene in articular chondrocytes. To this
end, we first performed a luciferase reporter assay. We cloned the
full IGF1 promoter (−1999 bp to +100 bp relative from the tran-
scription start site [TSS]) into the pGL3-basic vector upstream of a
reporter luciferase gene. This plasmid was transfected into hACs
followed by WNT3A treatment. Luciferase activity was increased in
cells transfected with the IGF1 promoter construct upon Wnt acti-
vation with WNT3A, compared with unstimulated and empty con-
struct control conditions (Fig. 4c). These results evidence that Wnt

signaling transcriptionally induces IGF1 expression in articular
chondrocytes.

β-catenin does not directly bind to DNA but regulates transcrip-
tion via interaction with T-cell factor/Lymphoid-enhancing factor
(TCF/LEF) transcription factors.We examined the presenceof TCF/LEF
response elements23 in the IGF1 gene promoter. We found putative
binding sites for Wnt TCF/LEF transcription factors, including one
consensus binding site that was highly conserved among different
species, from zebrafish to humans (Fig. 4d and Supplementary Fig. 10).
Additionally, some TCF transcription factors also have a second DNA
binding domain called C-clamp, which recognizes a motif termed
helper site that contributes to the control of specificWnt target genes’
expression24. We also found a helper site in the IGF1 gene promoter,
which was highly conserved among species (Supplementary Fig. 10
and Supplementary Fig. 11). Then, we investigated whether TCF/LEF
factors directly bind to the IGF1 gene promoter, using chromatin
immunoprecipitation (ChIP)-qPCR analysis in hACs. Most vertebrates
have four members of the TCF/LEF family: TCF1, TCF3, TCF4 and
LEF123. TCF4 is the most abundant TCF family member in human
cartilage25.We observed TCF4binding to the IGF1 genepromoter upon
Wnt pathway activation (Fig. 4e). Conversely, TCF3 bound to the IGF1
gene promoter under basal conditions, and was released from the
chromatin upon Wnt pathway activation (Fig. 4e), suggesting a TCF
switch mechanism23. A similar TCF binding pattern was found for the
TCF1 gene promoter (Supplementary Fig. 12). TCF4 silencing using
siRNA appeared to block Wnt-induced up-regulation of IGF1 in hACs
(Fig. 4f and Supplementary Fig. 9b). Thus, TCF4 is a positive regulator
of IGF1 gene expression in articular chondrocytes. In contrast, silen-
cing of TCF3 in basal conditions led to an up-regulation in IGF1
expression (Fig. 4g and Supplementary Fig. 9c). These data suggest
that, in basal conditions, TCF3 represses IGF1 expression in articular
chondrocytes and, upon Wnt signaling activation, TCF3 is replaced by
TCF4 (Fig. 4h). In addition, activation of Wnt signaling increased his-
tone marks associated with greater accessibility of the chromatin for
active transcription in the IGF1 promoter, namely acetylation of H3K9
and trimethylation of H3K4 (Fig. 4i). Altogether, these results
demonstrate that IGF1 is a direct Wnt target gene in articular
chondrocytes.

To explore the potential scope of the identified Wnt/IGF1 mole-
cular mechanism in other tissues, we interrogated IGF1 as a potential
target gene of TCF/LEF transcription factors using the ChIP-Atlas
database26, an integrative and comprehensive data-mining suite of
public ChIP-Seq data. This analysis revealed high MACS2 scores for
TCF4, TCF3, and TCF1 in different cell types, indicating a high binding
to the IGF1 promoter (Fig. 4j). In line with these observations,
exploratory experiments showed that Wnt signaling activation
induced IGF1 gene expression in primary human osteoblasts and pri-
mary human skin fibroblasts (Supplementary Fig. 13a, b). Thus, Wnt
signaling seems to control IGF1 expression also in other cell types
beyond the articular chondrocyte.

Igf1 deletion in cartilage protects mice against osteoarthritis
Next, we investigated the translational implications of the identified
direct Wnt/IGF1 link in a clinically relevant animal model of osteoar-
thritis. We evaluated the impact of cartilage-specific deletion of Igf1 in
the destabilization of the medial meniscus (DMM) mouse model27,
which mimics features of human post-traumatic osteoarthritis. In the
DMM model, Wnt signaling is upregulated in the joint after injury28.
DMMor sham surgerywas performed 1 week after tamoxifen injection
in Igf1CART-KOmalemice and controlmice, and knee jointswere collected
12 weeks after surgery (Fig. 5a). Cartilage damage, as indicative of
disease severity, was reduced in DMM-operated Igf1CART-KO mice com-
pared to DMM-operated controls (Fig. 5b). Osteophyte formation was
also reduced in DMM-operated Igf1CART-KO mice compared to DMM-
operated controls (Fig. 5c). Synovial inflammation was low after DMM
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Fig. 3 | Cartilage-specific deletion of Igf1 protects against osteoarthritis upon
Wnt signaling activation in mice. a Schematic outline of intra-articular injections
of CHIR-99021 (CHIR) or vehicle (V) after postnatal deletion of Igf1 in male Igf1CART-KO

mice. Igf1fl/fl mice were bred to Igf1fl/fl-Aggrecan-CreERT2 mice and treated with
tamoxifen. Tamoxifen-treated Igf1fl/fl mice served as controls. b Frontal
haematoxylin-safraninO staining of the lateral tibia and femur and quantification of
articular cartilage damage at the 4 quadrants, evaluated by OARSI score [n= 8 (V
control and V Igf1CART-KO), n = 12 (CHIR control and CHIR Igf1CART-KO)], F1,36 = 34.57,
13.44, 3.30 for treatment, genotype and interaction, respectively, in two-way
ANOVA, *p =0.0401 (V Igf1CART-KO vs CHIR Igf1CART-KO), ***p =0.0007 (CHIR control vs
CHIR Igf1CART-KO), ****p <0.0001 (V control vs CHIR control) for 6 pairwise tests using
the Šídák multiple comparisons test. Error bars indicate mean ± SD. Scale bar:

200μm. c Frontal haematoxylin-safraninO staining of the medial femur and quan-
tification of osteophytes at the 4 quadrants [n = 8 (V control and V Igf1CART-KO), n= 12
(CHIR control and CHIR Igf1CART-KO)], F1,36 = 49.1, 4.329, 4.631 for treatment, genotype
and interaction, respectively, in two-way ANOVA, **p =0.0078 (V Igf1CART-KO vs CHIR
Igf1CART-KO), **p =0.0100 (CHIR control vs CHIR Igf1CART-KO), ****p <0.0001 (V control vs
CHIR control) for 6 pairwise tests using the Šídák multiple comparisons test. Error
bars indicate mean± SD. Scale bar: 100μm. b, c Source data are provided as a
Source Data file. d, e Immunohistochemical detection of chondrocyte hypertrophy
marker collagen type 10 (COLX) (d) and aggrecan degradationmarker NITEGE (e) in
articular cartilageof Igf1CART-KO andcontrolmiceuponWnthyper-activation triggered
by CHIR intra-articular injections, comparedwithmice intra-articularly injectedwith
V (images are representative of 5 mice per group). Scale bar: 50μm.
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surgery in both control and Igf1CART-KO mice and there were no sig-
nificant differences between both genotypes (Supplementary Fig. 14a).
We also measured the subchondral bone plate thickness of the tibial
plateau of DMM-induced and sham-operated mice by histomorpho-
metry. There were no differences in the extent of subchondral bone
remodeling between the genotypes (Supplementary Fig. 14b).

DMM-operated Igf1CART-KO mice presented fewer hypertrophic
chondrocytes in the articular cartilage than DMM-operated control
mice, as indicated by COLX immunohistochemistry (Fig. 5d).

Additionally, deletion of Igf1 in the cartilage of DMM-operated mice
suppressed aggrecan degradation, indicated by reduced immuno-
histochemical staining of NITEGE, a disease feature that was more
present in DMM-operated control mice (Fig. 5e). Igf1CART-KO also
presented less staining of the cartilage degrading enzymes MMP13
and ADAMTS5 compared to control mice, upon DMM (Supple-
mentary Fig. 15a, b). These in vivo data indicate that upon joint
injury, deletion of Igf1 in articular cartilage protects male mice
against osteoarthritis.
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IGF1 silencing restores cell identity in diseased chondrocytes
Finally, we evaluated the impact of decreasing IGF1 in articular chon-
drocytes from osteoarthritis patients, which exhibit increased Wnt
signaling activation4. In these diseased chondrocytes, cell identity is
lost, so that expression of healthy cartilage anabolic markers such as
collagen 2a1 (COL2A1) and aggrecan (ACAN) is reduced, while
expression of catabolic markers such as MMP13, ADAMTS4, and
ADAMTS5 is often increased, compared to healthy cells29,30. Silencing
of IGF1 in hACs from osteoarthritis patients using siRNA increased
expression of healthy markers COL2A1 and ACAN and reduced
expression of cartilage degrading enzymesMMP13 andADAMTS4 and 5
(Fig. 6a–e and Supplementary Fig. 9d). Thus, siRNA-mediated target-
ing of IGF1 favors the restoration of a healthy molecular profile in
articular chondrocytes from osteoarthritis patients.

Discussion
In this study, we pinpoint IGF1 as a direct target gene of Wnt signaling
in articular chondrocytes anddemonstrate that its inductionuponWnt
activation strongly contributes to the development and progression of
osteoarthritis. These findings reveal an unknown regulatory and
functional connection between two pivotal pathways in cartilage
biology: Wnt signaling and the IGF1 axis (Fig. 6f). We conducted an
unbiased bioinformatic analysis using datasets from Wnt hyper-
activated articular cartilage. Coupling these with in vitro and in vivo
experiments using primary human articular chondrocytes and
cartilage-specific Igf1CART-KO mice, we unraveled that Wnt signaling
transcriptionally induces IGF1, which drives detrimental joint changes
in osteoarthritis. Furthermore, we identified the underlying molecular
mechanisms: Wnt induction of IGF1 depends on β-catenin and sub-
sequent binding of Wnt transcription factor TCF4 to the IGF1 gene
promoter. Crucially, we demonstrated the clinical relevance of our
findings by showing proof of principle that deleting Igf1 halts
osteoarthritis in mice upon joint trauma. In addition, reducing IGF1 in
articular chondrocytes from osteoarthritis patients restores a healthy
molecular profile.

Excessive activation of Wnt signaling is strongly linked to the
onset and severity of osteoarthritis5. In humans, genetic variants in the
Wnt antagonist FRZB, various Wnt ligands, and different Wnt epige-
neticmodulatorswere associatedwith osteoarthritis31–34. Expression of
Wnt activators and inhibitors was reported to respectively increase or
decrease in articular cartilage, synovial tissue, and fluid from
osteoarthritis patients35. In rodent models, loss of molecules that
suppress Wnt signaling such as Frzb, Dot1l, and Wnt16 resulted in
increased osteoarthritis8,11,36. Consistent with these findings, the sta-
bilization of β-catenin, leading to activation of Wnt signaling, induced
osteoarthritis in mice4. Furthermore, mechanical injury was demon-
strated to be a potent inducer ofWnt signaling in cartilage37. With such
genetic and experimental evidence, Wnt signaling has been widely
recognized as an appealing therapeutic target for osteoarthritis. Yet,

the downstream effects of Wnt signaling in cartilage remained
underexplored, leading to a knowledge gap regarding effective and
safe strategies for targeting this pathway. This includes uncertainty
about which specific Wnt pathway components should be inhibited in
osteoarthritis. Hence, understanding downstream molecular events
upon Wnt signaling activation is a necessary step to achieve a higher
degree of specificity in target definition. Our study provides important
insights into a downstream molecular mechanism that is activated
upon Wnt signaling, pinpointing IGF1 as a major effector of Wnt det-
rimental effects in osteoarthritis.

Polymorphisms in the IGF1 and the IGF1 receptor (IGF1R) genes
have been linked to osteoarthritis33,38–40. In growth plate cartilage, IGF1
plays a role in stimulating chondrocyte hypertrophy, promoting pre-
natal and postnatal bone growth15,16. However, the role of IGF1 in
articular cartilage and osteoarthritis has remained controversial and
largely undefined until now. Given its anabolic properties, IGF1 has
been explored in tissue engineering approaches toward joint repair17.
Nevertheless, recent reports showed that IGF1 can trigger aberrant
chondrocyte hypertrophy in bovine articular chondrocytes18 and in the
human costal C28/I2 chondrocyte cell line19, thereby changing the
cells’molecular identity. Our study provides unprecedented evidence
on the role of IGF1 in osteoarthritis, revealing that IGF1 drives joint
detrimental changes uponWnt signaling activation and contributes to
the onset and progression of the disease.

Two studies have reported experimental modulation of the Igf1
gene in translational animal models of osteoarthritis. One of these
studies examined the effects of adenovirus-mediated IGF1 gene
transfer in post-traumatic osteoarthritis in rabbits. However, the
effects of IGF1 were evaluated in combination with basic fibroblast
growth factor and an interleukin-1 receptor antagonist, making it
challenging to discern the specific impact of IGF1 in the disease41. In
another study, the role of liver-derived IGF1 in post-traumatic and
spontaneous osteoarthritis was analyzed using liver-specific Igf1 KO
mice, which exhibited an approximate 80% reduction in circulating
IGF1 levels. This study evidenced the limited impact of systemically
produced IGF1 in osteoarthritis, and in agreement with our results,
cartilage damage was not increased but slightly reduced in liver-
specific Igf1 KOmice42. Nevertheless, the role of locally produced IGF1
by articular cartilage in the initiation and progression of osteoarthritis
has, until now, remained unexplored.

To our knowledge, this is the first study that investigates the role
of IGF1 produced by articular chondrocytes in osteoarthritis using
inducible cartilage-specific Igf1 KO mice. Congenital whole-body Igf1
KO mice exhibit severe growth retardation and, depending on their
genetic background, mice die shortly after birth, while others can
survive into adulthood43. Our research, encompassing both models of
pharmacological Wnt hyper-activation and injury-induced osteoar-
thritis, revealed that Igf1CART-KO mice exhibited reduced cartilage
damage, osteophytes, and suppressed chondrocyte hypertrophy and

Fig. 4 | IGF1 is a direct Wnt target gene in articular chondrocytes.
a Immunohistochemistry of IGF1 in articular cartilage of wild-type male mice
treated with DOT1L inhibitor (DOT1Li), XAV-939 (XAV), or vehicle (V) (images are
representative of 3 mice per group). Scale bar: 50 µm. b Real-time PCR of IGF1
expression in human articular chondrocytes (hACs) transfected with β-catenin
(siBCAT) or scrambled (siSCR) siRNA for 48h, followed by WNT3A treatment
(100ng/ml) for 24 h, F1.435,2.870 = 22.50, *p =0.387, Šídák corrected for 3 tests by
repeated measures one-way ANOVA. c Luciferase assay in hACs transfected with
empty plasmid or IGF1 promoter reporter, uponWNT3A treatment (100ng/ml) for
24h, normalized to Renilla, relative to empty plasmid, F1,4 = 2.93, 15.85, 10.65 for
plasmid, treatment and interaction, respectively, **p =0.0018,Šídák corrected for 2
tests by repeated measures two-way ANOVA. d Scheme of IGF1 promoter showing
the location and sequence of the TCF/LEF consensus binding site in different
species. e Chromatin immunoprecipitation (ChIP)-qPCR for TCF1, TCF3, TCF4, and
LEF1 binding to IGF1 promoter in hACs upon Wnt activation with LiCl (20mM) for

24h. f Real-time PCR of IGF1 expression in hACs transfected with TCF4 (siTCF4) or
siSCR siRNA for 48h, followed by 24h treatment with LiCl (20mM),
F1.111,2.221 = 38.05, **p =0.0050, Šídák corrected for 3 tests by repeated measures
one-way ANOVA. gReal-time PCRof IGF1 expression in hACs transfectedwith TCF3
(siTCF3) or siSCR siRNA for 48h, **t2 = 12.54, p =0.0063 by two-sided paired t-test.
h Scheme of the proposed TCF switch mechanism controlling IGF1 expression.
TCF3 represses IGF1 in basal conditions and is replaced by TCF4 upon Wnt acti-
vation. Created inBioRender. iChIP-qPCR forH3K9acetylation (H3K9Ac) andH3K4
methylation (H3K4me) on IGF1 promoter in hACs upon Wnt activation with LiCl
(20mM) for 24 h. j MACS2-binding scores in IGF1 and TCF1 promoters of publicly
available TCF4, TCF3 and TCF1 ChIP-Seq data (ChIP-Atlas database). b, c, f, g n = 3
different donors with 3 technical replicates per donor. Error bars indicate mean±
SD. (e, i) n = 2 different donors. b, c, e, f, g, i Source data are provided as a Source
Data file.

Article https://doi.org/10.1038/s41467-024-53604-8

Nature Communications |         (2024) 15:9170 8

www.nature.com/naturecommunications


aggrecan degradation when compared to control mice. These results
demonstrate that deletion of the Igf1 gene in articular cartilage pro-
tects against osteoarthritis in mice. Silencing of IGF1 in articular
chondrocytes from osteoarthritis patients contributed to the restora-
tion of a healthy molecular profile. Our findings thus challenge the
prevailing notion of IGF1 as a beneficial factor for cartilage health due
to its anabolic properties. Instead, they emphasize that reducing IGF1,
in response to Wnt signaling activation, represents a promising ther-
apeutic strategy for osteoarthritis.

As we found IGF1 to be transcriptionally controlled by Wnt
signaling, we focused on Igf1 deletion in chondrocytes to evaluate
the in vivo impact of our identified regulatory mechanism on
osteoarthritis. Alternatively, cartilage-specific Igf1r KO mice could
have been considered. However, IGF1R is not a specific receptor for
IGF1 since it can also bind IGF2 and insulin44, and, furthermore, IGF1
does not exclusively bind to IGF1R on the cell surface44, thereby
increasing the complexity of the research question. Further studies
would be useful to define the role of IGF1R in osteoarthritis, and how

Article https://doi.org/10.1038/s41467-024-53604-8

Nature Communications |         (2024) 15:9170 9

www.nature.com/naturecommunications


cartilage-specific deletion of Igf1r in mice impacts disease devel-
opment and progression, as a next step to understand the effects of
IGF1 and its complex downstream signaling in articular
chondrocytes.

Our study reveals that Wnt signaling directly controls the tran-
scription of IGF1 in articular chondrocytes, through a molecular
mechanism that depends on β-catenin and binding of Wnt transcrip-
tion factor TCF4 to the IGF1 gene promoter. To date, the signaling

a b c d e

Healthy chondrocyte markers Diseased chondrocyte markers

f

Fig. 6 | Reducing IGF1maybe a therapeutic strategy for osteoarthritis. a–e IGF1
silencing restores a healthy molecular profile in articular chondrocytes from
osteoarthritis patients. Real-time PCR of gene expression of healthy chondrocyte
markers COL2A1 (a) and ACAN (b), and of disease chondrocyte markersMMP13 (c),
ADAMTS4 (d), andADAMTS5 (e) in humanarticular chondrocytes fromosteoarthritis
patients transfected with IGF1 (siIGF1) or scramble control (siSCR) siRNA for 72 h
(n= 5different donorswith 3 technical replicates per donor), **t4 = 4.856,p =0.0083
(a); ****t4 = 22.41, p <0.0001 (b); *t4 = 3.57, p =0.0234 (c); **t4 = 6.534, p =0.0028 (d);

**t4 = 5.813, p =0.0044 (e) by two-sided paired t-test. Error bars indicate mean ±SD.
Source data are provided as a Source Data file. f Conceptual summary of the main
findings: Wnt signaling activation induces IGF1 gene expression in articular chon-
drocytes, and this drives cartilage damage, osteophyte formation, chondrocyte
hypertrophy, proteoglycandegradation and loss of chondrocytemolecular identity,
leading to osteoarthritis. Reducing IGF1 upon Wnt activation in articular cartilage
improves joint health with beneficial effects at multiple levels, representing a
potential therapeutic strategy for osteoarthritis. Created in BioRender.

Fig. 5 | Cartilage-specific deletion of Igf1 protects against post-traumatic
osteoarthritis in mice. a Schematic outline of destabilization of the medial
meniscus (DMM) or sham surgery after postnatal deletion of Igf1 in male Igf1CART-KO

mice. Igf1fl/fl mice were bred to Igf1fl/fl-Aggrecan-CreERT2 and treated with tamoxifen.
Tamoxifen-treated Igf1fl/fl mice served as controls. b Frontal haematoxylin-safraninO
staining of the medial tibia and femur and quantification of articular cartilage
damage at the 4quadrants, evaluated byOARSI score. [n= 3 (shamcontrol and sham
Igf1CART-KO), n = 19 (DMM control) and n= 18 (DMM Igf1CART-KO)], F1,34 = 464.2, 7.419,
4.294 for intervention, genotype and interaction, respectively, in two-way ANOVA
comparing DMM and contralateral knees, **p =0.0023 for 2 pairwise tests using the
Šídák multiple comparisons test. Error bars indicate mean ± SD. Scale bar: 200μm.

c Frontal haematoxylin-safraninO staining of the medial tibia and quantification of
osteophytes at the 4 quadrants. [n= 3 (sham control and sham Igf1CART-KO), n = 19
(DMM control) and n= 18 (DMM Igf1CART-KO)], F1,34 = 136.3, 12.67, 2.743 for interven-
tion, genotype and interaction, respectively, in two-way ANOVA comparing DMM
and contralateral knees, ***p =0.0007 for 2 pairwise tests using the Šídák multiple
comparisons test. Error bars indicate mean ± SD. Scale bar: 100μm. b, c Source data
are provided as a Source Data file. d, e Immunohistochemical detection of hyper-
trophy marker collagen type 10 (COLX) (d) and aggrecan degradation marker
NITEGE (e) in articular cartilage of Igf1CART-KO and control mice upon osteoarthritis
triggered by DMM surgery compared with sham-operated mice (images are repre-
sentative of 3–5 mice per group). Scale bar: 50μm.
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networks that control local IGF1 expression in articular cartilage
remain unknown. Circulating IGF1 levels, primarily originating from
the liver, are mainly regulated by GH45. GH-independent regulatory
mechanisms of IGF1 expression were largely unexplored although
these appear to be essential for controlling local IGF1 production in
articular cartilage since GH does not increase IGF1 expression in
articular chondrocytes, as we show here and as also previously
reported21. Dore et al. demonstrated that, despite the presence of the
GH receptor (GHR), adult human chondrocytes were unresponsive to
GH stimulation regarding IGF1 production, as shown in dose-response
and time-course studies21. Notably, we identify Wnt signaling as a key
regulator of local IGF1 expression in articular cartilage.

Previous studies using animal models with altered GH levels or
GHR dysfunction provided insights into the functions of GH in joint
health but with mixed results. Zhu et al. reported that whole-body
overexpression of bovine GH in mice predisposes to progressive joint
degeneration while blocking GH action through systemic GH receptor
disruption protects mice from developing age-associated
osteoarthritis46. However, this study did not investigate the mole-
cular mechanisms via which whole-body GH overexpression triggers
joint degeneration. The authors speculated that their observations
were caused directly by GH acting on articular cartilage, or indirectly
via IGF1 (systemic or local), but no mechanism nor causality was
examined. This research team recently reported that mice with defi-
cient GH signaling through either germline or adult-induced GHR KO
were protected from age-induced osteoarthritis47. Earlier studies
examininghypopituitary dwarfmice reported thatGHdeficiency slows
age-associated joint degeneration48,49. On the contrary, another study
of dwarf rats reported increased severity of osteoarthritis50. In con-
trast, overexpression of bovine GH in mice increased cartilage clefts
and synovial thickening at an early age51, suggesting increased GH
action promotes osteoarthritis development. Another recent study
using an inducible and isolated adult-onset GH deficiency mouse line
showed that adult-onset reduction of GH increases osteoarthritis
development52. The different and seemingly contradictory results
from these studies make it difficult to draw conclusions about the
impact of GH on the disease. And, importantly, the molecular
mechanisms via which modulation of GH impacts joint health appear
not to be demonstrated in these studies, and more in particular, no
causal involvement of IGF1 was proven. Of note, GH can regulate a
large range of signaling pathways besides the IGF1 axis53,54.

The identified Wnt/IGF1 regulatory mechanism may be relevant
beyond cartilage biology and osteoarthritis. Our ChIP-Atlas analysis
showed that TCF transcription factors bind to the IGF1 gene pro-
moter in various cell types besides chondrocytes, and our explora-
tory experiments in human fibroblasts and osteoblasts support this
observation. Current literature indicates that Wnt signaling and IGF1
are simultaneously dysregulated and both play relevant roles in
various humandisorders, implying the possible involvement of aWnt
regulatory mechanism of IGF1. For instance, both Wnt signaling and
IGF1 activation have been linked to the onset and progression of
cardiac hypertrophy, which often leads to heart failure55,56. In
numerous types of cancer, such as colorectal, Wnt signaling and IGF1
are aberrantly activated, initiating and driving tumor progression57,58.
Also in the development of diabetes, dysregulations in Wnt signaling
and IGF1 play determinant roles59,60. In Alzheimer’s disease, loss of
Wnt signaling has been demonstrated to contribute to neurodegen-
eration and cognitive decline61, and in parallel, lower serum IGF1
levels have been associated with this brain disorder62. Yet, no reg-
ulatory or functional link between Wnt signaling and IGF1 has been
investigated in thementioned diseases. Thus, our findings encourage
specific investigation of the identified Wnt/IGF1 mechanistic link in
diseases where both Wnt signaling and IGF1 are dysregulated and
exploring its potential translational implications for disease
management.

We acknowledge that this study has certain limitations. While we
have verified that Igf1CART-KOmicehave reduced IGF1 protein amounts in
articular cartilage, it is possible that IGF1 from other sources such as
systemically produced IGF1 or IGF1 produced by other joint cells, may
still be present in the joint. In addition, while we have identified IGF1 as
a key player in Wnt-triggered joint damage, we acknowledge the pos-
sible existence of other contributors that remain unidentified. Never-
theless, ourfindings demonstrate that cartilage-specificdeletionof Igf1
exerts protective effects in two mouse models of osteoarthritis, indi-
cating the important contributing role of cartilage-produced IGF1 in
Wnt-triggered joint disease. It is worth noting that, in our in vivo
experiments, we exclusively used male mice due to their heightened
susceptibility to osteoarthritis, as supported by previous studies63.
Future studies would be needed to corroborate the role of IGF1 in
osteoarthritis in female mice.

In summary, our study demonstrates that Wnt signaling directly
induces the expression of IGF1 in articular cartilage and that IGF1
mediates detrimental effects of excessive Wnt signaling activation in
the joint. Deletion of the Igf1 gene in articular cartilage halts osteoar-
thritis after joint injury in mice, and silencing of IGF1 in articular
chondrocytes from osteoarthritis patients restores a healthy mole-
cular profile. Therefore, our findings demonstrate that reducing IGF1 is
a potential therapeutic strategy for osteoarthritis.

Methods
Study approval
Healthy primary human articular chondrocytes (hACs) were obtained
from patients undergoing hip replacement for osteoporotic or
malignancy-associated fractures, and chondrocytes from osteoar-
thritis patients were obtained after scheduled hip replacement sur-
gery. Human osteoblasts were obtained from osteoarthritis hips and
skin fibroblasts from abdominoplasty patients. The University Hospi-
tals Leuven Ethics Committee and Biobank Committee (Leuven, Bel-
gium) approved our studies, including the use of human biological
residualmaterial (hip joints and abdominal skin),which is exempt from
the need to obtain written informed consent according to Belgian law
and UZ Leuven’s biobank policies. Patients are informed about this
before surgery and can opt out. Only the age and sex of the patients
were shared between the surgeons and the investigators involved in
this study. Patient information is provided in Supplementary Data 1. All
experiments with mice were approved by the Ethics Committee for
Animal Research (P114-2008, P198-2012, P159-2016, P004-2022; KU
Leuven).

Study design
The objective of this study was to determine how excessive Wnt sig-
naling activation causes joint destruction in osteoarthritis in humans
and mice with particular attention to the downstream molecular
effectors involved. Cells from patients with osteoarthritis and non-
osteoarthritic controls were used in in vitro studies. Genetically engi-
neered mice were used in different models of osteoarthritis. Mouse
models are reported following the principles of the ARRIVE guidelines
(Supplementary Table 4). Formouse experiments, the sample size was
determined by a priori power analysis included in the Ethical approval
request based on historical and simulated data using the partial eta-
squared value to estimate the effect size. Our primary outcome is
cartilage damage, scored on histological sections, based on OARSI
guidelines64. In our experience and power analysis, we consider a 30%
improvement biologically meaningful. The outcome was 8 (α = 0.05 -
β = 0.20) or 9 mice (α =0.05 - β = 0.05) respectively per group. Yet
whereas 8 animals per group are sufficient for demonstrating the
interaction between genotype and intervention, this setup may be
underpowered formultiple post-hoc tests. Simulateddata suggest that
we need at least 12 mice in the CHIR groups and 8 mice in the control
groups. For the DMMexperiments, we decided to further increase our
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sample size for the preclinical setup as genetic recombination within
adult articular cartilagemay not be uniformbetween animals. Because
of our successful breeding plan with the genetically modified animals,
we could include 19 and 18 animals in the DMM control and DMM
Igf1CART-KO groups, respectively. Disease severity end points were
determined by pathology analysis. No exclusion of animalswas carried
out except for one extreme outlier in the DMM Igf1CART-KO group (Sup-
plementaryTable 5).Micewere randomlyassigned to the experimental
groups where applicable. Pathology analysis was performed in a blin-
ded way. For in vitro experiments, no a priori power calculation was
performed. The setupwas based on a convenience sample determined
by the availability of primary human non-osteoarthritic or
osteoarthritic cells.

Materials
DOT1L inhibitor EPZ-5676 was obtained from Chemietek. Recombi-
nant human WNT3A and GH proteins were purchased from R&D Sys-
tems. CHIR-99021 (CHIR) and lithium chloride (LiCl) were purchased
from Sigma. XAV-939 (XAV) was purchased from Selleckem. Non-
targeting siGENOME siRNA (siSCR) or siGENOME siRNA against β-
catenin and IGF1 were purchased from Dharmacon. Nontargeting
negative control siRNA (siSCR) or FlexiTube Gene Solution siRNA
against TCF4 and TCF3 were purchased from Qiagen.

Bioinformatic analysis
STRINGdb (https://string-db.org)9 was used to explore protein-protein
interactions and HumanBase (https://hb.flatironinstitute.org)10 to
examine cartilage-specific regulatory networks of top deregulated
genes in datasets of Wnt hyper-activation in human chondrocytes or
mouse cartilage previously generated in our research group (geonr:
GSE77916 and GSE33656). The IGF1 proximal promoter sequence
2400bp upstream and 100 bp downstream relative to the TSS was
obtained from the online tool EPD65, with the exception of the zebra-
fish Igf1 promoter that was obtained using the Ensemble Genome
Browser (www.ensemble.org)66.

Cell culture
For the isolation of primary hACs, cartilage was dissected from the
joint surface, rinsed with PBS, and cut into small pieces. Cartilage
explants were incubated with 2mg/ml pronase solution (Roche) for
90min at 37 °C under continuous agitation and digested overnight at
37 °C in 1.5mg/ml collagenase B solution (Roche). The preparationwas
filtered through a 70 µM strainer and cells were plated in culture flasks
and cultured in a humidified atmosphere at 37 °C, 5% CO2. Culture
medium consisted of DMEM/F12 (Gibco), 10% FBS (Gibco), 1% (vol/vol)
antibiotic/antimycotic (Gibco), and 1% L-glutamine (Gibco).

Mouse C2C12 muscle cells (ATCC CRL-1772) were cultured in
DMEM supplementedwith 10% FBS and 1% penicillin and streptomycin
at 37 °C in 5% CO2.

Primaryhumanosteoblastswere isolated from thehips of patients
undergoing total hip replacement surgery, using a modification of
Beresford´s procedure67. Trabecular bone was removed mechanically
from the femur head, washed several times with sterile PBS to remove
adherent cells, and cut into 2–4mm2 pieces. These explants were
agitated in culture medium (1:1 mixture of DMEM and Ham’s F-12
medium) (Gibco) containing 1% (vol/vol) antibiotic-antimycotic
(Gibco), 10% FBS (Gibco) and 1% L-glutamine (Gibco), placed in a cul-
ture flask and incubated at 37 °C in a humidified atmosphere of 95% air
and 5% CO2. To favor osteoblastic differentiation, the standard culture
medium was supplemented with 100μg/ml ascorbic acid (Sigma) and
10mM β-glycerophosphate (Sigma).

Human dermal fibroblasts were isolated from healthy human skin
by enzymaticdigestion usingDispase (4mg/ml overnight 4 °C, Dispase
II, Thermo Scientific), followed by mechanical removal of the epi-
dermis and separation of the dermis into small pieces. The samples

were further digested with collagenase 1 A in PBS (1mg/ml, 2 h, 37 °C,
Sigma Aldrich). Afterward, the preparation was filtered through a
70 µM strainer and cells were plated in culture flasks and cultured in a
humidified atmosphere at 37 °C, 5% CO2. Culturemedium consisted of
EMEM (Sigma Aldrich) supplemented with 15% FBS (Gibco), 1% (vol/
vol) antibiotic/antimycotic (Gibco), 1% L-glutamine (Gibco), and 1%
non-essential amino acids (Gibco). For the in vitro studies, cells at
80–90% confluency were treated with 3 µM EPZ-5676, 100 ng/ml
human WNT3A, 20mM LiCl, and 3 µM CHIR, unless otherwise
indicated.

RNA extraction, cDNA synthesis, and quantitative PCR analysis
Total RNA was extracted using the Nucleospin RNA II kit (Macherey-
Nagel). cDNAwas synthesized using the RevertAidHminus First Strand
cDNA synthesis kit (Thermo Fisher Scientific) according to the manu-
facturers’ recommendations. Quantitative PCR analyses were per-
formed using the Maxima SYBRgreen qPCR master mix system
(Thermo Fisher Scientific)7. Gene expression was calculated following
normalization to housekeeping gene S29orHPRT1 and analysis of gene
expression was conducted using the 2−ΔΔCt method. The following PCR
conditions were used: incubation for 10min at 95 °C followed by 40
amplification cycles of 15 s of denaturation at 95 °C followed by 45 s of
annealing-elongation at 60 °C. Melting curve analysis was performed
to determine the specificity of the PCR. Primers used for qPCR analysis
are listed in Supplementary Table 6.

Mouse models
Wild-type male C57Bl/6 mice were purchased from Janvier (Le Genest
St Isle, France). Mice were housed in groups of 4–5 mice in a Static
micro-insulator cage with a Macrolon filter with bedding material
(composed of spruce particles of approximately 2.5–3.5mm, type
Lignocel® BK 8/15), under conventional laboratory conditions (14 h
light–10 h dark; 23 ± 2 °C), with standard mouse chow food (Sniff,
Soest, Germany) and water provided ad libitum.

Dot1l knockout (KO) mice were previously generated in our
research group7,8. Congenital cartilage-specific Dot1l KO mice
(Dot1lCART-KO) and inducible cartilage-specific Dot1l KO mice
(Dot1lCondCART-KO) were used in this study. Knees from Dot1lCART-KO were
harvested at 4 weeks of age and knees from Dot1lCondCART-KO were har-
vested at 21 weeks of age as reported in refs. 7,8.

Frzb KO mice were generated in our research group11 and back-
crossed into the C57Bl/6J background for over 10 generations. Wild-
type littermates were used as controls. Knees from WT and Frzb KO
male mice were harvested at 8 weeks of age.

Mice with exon 4 of the Igf1 gene flanked with loxP sites
(B6.129(FVB)-Igf1tm1Dlr /J; Igf1fl/fl) were obtained from the Jackson
Laboratory (Jax016831)68. Igf1fl/fl were bred to Aggrecan-CreERT2 (B6.Cg-
Acantm1(cre/ERT2)Crm/J) mice (Jax019148)69 (fromDr. G. Bou-Gharios and the
Kennedy Institute, Oxford, UK) to generate inducible cartilage-specific
Igf1 knockout mice (Igf1CART-KO). Tamoxifen was injected intraper-
itoneally at the age of 8 weeks (1mg/ml, 200 µl, 3 injections, every
other day)69, to activate the Cre recombinase activity of Aggrecan-
CreERT2 and delete Igf1 in cartilage. Tamoxifen-treated male littermates
that were homozygous for loxP but lacked Aggrecan-CreERT2 were used
as controls; we refer to these mice as controls. Genotypes of animals
were confirmed by PCR on genomic ear DNA as described68.

EPZ-5676, XAV, and CHIR intra-articular injections
In vivo administration of DOT1L inhibitor EPZ-5676 and Wnt inhibitor
XAV in wild-type mice was performed in our previous study7. Intra-
articular administration of Wnt activator CHIR in wild-type, Igf1CART-KO,
and control mice was performed in different experiments. In a first
setup aiming to assess changes in IGF1 protein amounts in articular
cartilage, eight-week-old wild-type male C57Bl/6 mice were treated
with an intra-articular injection of increasing doses of CHIR (1mg/kg,
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2,5mg/kg, and 5mg/kg) or vehicle (6%DMSO, 40% PEG400 in PBS), on
day 1 and day 4. We estimated the concentration range of CHIR in this
dose curve based on reported data70. PBS was injected into the left
knee. The knees were harvested at 9 weeks of age. Next, we performed
a pilot experiment in wild-typemice to determine empirically the dose
and time regime of intra-articularly injected CHIR that induces
osteoarthritis in mice. We tested a concentration of CHIR (5mg/kg)
based on histology observations in the dose curve experiment above,
in two different regimes of administration (regime 1: four injections
during two weeks; regime 2: six injections during two weeks; for both
regimes: knees were harvested four weeks after the last injection).
These timelines were based on our previous experience with
osteoarthritis models upon intra-articular administration of pharma-
cological compounds7. In the final experiment, two weeks after injec-
tion of tamoxifen, 10-week-old Igf1CART-KO, and control mice were intra-
articularly injected with CHIR (5mg/kg) or vehicle (6% DMSO, 40%
PEG400 in PBS) six times for two weeks, based on observations from
the pilot experiment. PBS was injected into the left knee. The knees
were harvested four weeks after the last injection, at 16 weeks of age.

Histology
Dissected mouse knees were fixed overnight at 4 °C in 2% for-
maldehyde, decalcified for three weeks in 0.5M EDTA pH 7.5, and
embedded in paraffin. Hematoxylin-safraninO staining and immu-
nohistochemistry were performed on 5 µm thick sections. The
severity of the disease was determined by histological scores on
Hematoxylin-safraninO stained sections throughout the knee by a
blinded investigator (6 sections at 100 µm distance). Cartilage
damage and synovial inflammation were assessed based on OARSI
guidelines64. Depth of lesion (0–6) was scored on frontal knee sec-
tions. Lesion grades represent the following features; 0: surface and
cartilage morphology intact, 1: small fibrillations without loss of
cartilage, 2: vertical clefts below the superficial layer and some loss of
surface lamina, 3–6: vertical clefts/erosions to the calcified cartilage
extending, 3: less than 25%, 4: 25–50%, 5: 50–75% and 6: more than
75%. The score represents the sum of the means of four quadrants.
For synovial inflammation, severity was determined on a 0–3 scale.
Scoring grades for osteophytes represent the following features; 0:
no osteophytes; 0,5: possible small osteophyte; 1: definite small
osteophyte; 2: medium osteophyte; 3 large and mature osteophyte.
Images were taken using a Visitron Systems microscope (Leica
Microsystems GmbH).

Immunohistochemistry
Immunohistochemistry was performed on paraffin-embedded EDTA
decalcified mouse knee sections. Heat-induced epitope retrieval was
performed using a Citrate-EDTA buffer (pH 6.2) for 10min at 95 °C.
Next, sections were treated with 3% H2O2/methanol for 10min to
inactivate endogenous peroxidase activity, blocked in normal goat
serum for 30min, and incubated overnight at 4 °C with the primary
antibodies against IGF1 (Abcam, ab9572; dilution 5 µg/ml), TCF1
(Abcam, ab96777; dilution 1:50), COLX (Abcam, ab58632; dilution
1:400), NITEGE (PA1-1746, Thermo Fisher Scientific; dilution 1:50),
MMP13 (Abcam, ab39012, dilution 1:75) and ADAMTS5 (Abcam,
ab231595; dilution 4 µg/ml). Rabbit IgG (Santa Cruz, sc-2027) was used
as a negative control. After incubationwith the primary antibody, 1:100
biotin-conjugated-goat anti-rabbit (Vectastain ABC kit, Vector
Laboratories) was applied for 30min and DAB staining was used. For
the detection of COLX and NITEGE, antigen retrieval was performed
enzymatically with 10mg/ml Hyaluronidase (Sigma Aldrich, H3884) in
MgCl2- free PBS, for 40min at 37 °C. In these cases, endogenous per-
oxidase activity was blocked after incubation with the primary anti-
body. For the detection of IGF1, no amplification was performed.
Pictures were taken using a Visitron Systems microscope (Leica
Microsystems GmbH).

Subchondral bone plate histomorphometry
Histomorphometry was performed on SafraninO stained sections
using an Olympus IX83 microscope and digital image analysis using
Osteomeasure software7,12. First, a box with a fixedwidth (800 µm) and
variable height with the upper limit at the transition of calcified carti-
lage to the subchondral bone and the lower limit at the transition
subchondral bone to growth plate was created from the digital image
(referred to as subchondral bone area). Second, another box with the
upper limit matched to the first box, and the lower limit at the tran-
sition of the subchondral bone plate to trabecular bonewas generated
(referred to as subchondral bone plate area). To correct for section
artifacts, we do not show the subchondral bone plate surface area
per se, but express the subchondral bone plate thickness as a ratio of
the subchondral bone plate area to the subchondral bone area.

IGF1 protein quantification ELISA
hACs were treated with different concentrations of WNT3A, CHIR, and
LiCl for 24 h. The concentration of IGF1 in the cell culture supernatants
was determined using an ELISA kit (ab100545), following the protocol
provided by the manufacturer. This ELISA kit only detects the free
form of human IGF1, it does not detect complexed or bound forms
such as IGFBP-bound IGF1.

Luciferase reporter assay
The full human IGF1 promoter sequence (–1999 bp to +100 bp relative
to TSS)was amplified by PCR and cloned into the pGL3-Basic luciferase
reporter vector (Promega, E1751) using the SmaI and HindIII sites
(promoter sequence defined using EPD66). Primers used for the
amplification are described in Supplementary Table 7. hACs were
transfected with the full reporter plasmid using Lipofectamine LTX
Reagent with PLUS Reagent (Invitrogen) according to the manu-
facturer’s protocol. After 24 h, the cells were stimulated with WNT3A
for 24 h. Luciferase assay was performed using Dual-Luciferase
Reporter Assay System (Promega, E1910). The ratio of Firefly lucifer-
ase to Renilla luciferase (normalization control) was determined as
relative luciferase activity.

ChIP Analysis
ChIPassayswere carriedout using theAgaroseChIP kit (ThermoFisher
Scientific), according to the manufacturer’s guidelines. Briefly, cell
samples were cross-linked by 1% formaldehyde for 10min, and the
reaction was stopped by adding glycine to a 125mM final concentra-
tion. The fixed cells were lysed in an SDS buffer, and the chromatinwas
fragmented by nuclease digestion. The sheared chromatin was incu-
bated with antibodies against TCF1 (Cell signaling, #2203; dilution
1:50), TCF3 (Cell signaling #2883; dilution 1:50), TCF4 (Cell signaling,
#2569; dilution 1:50), LEF1 (Merck Millipore, 17-604; dilution 1:50),
H3K9ac (Abcam, Ab4441; dilution 1:125), H3K4me3 (Abcam, ab8580;
dilution 1:100) and recovered by binding to protein A/G agarose.
Eluted DNA fragments were used directly for qPCR. Primers used for
ChIP-qPCR analysis are listed in Supplementary Table 8.

In silico ChIP analysis was performedusing theChIP-Atlas (https://
chip-atlas.org)26, an integrative and comprehensive data-mining suite
of public ChIP-Seq data. The featureTarget Geneswere used to predict
target genes boundbyTCF1, TCF3, andTCF4 transcription factors. The
peak-caller Model-based Analysis of the ChIP-Seq (MACS2) algorithm
captures the influence of genome complexity to evaluate the sig-
nificance of enriched ChIP regions. These MACS2-binding significance
scores were evaluated for IGF1 and TCF1 gene promoters in each
individual ChIP-Seq experiment. Finally, BigWig data of TCF1, TCF3,
and TCF4 ChIP-Seq performed in several cell types were visualized in
the IGF1 and TCF1 gene promoters. All the data were mapped to the
reference human genome (hg19) using the Integrative Genomics
Viewer. Our analyses included the following publicly available ChIP-
Atlas datasets: SRX1491250, SRX220960, SRX702131, SRX702105,
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SRX096349, SRX096350, SRX2661484, SRX190201, SRX656347,
SRX236115, SRX2043230, SRX158106, SRX4017892, SRX5794309.

Small interfering RNA transfection
Cells were transfected with Lipofectamine RNAiMAX (Invitrogen) as
transfection reagent, together with 20 nM of the corresponding siRNA
for 72 h, following the manufacturer’s instructions.

Post-traumatic mouse model of osteoarthritis
At 9 weeks of age, post-traumatic osteoarthritis was induced by
destabilization of the medial meniscus (DMM). To this end, a mild
instability of the knee was obtained by surgical transection of the
medial menisco-tibial ligament of the right knee27. Sham surgery was
performed as a negative control. The left knees were left intact and
used as control; we refer to these as contralateral knees. The knees
were histologically analyzed 12 weeks after surgery. All mice studies
were performed on male mice due to previous studies demonstrating
an increase in osteoarthritis severity in male mice upon DMM com-
pared to female mice63.

Statistical analysis
Data analysis and graphical presentation were performed with
GraphPad Prism version 10.0.3. All tests applied were 2-tailed. For
comparisons between two groups with non-independent data, paired
Student’s t-test was used. For comparisons between more than two
groups, one-way or two-way analysis of variance (ANOVA) was used
with repeated measures in case of non-independence of data points.
Dunnett and Šídák corrections were used for multiple comparisons.
Data distribution and homogeneity of variance were assessed by data
type, visual inspection of residual plots (residuals, QQ plots), and
Shapiro–Wilk tests where applicable. Models were improved by data-
transformation (log or square-root) where necessary. Effect sizes and
model assumptions (residuals, QQ plots, Shapiro–Wilk test) for the
analyses are presented in Supplementary Fig. 16. Analysis outcomes
are reported by p values (significance <0.05). Data are presented as
individual data points in the graph, representing themeanof biological
or technical replicates, as indicated in the figure legends. Summary
values presented in the graphs are the mean and associated standard
deviation (SD).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Microarray data that were used in this study were deposited in Gene
Expression Omnibus with the primary accession codes GSE77916 and
GSE33656. The authors declare that all other data supporting the
findings of this study are available within the article and its supple-
mentary files. Source data are provided with this paper.
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