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Abstract 28 

 29 

Objectives: ANP32A is a key protector of cartilage health, via preventing oxidative stress and 30 

Wnt hyper-activation. We aimed to unravel how ANP32A is regulated in cartilage. 31 

Methods: A bioinformatics pipeline was applied to identify regulators of ANP32A. Pathways 32 

of interest were targeted to study their impact on ANP32A in in vitro cultures of the human 33 

chondrocyte C28/I2 cell-line and primary human articular chondrocytes (hACs) from up to 5 34 

different donors, using Wnt-activator CHIR99021, hypoxia-mimetic IOX2 and a hypoxia 35 

chamber. ANP32A was evaluated using RT-qPCR and Western blot. In vivo, the effect of 36 

hypoxia was examined by immunohistochemistry in mice injected intra-articularly with IOX2 37 

after destabilization of the medial meniscus. Effects of Wnt hyper-activation were investigated 38 

using Frzb-knockout mice and wild-type mice treated intra-articularly with CHIR99021. Wnt 39 

inhibition effects were assessed upon intra-articular injection of XAV939.  40 

Results: The hypoxia and Wnt signaling pathways were identified as networks controlling 41 

ANP32A expression. In vitro and in vivo experiments demonstrated increases in ANP32A upon 42 

hypoxic conditions (1.3-fold in hypoxia in C28/I2 cells with 95% confidence interval (CI) 43 

[1.11-1.54] and 1.90-fold in hACs [95%CI:1.56-2] and 1.67-fold in ANP32A protein levels 44 

after DMM surgery with IOX2 injections [95%CI:1.33-2.08]). Wnt hyper-activation decreased 45 

ANP32A in chondrocytes in vitro (1.23-fold decrease [95%CI:1.02-1.49]) and in mice (1.45-46 

fold decrease after CHIR99021 injection [95%CI:1.22-1.72] and 1.41-fold decrease in Frzb-47 

knockout mice [95%CI:1.00-1.96]). Hypoxia and Wnt modulated ATM, an ANP32A target 48 

gene, in hACs (1.89-fold increase [95%CI:1.38-2.60] and 1.41-fold decrease [95%CI:1.02-49 

1.96]). 50 

Conclusions: Maintaining hypoxia and limiting Wnt activation sustain ANP32A and protect 51 

against osteoarthritis. 52 
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Introduction 58 

 59 

Maintaining cartilage homeostasis is key to prevent onset and progression of osteoarthritis 60 

(OA). In OA, articular chondrocytes die or lose their specific molecular features, resulting in a 61 

biomechanically inferior extracellular matrix and suboptimal joint lubrication. The mechanisms 62 

that control the molecular identity of the articular chondrocyte remain incompletely understood, 63 

precluding the development of effective treatments for OA. Acidic leucine-rich nuclear 64 

phosphoprotein-32A (ANP32A), a multifunctional ubiquitously expressed intracellular protein, 65 

was earlier genetically associated with OA1-5. Then, we demonstrated that Anp32a-knockout 66 

mice exhibit more severe cartilage damage in different mouse models of the disease, as 67 

compared to wild-type mice1. ANP32A is a key protective molecule in OA that limits excessive 68 

oxidative stress via enhancing the expression of the ataxia-telangiectasia mutated 69 

serine/threonine kinase (ATM) gene1. ANP32A is also able to restrict excessive activation of 70 

Wnt signaling, a cascade that when hyper-activated contributes to joint disease3, 6, 7.  71 

 72 

Levels of ANP32A are reduced in the articular cartilage of patients with OA compared to non-73 

OA tissue1. Thus, maintaining ANP32A levels seems crucial to safeguard cartilage health and a 74 

strategy for therapy in OA. However, the factors that regulate expression of ANP32A in the 75 

articular chondrocyte remain unknown. 76 

 77 

Bioinformatic tools allow in silico interrogation of the regulation of a gene of interest. We 78 

developed and validated a pipeline that can be applied to gene expression studies in the articular 79 

chondrocyte8. Here, we identified factors that regulate ANP32A, and then performed functional 80 

studies to gain insights into the effects of identified regulatory networks, namely hypoxia and 81 

Wnt signaling.  82 
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Materials and Methods  84 

 85 

Patient materials. Primary human articular chondrocytes (hACs) were isolated from patients 86 

undergoing hip replacement surgery for osteoporotic or malignancy-associated fractures with 87 

informed consent and ethical approval by the University Hospitals Leuven Ethics Committee. 88 

Under Belgian Law and UZ Leuven’s biobank policies, the joints are considered biological 89 

residual material. Only age and sex are being shared between surgeons and investigators 90 

(Supplementary table 1). The hips were macroscopically evaluated to exclude OA.  91 

 92 

Bioinformatics analysis. The bioinformatics analysis was conducted as described8. Briefly, 93 

four online tools, ConSite (http://consite.genereg.net)9, TFsitescan 94 

(http://www.ifti.org/Tfsitescan)10, BindDB (http://bind-db.huji.ac.il)11, and PROMO 95 

(http://alggen.lsi.upc.es)12, were interrogated for factors predicted to interact with the ANP32A 96 

proximal promoter sequence (1000 basepairs upstream and 100 basepairs downstream relative 97 

to the transcription start site), obtained from the online Eukaryotic Promoter Database (EPD) 98 

tool (https://epd.epfl.ch)13(Supplementary table 2A). ConSite, PROMO and TFsitescan align 99 

the promoter DNA sequence and calculate potential transcription factor (TF) binding based on 100 

TF position weight matrix (PWM)9, 12, 14, 15. They use the following PWM databases 101 

respectively: JASPAR, TRANSFAC and the relational Transcription Factors Database9, 10, 12. 102 

BindDB not only provides information on TFs, but also on epigenetic data (e.g. histone 103 

modifications). It uses ChIP-seq data performed by the Meshorer Lab, and data from ENCODE, 104 

Roadmap and the GEO repository11. Outputs from the four different tools were compared and 105 

only TFs predicted by at least 2 different tools were selected for further analysis. Potential 106 

specificity for ANP32A was interrogated in silico by assessing binding of these TFs to the 107 

promoters of aggrecan, collagen 2a1 and actin. STRING (https://string-db.org)16, HumanBase 108 
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(https://hb.flatironinstitute.org)17 and Ingenuity pathway analysis (IPA)18 were used to explore 109 

protein-protein interactions and cartilage-specific regulatory networks of the predicted TFs 110 

(Supplementary table 2B), respectively. 111 

 112 

Cell culture. Human immortalized differentiated chondrocyte C28/I2 cells19 were purchased 113 

from Merck Millipore. For the isolation of hACs, samples were processed as described8. 114 

Chondrocytes were cultured in DMEM/F12 (Gibco) containing 10% fetal bovine serum 115 

(Gibco), 1% (vol/vol) antibiotic/antimycotic (Gibco) and 1% L-glutamine (Gibco) in a 116 

humidified atmosphere at 37°C and 5% CO2. 117 

 118 

Quantitative PCR. Total RNA was extracted using the Nucleospin RNA II kit (Macherey-119 

Nagel). cDNA was synthesized using the RevertAidHminus First Strand cDNA synthesis kit 120 

(Thermo Fisher Scientific). Quantitative PCR analyses were carried out as described using 121 

Maxima SYBRgreen qPCR master mix system (Thermo Fisher Scientific)20. Gene expression 122 

was calculated following normalization to housekeeping gene 29S using the comparative Ct 123 

(cycle threshold) method. The following PCR conditions were used: incubation for 10 min at 124 

95°C followed by 40 amplification cycles of 15 s of denaturation at 95°C followed by 45 s of 125 

annealing-elongation at 60°C. Melting curve analysis was performed to determine specificity. 126 

Primers are listed in Supplementary Table 3.  127 

 128 

Cell lysis and Western blotting. Cells were lysed in IP Lysis/Wash buffer (Thermo Fisher) 129 

supplemented with 5% (vol/vol) Protease Mixture Inhibitor (Sigma), 1 mM 130 

phenylmethanesulfonyl (Sigma), 5 mM sodium fluoride (Sigma) and 2.3 mM sodium 131 

orthovanadate (Sigma). After one homogenization cycle (7 s) with an ultrasonic cell disruptor 132 

(Microson; Misonix), total cell lysates were centrifuged at 18,000 g for 10 min. The supernatant 133 
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was collected and the protein concentration was determined by Pierce BCA Protein Assay Kit 134 

(Thermo Scientific). Immunoblotting analysis was carried out as described20. Antibodies used 135 

were against Actin (Sigma, A2066; dilution 1:4,000), ANP32A (Abcam, ab189110, dilution 136 

1:1,000) and hypoxia-inducible factor-1 α (HIF1A) (Abcam, ab82832; dilution 1:1,000). The 137 

blotting signals were detected using the SuperSignalWest Femto Maximum Sensitivity 138 

Substrate system (Thermo Scientific). 139 

 140 

ChIP analysis. Chromatin immunoprecipitation (ChIP) assays were performed as described, 141 

using the Agarose ChIP kit (Thermo Fisher Scientific)3, 8. Cell samples were cross-linked with 142 

1% formaldehyde for 10 min and glycine added to a 125 mM final concentration. Fixed cells 143 

were lysed and chromatin was fragmented by nuclease digestion. Further, the sheared chromatin 144 

was incubated with antibodies against HIF1A (Abcam, ab1; dilution 1:50) and HIF2A (Abcam, 145 

ab199; dilution 1:50) and recovered by binding to protein A/G agarose. Eluted DNA fragments 146 

were used for qPCR.  147 

 148 

Pharmacological compounds. IOX2, CHIR99021 (CHIR) and XAV939 (XAV) were 149 

purchased from MilliporeSigma, Sigma-Aldrich and Selleck Chemicals. 150 

 151 

Mouse models. Animal experiments are reported following the ARRIVE guidelines 152 

(https://www.nc3rs.org.uk/arrive-guidelines) (Supplementary Table 4 and ARRIVE checklist). 153 

All studies were approved by the Ethics Committee for Animal Research (P159-2016, P004-154 

2022; KU Leuven, Belgium) (License LA1210189). Wild-type male C57Bl/6J mice, used as 155 

controls and for intra-articular injections, were purchased from Janvier (Le Genest St Isle, 156 

France). Mice were not specifically randomized, but assigned to the group by the investigator 157 

at the time of labelling. 158 
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 159 

In male C57Bl/6J wild-type mice, 8 weeks of age, post-traumatic OA was induced by 160 

destabilization of the medial meniscus (DMM) surgery21. Sham-surgery served as control. One 161 

week after DMM surgery, mice were intra-articularly injected with IOX2 (0.5 mg/kg) or vehicle 162 

(30% PEG400 in PBS) every 10 days for a total of 7 injections. 12 weeks after surgery, the 163 

knees were harvested and analyzed. 164 

 165 

Eight week-old wild-type male C57Bl/6J mice were treated with an intra-articular injection of 166 

CHIR 1 mg/kg or vehicle (6% DMSO, 40% PEG400 in PBS) on day 1 and day 4. The knees 167 

were harvested at 9 weeks of age.  168 

 169 

Frizzled-related protein knockout (Frzb-/-) mice were backcrossed onto the C57Bl/6J 170 

background for more than 20 generations22. Wild-type littermates were used as control. Frzb-/- 171 

male mice were harvested untreated at 8 weeks of age.  172 

 173 

Eight week-old wild-type male C57Bl/6J mice were treated with an intra-articular injection of 174 

XAV 0.5 mg/kg or vehicle (ethanol) twice a week for 2 weeks. The knees were harvested at 12 175 

weeks of age.  176 

 177 

Histology. Dissected mouse knees were fixed overnight at 4°C in 2% formaldehyde, decalcified 178 

for 3 weeks in 0.5M EDTA pH 7.5, and embedded in paraffin. All stainings were performed on 179 

5 µm thick sections. Pictures were taken using a Visitron Systems microscope (Leica 180 

Microsystems).  181 

 182 
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Immunohistochemistry. Heat-induced epitope retrieval was performed using Citrate-EDTA 183 

buffer (pH 6.2, for TCF1) or Na-citrate buffer (0.5 M, pH 6.0, for ANP32A and HIF1A) for 10 184 

min at 95°C. Sections were treated with 3% H2O2/methanol for 10 min to inactivate endogenous 185 

peroxidase, blocked in goat serum for 30 min and incubated overnight at 4°C with primary 186 

antibodies against ANP32A (Abcam, ab189110, 10 µg/ml), HIF1A (Abcam, ab82832, 10 187 

µg/ml) or TCF1 (Ab96777, Abcam; 10 µg/ml). Rabbit IgG (Santa Cruz, sc-2027) was used as 188 

negative control. Avidin-biotin complex amplification (Vectastain ABC kit, Vector 189 

Laboratories) was used. Peroxidase goat anti-rabbit IgG (Jackson Immunoresearch) was applied 190 

for 30 min and peroxidase activity determined using 3,3'-diaminobenzidine (DAB). 191 

Quantification of immunohistochemical staining was performed with ‘Colour Deconvolution 192 

plugin’ (Jacqui Ross, Auckland University) in ImageJ Software (NIH Image, National Institutes 193 

of Health Bethesda, Maryland, USA)23, 24. The software deconvolutes images according to a 194 

DAB staining-specific protocol, isolating the brown color (DAB) and the blue color 195 

(Haematoxylin) in 2 separate images. This image is then converted to black-and-white and the 196 

intensity of the black area is measured. To minimize variability, we used the same threshold for 197 

each isolated color in every experiment. Quantification was performed using two technical 198 

replicates for 3-5 different samples, with staining intensity reported relative to the average of 199 

control mice in the experiment. 200 

 201 

Statistical analysis. Data analysis and graphical presentation were performed with GraphPad 202 

Prism version 9.3.1. The in vitro and ex vivo analyses were considered exploratory and no 203 

formal power calculation was made. Data are presented as mean and standard deviation (SD) 204 

or individual data points, representing the mean of technical replicates as indicated in figure 205 

legends. Data analysis assumptions were tested by visual inspection of distribution, by QQ-, 206 
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homoscedasticity and residuals plots. Gene expression data and image quantifications were log-207 

transformed for statistical analysis.  208 

For experiments with hACs, each donor was considered as an independent biological replicate. 209 

Different treatments within one donor sample were considered non-independent (paired). All 210 

tests were two-tailed. For comparisons between 2 groups, unpaired 2-tailed Student’s t-test was 211 

performed (two condition gene expression studies in C28/I2 cells, two condition 212 

immunohistochemistry experiments). For comparisons between 2 groups with non-independent 213 

data, paired 2-tailed Student’s t-test was used (two condition gene expression studies in hACs). 214 

For comparisons between more than 2 groups, one-way ANOVA was used, with Dunnett 215 

correction for multiple comparisons (multi-dose gene expression studies in C28/I2 cells and 216 

multifactor analysis of immunohistochemistry studies). For comparisons against a hypothetical 217 

mean (1) in the ChIP experiments, one-sample, 2-tailed t-test was used. Data are reported by 218 

effect sizes, confidence intervals (CI) and the p-values. P-values equal to or less than 0.05 were 219 

considered significant. 220 

  221 
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Results 222 

 223 

Identification of ANP32A regulating factors by bioinformatics  224 

 225 

To identify molecules that regulate expression of ANP32A, we applied a bioinformatics pipeline 226 

(Figure 1A). The sequence of the human ANP32A gene promoter was obtained using the EPD 227 

tool13(Supplementary Table 2A). Four bioinformatic tools were interrogated for regulatory 228 

factors predicted to interact with the ANP32A promoter9-12. This resulted in 209 hits, mostly 229 

TFs. We then selected regulatory factors simultaneously predicted by at least two databases, 230 

resulting in 49 TFs (Figure 1A, B and Supplementary Table 2B). Next, a specificity analysis 231 

was performed to identify TFs that might be more selective for ANP32A. To this end, TFs that 232 

were also predicted to regulate genes that characterize the chondrocyte identity (aggrecan and 233 

collagen type 2a), as well as the housekeeping gene actin, were excluded by two approaches. 234 

In the first, the EPD Search Motif tool was used to determine whether a predicted TF could also 235 

bind to the promoter of the three mentioned control genes (Figure 1A, C)13. In the second 236 

approach, the promoter sequences of the three control genes were analyzed using the same 237 

bioinformatic tools as for ANP32A, and we determined whether any of the selected TFs 238 

appeared in the output (Figure 1A, C). Combining both approaches resulted in a shortened list 239 

of 16 TFs (Figure 1A, C and Supplementary Table 2C).  240 

 241 

Network analysis suggests hypoxia and Wnt signaling pathways as regulators of ANP32A 242 

expression 243 

 244 

To explore interaction networks built from the resulting TFs identified in the bioinformatics 245 

analysis, we performed network analysis using the HumanBase tool17 (Figure 2A), which 246 
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allows to build cartilage-specific networks, and the STRING database16 (Figure 2B), which 247 

integrates known and predicted protein-protein interactions. We also performed pathway 248 

enrichment analysis using IPA software18 (Figure 2C). The network building algorithm from 249 

HumanBase pointed out a network linked to hypoxia as one of five major cartilage-specific 250 

modules that regulate ANP32A expression based on the combination of the 49 TFs and known 251 

tissue-specific expression profiles (Figure 2A, Supplementary Table 2D). Under physiological 252 

conditions, articular cartilage is hypoxic. Loss of its hypoxic nature is associated with OA, and 253 

restoring hypoxia is beneficial for the disease8, 25, 26. Hypoxia Inducible Factors (HIFs) are 254 

heterodimers, composed of an oxygen-sensitive α-subunit and a β-subunit, which bind to 255 

hypoxia response elements (HREs) in the genome to induce a transcriptional response27, 28. We 256 

identified an HRE with consensus sequence 5’-(A/G)CGTG-3’ in the ANP32A promoter 257 

(Figure 2D)28, 29.  258 

 259 

Among signaling pathways identified by STRING (Figure 2B) and IPA (Figure 2C), we 260 

encountered Wnt/beta-catenin signaling, a cascade strongly linked to OA and proven to be 261 

detrimental for cartilage health when hyper-activated7, 30-32. TCF/LEF factors are TFs that 262 

ultimately mediate the transcriptional response to Wnt signaling. TCF/LEF were found among 263 

the 16 final hits obtained after applying the specificity analysis (Figure 1C and Supplementary 264 

Table 2C). We identified two Wnt response elements (WRE) for TCF/LEF in the ANP32A 265 

promoter29, 33 (Figure 2E). These data suggest that the hypoxia and the Wnt signaling pathways 266 

regulate expression of ANP32A in the articular chondrocyte. 267 

 268 

Hypoxia increases ANP32A expression in the articular chondrocyte 269 

 270 
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To investigate effects of hypoxia on ANP32A expression, we performed experiments in human 271 

chondrocytes using the pharmacological hypoxia mimetic IOX2 or a hypoxic cell culture 272 

environment (1% O2). IOX2 is an inhibitor of prolyl hydroxylase-2 (PHD2), an enzyme that 273 

targets HIF1A for proteasomal degradation in normoxic conditions25, 34. In the C28/I2 cell line, 274 

treatment with IOX2 did not consistently increase ANP32A mRNA transcription levels (1.36-275 

fold (95%CI[0.87-2.10], p=0.18) with 20 µM IOX2 and 1.33-fold (95%CI[0.85-2.06], p=0.21) 276 

with 50 µM IOX2) (Figure 3A). However, incubation of the C28/I2 chondrocytes in a hypoxia 277 

chamber increased ANP32A mRNA transcription levels 1.31-fold (95%CI[1.11-1.54], p=0.01) 278 

(Figure 3B). As expected, expression of Vascular Endothelial Growth Factor (VEGF), a 279 

hypoxia target gene used as positive control, increased by IOX2 treatment 3.12-fold with 20 280 

µM IOX2 (95%CI[2.29-4.14], p<0.0001) and 5.25-fold with 50 µM IOX2 (95%CI[3.91-7.06], 281 

p<0.0001) and 3.08-fold in hypoxia culture (95%CI[2.35-4.03], p=0.0003) (Figure 3A, B). 282 

Then, we examined the effects of hypoxia on ANP32A at the protein level, using Western blot 283 

analysis. Both treatment with IOX2 and incubation in a hypoxia chamber increased protein 284 

amounts of ANP32A (Figure 3C, D). Next, we validated these data in hACs. Treatment with 285 

IOX2 and incubation in a hypoxia chamber increased ANP32A mRNA expression 1.32-fold 286 

(95%CI[1.14-1.52], p=0.01) and 1.90-fold (95%CI[1.56-2], p=0.0009) respectively (Figure 3E, 287 

F). VEGF expression was increased 8.37-fold (95%CI[4.90-14.32], p=0.0004) and 5.13-fold 288 

(95%CI[2.73-9.64], p=0.002) respectively. These data demonstrate that hypoxia increases 289 

ANP32A mRNA and protein levels in the human articular chondrocyte. 290 

 291 

We next sought to determine whether hypoxia is able to increase ANP32A in OA and protect 292 

against disease. We induced OA by subjecting 8 week-old male wild-type C57Bl/6J mice to the 293 

DMM surgery21. After one week, we administered the hypoxia mimetic IOX2 via intra-articular 294 

injections every 10 days until mice were 20 weeks-old. After DMM surgery, amounts of 295 
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ANP32A (and of positive control HIF1A) were decreased 3.28-fold (95%CI[2.60-4.13], 296 

p<0.0001) as compared to sham-treated mice (Figure 3G and Figure S1). Treatment with IOX2 297 

partially rescued ANP32A amounts after DMM surgery 1.67-fold (95%CI[1.33-2.08], 298 

p=0.0002) (Figure 3G and Figure S1). These data evidence the enhancing effect of hypoxia on 299 

ANP32A expression in cartilage in an OA mouse model. 300 

 301 

Hypoxia induces ANP32A transcription via HIF1A 302 

 303 

We investigated molecular mechanisms via which hypoxia increases ANP32A transcription. In 304 

mammals, there are three isoforms of the α-subunit: HIF1A, HIF2A and HIF3A28. Within 305 

human cartilage, HIF1A mainly promotes cartilage homeostasis and health, while HIF2A is 306 

associated with hypertrophic differentiation of chondrocytes and cartilage degradation26, 35, 36. 307 

Knowledge about HIF3A and its expression in cartilage is limited37. To investigate the 308 

underlying mechanism of ANP32A increase upon hypoxia, we performed ChIP-qPCR in C28/I2 309 

chondrocytes treated with IOX2 and investigated binding of HIF1A and HIF2A to the ANP32A 310 

promoter. This analysis showed that HIF1A (2.72-fold (95%CI[1.54-4.80], p=0.02)) but not 311 

HIF2A (0.34-fold (95%CI[0.02-4.81], p=0.22)) binds to the ANP32A gene promoter (with 312 

binding of HIF1A to VEGF 2.68-fold (95%CI[1.08-6.67], p=0.04) and binding of HIF2A to 313 

VEGF 0.45-fold (95%CI[0.05-4.25], p=0.26)) (Figure 3H). 314 

 315 

Hyper-activation of Wnt signaling decreases ANP32A expression in the articular 316 

chondrocyte 317 

 318 

Next, we investigated effects of excessive Wnt signaling activation on ANP32A expression. 319 

hACs were treated with the pharmacological Wnt activator CHIR. CHIR is an inhibitor of 320 
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glycogen synthase kinase 3 beta (GSK3β), a component of the beta-catenin destruction 321 

complex38. Upon treatment with CHIR, ANP32A mRNA expression decreased 1.23-fold 322 

(95%CI[1.02-1.49], p=0.04). Expression of TCF1, a direct Wnt target gene used as positive 323 

control, was effectively enhanced 3.25-fold (95%CI[2.68-3.94], p<0.0001) (Figure 4A). This 324 

demonstrates that hyper-activation of Wnt signaling decreases ANP32A in hACs. 325 

 326 

Next, we validated these findings in vivo, using different animal models. In the first, Wnt hyper-327 

activation was induced by injecting CHIR intra-articularly in 8 week-old C57Bl/6J mice and 328 

confirmed by immunohistological staining for Wnt target gene TCF1. This led to a 1.45-fold 329 

decrease in ANP32A protein expression in articular cartilage (95%CI[1.22-1.72], p=0.0037), 330 

as examined with immunohistochemistry (Figure 4B) and to a 2.70-fold increase in TCF1 331 

protein expression (95%CI[2.04-3.58], p=0.0006) (Figure S2A). Then, we used the Frzb-332 

knockout mouse model, a Wnt gain-of-function genetic model since Frizzled-related protein 333 

(FRZB; also called secreted Frizzled-related protein 3 [sFRP-3]) is an extracellular antagonist 334 

in the Wnt signaling pathway22. In these mice, we also observed a decrease in ANP32A protein 335 

expression in articular cartilage compared to wild-type controls (1.41-fold decrease 336 

(95%CI[1.00-1.96], p=0.05)) and a 3.74-fold increase in TCF1 protein expression 337 

(95%CI[2.57-5.44], p =0.0006) (Figure 4C, Figure S2B). Finally, to investigate the translational 338 

implications of these findings, we investigated whether Wnt inhibition enhanced ANP32A 339 

expression in articular cartilage. We used XAV, a tankyrase inhibitor that stabilizes the β-340 

catenin destruction complex39. We injected XAV intra-articularly in 8 week-old wild-type mice 341 

and observed an increase in ANP32A protein by 1.94-fold (95%CI[1.75-2.15], p<0.0001), as 342 

shown by immunohistochemistry and a 2.40-fold decrease in TCF1 protein expression 343 

(95%CI[0.31-0.55], p=0.001) (Figure 4D, Figure S2C). These results demonstrate that limiting 344 

Wnt signaling in articular cartilage boosts ANP32A expression. 345 
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 346 

Hypoxia and Wnt signaling modulation impact the expression of antioxidant ATM 347 

 348 

Finally, we investigated whether modulation of hypoxia and Wnt signaling results in 349 

downstream changes in ATM expression, a gene directly controlled by ANP32A, which encodes 350 

a key effector in the prevention of oxidative stress1, 40. We observed increased expression of 351 

ATM in hACs after IOX2 treatment (1.31-fold (95%CI[1.07-1.61], p=0.02)) (Figure 5A) and in 352 

hACs incubated in a hypoxia chamber (1% O2) (1.89-fold (95%CI[1.38-2.60], p=0.012)) 353 

(Figure 5B). Inversely, activation of Wnt signaling with CHIR resulted in decreased ATM 354 

expression (1.41-fold (95%CI[1.02-1.96], p=0.04)) (Figure 5C). Hence, excessive Wnt 355 

signaling negatively affects the ANP32A-ATM axis that protects the chondrocyte against 356 

oxidative stress (Figure 5D).  357 

  358 
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Discussion 359 

 360 

This study unravels two major regulatory pathways that control the expression of key cartilage 361 

protective molecule ANP32A. Hypoxia increases ANP32A expression in articular 362 

chondrocytes, while excessive activation of Wnt signaling negatively regulates ANP32A 363 

(Figure 5D). Our earlier work identified ANP32A as a key node in a complex network that 364 

sustains cartilage health1, 3. Hence, the unraveling of regulatory pathways that impact on 365 

ANP32A expression further identifies the maintenance of a hypoxic environment in articular 366 

cartilage, and inhibiting Wnt signaling hyper-activation as targets for therapeutic intervention 367 

in OA.  368 

 369 

In addition, we corroborated the validity of our bioinformatics pipeline8, showing that this 370 

approach can be applied for any gene of interest. When applied to find regulators of ANP32A 371 

in silico, we additionally identified other interesting pathways as potential regulators of 372 

ANP32A (Figure 2A, B, C). Among these are the senescence pathway and SUMOylation, both 373 

earlier associated with OA41, 42. These pathways and their role in OA provide further 374 

opportunities for research.  375 

 376 

Under physiological and homeostatic conditions, articular cartilage is hypoxic but in OA, this 377 

hypoxic nature is lost26, 36, 43. Multiple studies have shown beneficial effects of restoring the 378 

joint hypoxic environment26, 36, 44. Our group demonstrated protective effects of restoring 379 

hypoxia on cartilage health in an OA model by intra-articular injections of IOX28. Restoring 380 

hypoxia in articular cartilage led to an increase in the expression of DOT1L8. DOT1L is a 381 

histone methyltransferase key for cartilage health, and its function is decreased in OA, similarly 382 



19 

 

to ANP32A20. Here, we show that hypoxia enhances ANP32A expression in vitro and in vivo in 383 

the joints of mice subjected to DMM surgery.  384 

 385 

Hyper-activation of Wnt signaling is a well-known culprit in OA. Physiological activation of 386 

this pathway is necessary for normal skeletal development and for adult joint homeostasis. 387 

However, Wnt hyper-activation is detrimental for cartilage6, 31. ANP32A limits Wnt signaling 388 

through an epigenetic mechanism as part of the inhibitor of histone acetyltransferase (INHAT) 389 

complex3. This indicates the existence of a negative feedback loop between ANP32A and Wnt 390 

signaling in articular cartilage, since they reciprocally limit each other3. Our data corroborate 391 

the complex orchestration of Wnt signaling, of which a meticulous balance between activation 392 

and inhibition is essential for cartilage health. Targeting this pathway is increasingly interesting 393 

in the treatment of OA6, 30, 31. A phase 2 clinical trial with Lorecivivint, a Wnt pathway 394 

modulator, showed a reduction in pain in a subgroup of patients with unilateral symptoms of 395 

knee OA after a single intra-articular injection45. A phase 3 clinical trial has been performed, 396 

but the results have yet to be disclosed (NCT03928184). 397 

Here, we demonstrate that hypoxia has a direct regulatory effect on ANP32A since HIF1A 398 

interacts with the ANP32A promoter. However, indirect effects cannot be excluded, since it 399 

was previously reported that hypoxia and Wnt signaling interact36. Bouaziz et al. showed that 400 

HIF1A can inhibit Wnt signaling by blocking transcription factor 4 (TCF4)-β-catenin 401 

interaction36. This shows how these different pathways are intrinsically linked within a complex 402 

system that likely regulates articular cartilage homeostasis (Figure 5D).  403 

 404 

Limitations of this work first include the use a human differentiated chondrocyte cell line that 405 

does not fully represent the molecular identity of a healthy articular chondrocyte. Yet, we 406 

validated these findings in primary human articular chondrocytes from donors without 407 
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osteoarthritis. These cells, available as waste material from other surgeries, are a relatively rare 408 

commodity for research, as cell expansion of chondrocytes leads to differentiation. Another 409 

limitation may be the non-agnostic approach to the pathway analysis in bioinformatics, thereby 410 

prioritizing mechanistic experiments in pathways already associated with chondrocyte biology 411 

and joint disease. Third, whereas the joint context suggests that the effects of HIF1A on 412 

ANP32A expression are mediated upstream by the hypoxic homeostatic environment of healthy 413 

articular cartilage, we cannot exclude the existence of hypoxia independent regulators of 414 

HIF1A. Of note, for our in vitro and in vivo experiments we report a number of positive controls 415 

using known target genes, namely VEGF and TCF1. Quantitative differences in expression 416 

levels between ANP32A and known target genes may result from different transcription factor 417 

activity or distinct post-translational mechanisms regulating gene expression. However, such 418 

different expression levels may not correlate with the magnitude of their biological effects. 419 

Finally, we provide evidence that hypoxia sustains and Wnt signaling represses ANP32A in the 420 

joint, but we did not address the specific contribution of increases in ANP32A in the IOX2 or 421 

XAV treated animals to reduce severity of OA. These interventions affect the activity of 422 

different pathways in the joint that are complex to entangle. The limited availability of Anp32a-423 

deficient mice due to subfertility and the severe phenotype of these animals due to oxidative 424 

stress were factors considered not to perform additional animal experiments with this strain that 425 

we extensively characterized earlier1, 3.  426 

Future experiments will include exploring the oxidative stress level in chondrocytes upon 427 

ANP32A modulation and identifying the mechanisms via which Wnt regulates ANP32A 428 

expression.  429 

 430 

In conclusion, we identified hypoxia and Wnt signaling as regulators of ANP32A. In 431 

combination with our previous work on ANP32A and DOT1L, we conclude that these two key 432 
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chondroprotective molecules are upregulated by hypoxia and prevent excessive Wnt signaling3, 433 

8. This underscores the intertwined relationship between hypoxia and the Wnt signaling 434 

pathway. In addition, it renders these pathways, the key nodes in the networks and their 435 

interactions an attractive potential therapeutic target for OA. 436 

  437 
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FIGURE LEGENDS 595 

 596 

Figure 1. Identification of transcription factors regulating the ANP32A gene using 597 

bioinformatics. (A) Schematic overview of the bioinformatic analysis pipeline applied to the 598 

human ANP32A proximal promoter. The upper part of figure A shows the ANP32A gene 599 

promoter region that was used for the analysis; -1000 basepairs (bp) to +100 bp relative to the 600 

transcription start site (TSS). The lower part displays the 4 different bioinformatics web-based 601 

tools that were interrogated and the selection process for the transcription factors (TFs). (B) 602 

Venn diagram representing 49 TFs predicted by at least 2 different tools. (C) Overview of the 603 

16 remaining TFs after specificity analysis. Two different approaches were applied to determine 604 

which TFs were more specific for the ANP32A promoter as compared to the aggrecan (ACAN), 605 

collagen 2a1 (COL2A1), and actin (ACTB) promoters. The diagram in C shows the 16 remaining 606 

TFs that were predicted to be more specific for ANP32A by the two approaches and their 607 

overlap. 608 

 609 

Figure 2. Bioinformatics analysis of the ANP32A promoter suggests that the Wnt 610 

signaling and the hypoxia pathway regulate ANP32A expression. (A) Cartilage-specific 611 

gene network obtained with the HumanBase network analysis using the 49 transcription factors 612 

(TFs). Module 4 (M4) represents the hypoxia pathway. (B) STRING database analysis of the 613 

49 TFs showing the Wnt signaling pathway as one of the enriched pathways. TFs in red are 614 

related to the Wnt signaling pathway. (C) Ingenuity pathway analysis (IPA) of the 49 TFs. (D) 615 

The presence of a hypoxia response element (HRE) with consensus sequence 5’-(A/G)CGTG-616 

3’  in the promoter of ANP32A. Since the ANP32A gene is oriented on the reverse strand of the 617 

DNA (Ensembl release 105), this HRE is found in the reverse complement 5’-CACG(C/T)-3’. 618 

The position is indicated by the basepairs (bp) relative to the transcription start site (TSS). (E) 619 
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The presence of two Wnt response elements (WRE) in the promoter of ANP32A (one in the 620 

reverse complement). The position is indicated by the bp relative to the TSS.  621 

 622 

Figure 3. Hypoxia increases ANP32A expression in chondrocytes and in an OA mouse 623 

model. (A) Real-time PCR for ANP32A and VEGF in C28/I2 cells treated with hypoxia mimetic 624 

IOX2 or vehicle (V) for 72 hours (n = 4 independent experiments with three technical replicates, 625 

mean ± SD, p=0.18 and p=0.21 with 20µM and 50 µM IOX2 respectively for ANP32A and 626 

p<0.0001 with 20 µM and 50 µM IOX2 for VEGF Dunnett-corrected for two tests in one-way 627 

ANOVA). (B) Real-time PCR for ANP32A and VEGF in C28/I2 cells in normoxic (21% O2) 628 

or hypoxic (1% O2) conditions for 6 hours (n = 3 independent experiments with three technical 629 

replicates, mean ± SD, p=0.01 by unpaired t-test for ANP32A and p=0.0003 for VEGF). (C) 630 

Western blot analysis of ANP32A, HIF1A and actin in C28/I2 cells treated with hypoxia 631 

mimetic IOX2 for 72 hours. Images are representative of 2 independent experiments. (D) 632 

Western blot analysis of ANP32A, HIF1A and actin in C28/I2 cells in normoxic (21% O2) or 633 

hypoxic (1% O2) conditions for 6 hours and 24 hours respectively. Images are representative 634 

of 2 independent experiments. (E) Real-time PCR for ANP32A and VEGF in primary human 635 

articular chondrocytes treated with hypoxia mimetic IOX2 (20 µM) or vehicle (V) for 72 hours 636 

(n = 5 independent experiments with three technical replicates, mean ± SD, p=0.01 for ANP32A 637 

and p=0.0004 for VEGF by paired t-test). The dosage of 50 µM was omitted since it showed 638 

toxicity in the primary human articular chondrocytes in a previous study. (F) Real-time PCR 639 

for ANP32A and VEGF in primary human articular chondrocytes in normoxic (21% O2) or 640 

hypoxic (1% O2) conditions for 14 days (n = 5 independent experiments with three technical 641 

replicates, mean ± SD, p=0.0009 for ANP32A and p=0.002 for VEGF by paired t-test). (G) 642 

Immunohistochemical staining for ANP32A protein in the articular cartilage of wild-type mice 643 

after intra-articular injection with IOX2 (0.5 mg/kg) or vehicle (V) after destabilization of the 644 
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medial meniscus surgery (DMM) or sham surgery (SHAM). Scale bar: 50 µm. A quantification 645 

is shown in the right part of the panel (n = 5 mice per group, mean ± SD, p=0.0002 for 646 

comparison between the DMM + IOX2 group and the DMM + vehicle group and p<0.0001 for 647 

the comparison between the DMM + vehicle group and the sham + vehicle group Dunnett-648 

corrected for 3 tests in one-way ANOVA). (H) Chromatin immunoprecipitation quantitative 649 

PCR (ChIP-qPCR) for HIF1A and HIF2A binding to ANP32A and VEGF promoters in C28/I2 650 

cells treated with IOX2 (20 µM) for 72 hours (n = 3 independent experiments with three 651 

technical replicates, mean ± SD, p=0.02 and p=0.04 respectively for HIF1A in the ANP32A and 652 

VEGF assay and p=0.22 and p=0.26 respectively for HIF2A in the ANP32A and VEGF assay 653 

by one sample t-test).  654 

 655 

Figure 4. Hyper-activation of Wnt signaling decreases ANP32A expression in articular 656 

cartilage. (A) Real-time PCR for ANP32A and Wnt target gene TCF1 in primary human 657 

articular chondrocytes treated with Wnt activator CHIR99021 (CHIR, 3 µM) or vehicle 658 

(DMSO) for 24 hours (n = 5 independent experiments with three technical replicates, mean ± 659 

SD, p=0.04 for ANP32A and p<0.0001 for VEGF by paired t-test). (B) Immunohistochemical 660 

staining for ANP32A protein in the articular cartilage of wild-type mice treated with 661 

CHIR99021 (1 mg/kg) or vehicle. Scale bar: 50 µm. A quantification is shown in the right part 662 

of the panel (n = 3 mice per group, mean ± SD, p=0.0037 by unpaired t-test). (C) 663 

Immunohistochemical staining for ANP32A protein in the articular cartilage of wild-type 664 

littermates (WT) and Frzb-knockout mice. Scale bar: 50 µm. A quantification is shown in the 665 

right part of the panel (n = 5 mice per group, mean ± SD, p=0.05 by unpaired t-test). (D) 666 

Immunohistochemical staining for ANP32A protein in the articular cartilage of wild-type mice 667 

treated with XAV939 or vehicle. Scale bar: 50 µm. A quantification is shown in the right part 668 

of the panel (n = 3 mice per group, mean ± SD, p<0.0001 by unpaired t-test). 669 
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 670 

Figure 5: Modulation of hypoxia and Wnt signaling lead to ANP32A downstream changes 671 

in the articular chondrocyte. (A) Real-time PCR for ATM, directly regulated by ANP32A, in 672 

primary human articular chondrocytes treated with hypoxia mimetic IOX2 (20 µM) or vehicle 673 

(DMSO) for 72 hours (n = 5 independent experiments with three technical replicates, mean ± 674 

SD, p=0.02). (B) Real-time PCR for ATM in primary human articular chondrocytes in normoxic 675 

(21% O2) or hypoxic (1% O2) conditions for 7 to 14 days (n = 5 independent experiments with 676 

three technical replicates, mean ± SD, p=0.01). (C) Real-time PCR for ATM, directly regulated 677 

by ANP32A, in primary human articular chondrocytes treated with Wnt activator CHIR99021 678 

(CHIR, 3 µM) or vehicle (DMSO) for 24 hours (n = 5 independent experiments with three 679 

technical replicates, mean ± SD, p=0.04 for ANP32A by paired t-test). (D) Scheme 680 

summarizing the effect of hypoxia and Wnt signaling on ANP32A expression, ATM expression 681 

and cartilage health. 682 
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SUPPLEMENTARY FIGURE LEGENDS 1 

Figure S1: Treatment with IOX2 in vivo increases HIF1A. Immunohistochemical staining 2 

for HIF1A protein in the articular cartilage of wild-type mice treated with IOX2 (0.5 mg/kg) or 3 

vehicle (V) after destabilization of the medial meniscus surgery (DMM) or sham surgery 4 

(SHAM). Scale bar: 50 µm. 5 

 6 

Figure S2: Wnt overexpression and Wnt inhibition in in vivo models. (A) 7 

Immunohistochemical staining for TCF1 protein, a direct Wnt target gene, in the articular 8 

cartilage of wild-type mice treated with CHIR99021 (1 mg/kg) or vehicle (V). Scale bar: 50 9 

µm. A quantification is shown in the right part of the panel (n = 3 mice per group, mean ± SD, 10 

p=0.0006 by unpaired t-test). (B) Immunohistochemical staining for TCF1 protein, a direct Wnt 11 

target gene, in the articular cartilage of wild-type littermates (WT) and Frzb-knockout mice 12 

(KO). Scale bar: 50 µm. A quantification is shown in the right part of the panel (n = 3 mice per 13 

group, mean ± SD, p=0.0006 by unpaired t-test). (C) Immunohistochemical staining for TCF1 14 

protein, a direct Wnt target gene, in the articular cartilage of wild-type mice treated with 15 

XAV939 or vehicle. Scale bar: 50 µm. A quantification is shown in the right part of the panel 16 

(n = 3 mice per group, mean ± SD, p=0.001 by unpaired t-test). 17 

  18 
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SUPPLEMENTARY TABLE LEGENDS 19 

Supplementary Table 1: Patient characteristics. (A) Primary human articular chondrocytes 20 

used for the experiments with IOX2 (Figure 3E and Figure 5A). (B) Primary human articular 21 

chondrocytes used for the experiments in the hypoxia incubator (Figure 3F and Figure 5B). (C) 22 

Primary human articular chondrocytes used for the treatment with CHIR99021 (Figure 4A and 23 

Figure 5C).  24 

 25 

Supplementary Table 2: Bioinformatic analysis pipeline results. (A) ANP32A proximal 26 

promoter sequence (1000 basepairs (bp) upstream and 100 basepairs downstream relative to the 27 

transcription start site (TSS). (B) Table with the 49 final transcription factors that were 28 

simultaneously predicted by at least two databases. (C) Table with the 16 final hits after 29 

specificity analysis, obtained with approach A, approach B and the hit that was presented with 30 

both approaches (A+B). (D) The 5 modules as predicted by the network analysis performed 31 

with the HumanBase tool. 32 

 33 

Supplementary Table 3: Human primers used in qPCR analysis. 34 

 35 

Supplementary Table 4: Animal experiments: Overview, setup and analysis details. 36 

Abbreviations: CHIR99021 (CHIR), destabilization of the medial meniscus (DMM), 37 

immunohistochemistry (IHC), intra-articular (i.a.), knockout (KO), osteoarthritis (OA), wild-38 

type (WT), XAV939 (XAV). 39 

 40 

 41 

 42 
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A

B

Supplementary Table 1

C

Patient number Age (years) Gender
P146 69 Male
P161 89 Female
P194 91 Female
P320 90 Male
P324 94 Female

Patient number Age (years) Gender
P183 94 Female
P185 92 Female
P194 91 Female
P320 90 Male
P324 94 Female

Patient number Age (years) Gender
P127 93 Female
P140 91 Female
P221 89 Female
P291 68 Male
P298 70 Female



B C
49 hits

cMyc PEA3
E2f AP-2
Max MAZ
CREB ETF
Oct 3/4 Sp1
FOXP1 NF-kappaB1
P53 WT1
TBP T3R-beta1
Pax-5 NF-Y
C/EBPbeta HNF3A
NF-1 TCF/LEF
FOXP3 COUP-TF
GATA-1 c-Ets
YY1 c-Myb
C/EBPalpha RORA
PU.1   HFH-2
ATF3 HFH-3
HOXD9 SOX17
HOXD10 HFH-1
SRY FREAC-4
GR Sox-5
IRF-2 SRF
GCF RUNX1
AP-1 ARNT
SMAD 2/3

Supplementary Table 2

A
AACCGTGCGCCGTTCTCTTTCACTAGGTCTATAAAGCCCAGAAATTATGTTTGGTCCAGAAAACCAGGAGTTATGA
GCACCTTCCTTTTCCACCTTTTAATATTCTACATATCTAGCAACGGTTCTTAATCCATGGTCTTCATTCATTTATTGCC
TAAACAAGATCTTGGGTGTCTCTTGGTGATCACTTCTTCCAAGCTGACCTAATATGACAGCAAAGTGAAAAGCCTC
TTCGTGGGAAGGGTCGCGACCGCGCGGTAAGTCATCCAAAAGTGGAAGCATCTTGCTTTTACTGACTTATGTATA
CGAGGGTGGCGATGGTGGCGGCCTGACAGGGACGAGGCCGGAGGGGAAGGGGCGCGCGGGCTGCTGGGCAG
CCGCGGTGGGGGTGACGGGGGCAGCCACGCTCCCCAGCGCGAGCCGCCGGACCCGGGACCCGACGAGCCCCTC
CCGGCATTGCACCCTGACCCCTCTCCTCCTTCCAGGCCTTTCATCTGCCCTCCCGCTGGGCAGCCCGCGGTCCCCGG
ACCTCAAGCCGCCCGCCTCCTTCCGCAACCCCGTCGCGCCGCCCCGCGAAGCCCTCGGCCGGGCGGGGACCCCGA
CCCGACCCCTCCGGCCGCGCCCCTCCCCCTCGCAGAACGCACCTGCGGCCCCGCCCCCGGCCGAACGCTGAGGCG
GCGGCTGGCTGGCAAGGCCGGGCGGCTCGGCCCTCGAGGCACAGTCACCTTCCCTTCCCCCGCCATTCCGCCCAC
CCCCCTCACTCAGCCACAGAGCAGCCGCCGCGCTCCTCAGCCGCCCCGAAATCTAAAGGGGTCCGTCTCCGGCAC
CACTACCAAATGGCCGAGCCTCCCTGGCCGGCTGCGCAGCCCGCCCATTGGTCCCTTCCCCCCCCCGCCGCCACTG
CCATTGGCTGTTGCCCGGAGACCCTCGGCGGCGATTGGCTCGGGCCGCTGCCGCTCGTCCATGGGGCCGCAGAT
CCCGCCTCCACGGCGATCAGGTTAGTGTGCGCCGCGGGTGCTGGGGGCTCGAGAACCGAGCGGAGCTGGTTGA
GCCTTCAAAGTCCTAAAACGCGCGGCCGTGGGTTCGGGGTTTATTGATTGA

16 final hits

Approach A Approach A+B Approach B

TFAP2C ATF3 cMyc
CREB COUP-TF

HFH-1 GATA-1
IRF-2 HOXD10

PU.1 HOXD9
RORA WT1

RUNX1 FOXP1

TCF/LEF
(LEF1, TCF4)



Module Top Terms Q val Genes Terms 

M1 pri-miRNA transcription by RNA polymerase II 0.00001970 7 29 

positive regulation of pri-miRNA transcription by RNA 
polymerase II 

0.00061249 

regulation of pri-miRNA transcription by RNA polymerase II 0.00062525 

regulation of histone modification 0.00179384 

modification of morphology or physiology of other organism 
involved in symbiotic interaction 

0.00189795 

transforming growth factor beta receptor signaling pathway 0.00221093 

regulation of chromatin organization 0.00221093 

cellular response to transforming growth factor beta 
stimulus 

0.00309352 

modification of morphology or physiology of other organism 0.00309352 

response to transforming growth factor beta 0.00319392 

M2 positive regulation of transcription from RNA polymerase II 
promoter in response to endoplasmic reticulum stress 

0.00025507 8 22 

positive regulation of transcription from RNA polymerase II 
promoter in response to stress 

0.00062017 

regulation of transcription from RNA polymerase II 
promoter in response to stress 

0.00108945 

regulation of DNA-templated transcription in response to 
stress 

0.00108945 

positive regulation of myeloid cell differentiation 0.00168345 

positive regulation of hemopoiesis 0.00215740 

regulation of myeloid cell differentiation 0.00238363 

regulation of hemopoiesis 0.00420518 

myeloid cell differentiation 0.00471543 

response to endoplasmic reticulum stress 0.00479646 

M3 regulation of transcription by RNA polymerase III 0.00061249 9 8 

transcription by RNA polymerase III 0.00076729 

cell fate commitment 0.00108945 

transcription initiation from RNA polymerase II promoter 0.00108945 

DNA-templated transcription, initiation 0.00179384 

response to wounding 0.00543480 

cellular response to hormone stimulus 0.00927450 

response to hormone 0.01090200 

M4 response to hypoxia 0.00178491 4 4 

response to decreased oxygen levels 0.00178491 

response to oxygen levels 0.00179384 

embryo development 0.00211282 

M5 mRNA metabolic process 0.00178491 2 1 
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Primer name Sequence

ANP32A_Fw
ANP32A_Rv

ACTCGGATGCTGAGGGCTAC
TCTCCACTCACGTCCTCCTC

29S_Fw
29S_Rv

GGGTCACCAGCAGCTGTACT
AAACACTGGCGGCACATATT

VEGF_Fw
VEGF_Rv

TGCAGATTATGCGGATCAAACC
TGCATTCACATTTGTTGTGCTGTAG

TCF1_Fw
TCF1_Rv

CCCCCAACTCTCTCTCTACGA
TGCCTGAGGTCAGGGAGTAG

ATM_Fw
ATM_Rv

ATCGGCATTCAGATTCCAAA
TTTTCTGCCTGGAGGCTTGT

ANP32A_prom1_Fw
ANP32A_prom1_Rv

ACGGCGATCAGGTTAGTGTG
GCCGGCGGAATTCAATCAATAAA

VEGF_prom_Fw
VEGF_prom_Rv

TCACTTTCCTGCTCCCTCCT
GCAATGAAGGGGAAGCTCGA

Supplementary Table 3



Experiment ID Experiment details

1. DMM OA model, CHIR i.a. injection * 20-week-old male C57Bl/6J mice (time of sacrifice - induction of model at 8 weeks)

* Total sample size: n=15; SHAM Vehicle: n=5, DMM Vehicle: n=5, DMM IOX2: n=5

* Primary outcome: IHC detection of protein expression: Fig3G and FigS1

2. CHIR i.a. injection in C57Bl/6J * 9-week-old male C57Bl/6J mice

* Total sample size: n=6; Vehicle: n=3, CHIR: n=3

* Primary outcome: IHC detection of protein expression: Fig4B and FigS2A

3. 8-week-old Frzb-/- mice * 8-week-old male Frzb-/- mice and WT littermates

* Total sample size: n=10; WT: n=5, KO: n=5

* Primary outcome: IHC detection of protein expression: Fig4C and FigS2B

4. XAV i.a. injection in C57Bl/6J * 12-week-old male C57Bl/6J mice

* Total sample size: n=6; Vehicle: n=3, XAV: n=3

* Primary outcome: IHC detection of protein expression: Fig4D and FigS2C

Supplementary Table 4


