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One Sentence Summary: This study identifies ANP32A as a key transcriptional regulator of the 
ATM gene and therefore of the cell’s response against oxidative stress thus providing protection 
against joint, neurological and bone disease. 
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Abstract:  
 

Osteoarthritis is the most common joint disorder with increasing global prevalence due to 

ageing of the population. Current therapy is limited to symptom relief, yet there is no cure. 

Its multi-factorial etiology includes oxidative stress and overproduction of reactive oxygen 

species, but the regulation of these processes in the joint is insufficiently understood. Here, 

we report that ANP32A protects the cartilage against oxidative stress, preventing 

osteoarthritis development and disease progression. ANP32A is downregulated in human 

and mouse osteoarthritic cartilage. Microarray profiling revealed that, mechanistically, 

ANP32A protects the joint by promoting the expression of ATM, a key regulator of the 

cellular oxidative defense. Indeed, antioxidant treatment reduces the severity of 

osteoarthritis in Anp32a-deficient mice. Remarkably, in these mice, we also observed 

cerebellar ataxia features responsive to antioxidant treatment, and osteopenia. Thus, the 

ANP32A/ATM axis discovered in cartilage is also present in brain and bone. In conclusion, 

our findings indicate that modulating the ANP32A network could provide novel 

opportunities to manage oxidative stress in cartilage, brain and bone with therapeutic 

implications for osteoarthritis, neurological disease and osteoporosis. 
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Introduction 
 
Osteoarthritis is the most common chronic joint disease worldwide. Patients with this 

musculoskeletal disorder suffer from pain and progressive loss of joint function and mobility. It 

therefore features among the leading causes of chronic disability, is strongly linked with ageing 

and the obesity pandemic and affects more than 25% of the adult population (1). Morphological, 

biochemical, molecular and biomechanical changes of the cells and extracellular matrix in the 

tissues of the joint lead to loss of articular cartilage, sclerosis of the subchondral bone, formation 

of bone spurs called osteophytes and, in some cases, inflammation of the synovial membrane that 

lines the joint cavity (2). The molecular mechanisms involved in the initiation and progression of 

osteoarthritis are insufficiently understood. Thus, there are no effective interventions to restore 

degraded cartilage, and to delay or halt disease progression (3). Indeed, current treatment strategies 

are limited to changes in lifestyle, appropriate exercise and use of painkillers and anti-

inflammatory drugs. Eventually, joint replacement surgery is often required, especially for the 

large joints (4, 5).  

The etiology of osteoarthritis is multi-factorial and includes a strong genetic component adding to 

the deleterious effects of joint injury, obesity and ageing (6). Understanding the biological 

mechanisms underlying the genetic susceptibility could not only provide novel insights into 

disease pathogenesis, but also lead to the development of new therapies that slow or stop the 

progression of the disease. We described an association between polymorphisms in the acidic 

leucine rich nuclear phosphoprotein-32A (ANP32A) gene and osteoarthritis (7, 8). ANP32A is a 

small multifunctional protein that plays a role in a variety of cellular processes such as caspase 

modulation, chromatin modifications, protein phosphatase inhibition and intracellular transport of 

molecules (9), thereby regulating cell differentiation, transcription, apoptosis and cell cycle 
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progression (10-13). However, the potential role of ANP32A in osteoarthritis and cartilage biology 

remains unknown. 

Here, we report that ANP32A protects against the development and progression of osteoarthritis 

by preventing oxidative stress in the articular cartilage. We also unravel the underlying molecular 

mechanism, which involves transcriptional control of the ataxia-telangiectasia mutated (ATM) 

gene, an important regulator of the cellular defense against oxidative stress (14). Additionally, the 

regulatory role of ANP32A and its underlying mechanism discovered in cartilage are also present 

in brain and bone. Thus, our results may not only have therapeutic implications in chronic joint 

disorders but also in bone and neurological diseases. 

 
Results  

 
ANP32A levels are decreased in osteoarthritic and ageing cartilage  

To test whether the levels of ANP32A are different between osteoarthritic and non-osteoarthritic 

joints, we performed gene expression analysis on human articular cartilage. ANP32A expression 

levels were reduced in hip cartilage from patients with osteoarthritis compared to trauma patients 

with macroscopically intact cartilage, both undergoing hip replacement surgery (Fig. 1A; for 

patient characteristics, see Table S1). These observations were confirmed at the protein level by 

Western blot (Fig. 1B). Immunohistochemical analysis similarly showed that the strong 

immunoreactive signal obtained in control non-osteoarthritic cartilage was decreased in cartilage 

from patients with osteoarthritis (Fig. 1C). Furthermore, in patients with knee and hip 

osteoarthritis, ANP32A expression levels were reduced in damaged as compared to preserved areas 

of the articular cartilage (Fig. 1D). Similarly, immunoreactivity for ANP32A was decreased in the 

articular cartilage of wild-type mice with osteoarthritis triggered by surgical destabilization of the 
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medial meniscus (DMM) compared to sham-operated animals (Fig. 1E), and in the articular 

cartilage of 12-month old mice compared to 8-week old mice (Fig. 1F). Taken together, these 

findings suggest that high ANP32A levels are positively associated with cartilage health. 

Loss of Anp32a increases severity of and susceptibility to osteoarthritis in mice 

To study the impact of ANP32A deficiency on articular cartilage, we challenged Anp32a-/- mice 

(mice with a global gene deletion of ANP32A) in different models of osteoarthritis. Anp32a-/- mice 

showed increased cartilage damage compared to wild-type controls in the gradually progressive 

DMM disease model driven by joint instability, in the rapidly progressive model triggered by intra-

articular collagenase injection driven by severe instability and inflammation, and in the direct 

cartilage matrix damage model induced by intra-articular papain injection (Fig. 1G,H and fig. S1, 

A-D). ANP32A deficiency also predisposes to an accelerated development of spontaneously 

occurring osteoarthritic changes upon ageing, as Anp32a-/- mice developed more severe signs of 

osteoarthritis by 12 months of age compared to wild-type mice (Fig. 1I,J). Collectively, these data 

indicate that loss of ANP32A increases the severity of and the susceptibility to osteoarthritis. 

ANP32A regulates Atm expression and oxidative stress in cartilage  

To explore the mechanisms underlying the impact of ANP32A on the onset and progression of 

osteoarthritis, we compared genome-wide transcriptome profiles from the articular cartilage of 

Anp32a-/- mice and wild-type mice at 8-weeks of age (geonr: GSE108036). At this age, no 

significant differences in the expression of healthy chondrocyte markers collagen 2 or aggrecan 

were detected between the groups (fig. S2A). In Anp32a-/- mice, expression levels of 118 genes 

were different compared to control mice when applying a threshold of 2-fold change and a nominal 

p-value ≤ 0.01 (Fig. 2A). The gene set included 106 downregulated genes and 12 upregulated 
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genes (top ranked genes are shown in Table S2). Comparative pathway analyses of differentially 

regulated transcripts using the PANTHER database revealed an enrichment in genes associated 

with the oxidative stress response and the ubiquitin proteasome pathway (Fig. 2B), known to play 

a pivotal role in the recognition and degradation of oxidized proteins (15). Biological process 

categories found to be enriched in PANTHER analysis included DNA metabolic process, 

phosphate-containing compound metabolic process, catabolic process and cellular protein 

modification process (fig. S3). In addition, reactome pathways found to be enriched include 

mitochondrial translation, regulation of p53 and oxidative stress induced senescence (fig. S3). 

Thus, the transcriptome analysis suggests that oxidative stress and dysregulation of 

phosphorylation events play a role in the deleterious effects associated with ANP32A deficiency 

in cartilage.  

Notably, in a prominent position within the top significantly downregulated genes, we identified 

the ataxia telangiectasia mutated serine threonine kinase (Atm) gene (Fig. 2A, Table S2). Atm 

encodes a protein kinase that orchestrates signaling cascades to preserve the cellular redox balance 

and promote the antioxidant response (14). Downregulation of Atm in Anp32a-/- compared to wild-

type mice was confirmed by qPCR (Fig. 2C). We also detected a considerable reduction of ATM 

protein levels in articular chondrocytes and in the articular cartilage of Anp32a-/- mice compared 

to controls, analyzed by Western blot and immunohistochemistry, respectively (Fig. 2D,E). This 

decrease in ATM levels paralleled enhanced ROS production in the articular cartilage of Anp32a-

/- mice, assessed by immunohistochemistry and dihydroethidium (DHE) staining (Fig. 2F,G).  

We then measured the mRNA and protein expression levels of ATM in cartilage from non-

osteoarthritic trauma patients and in cartilage from patients with osteoarthritis. We observed that 

ATM expression was downregulated in cartilage from patients with osteoarthritis compared to 
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non-osteoarthritic cartilage (Fig. 2H, I) and in damaged areas compared to preserved areas (Fig. 

2J), paralleling the changes in ANP32A (Fig. 1A,B,D). Levels of ANP32A and ATM strongly 

correlated (Fig. 2K). Moreover, ANP32A knockdown in primary healthy human articular 

chondrocytes using siRNA (Fig. 2L) reduced ATM expression levels (Fig. 2M). In ANP32A 

knockdown cells, H2O2 treatment increased ROS production more strongly than in control cells, 

an effect that was rescued by treatment with recombinant ATM (Fig. 2N). Overall, our results 

show a close link between ANP32A levels, oxidative stress and ATM expression and function in 

the articular cartilage. 

The antioxidant system is complex and comprises multiple interacting and interdependent 

mechanisms (16). Thus, we investigated the eventual existence of compensatory mechanisms in 

the articular cartilage of the Anp32a-/- mice using our transcriptome data. We thereby focused 

primarily on molecules involved in the regulation of glutathione, the most abundant endogenous 

antioxidant, on the peroxiredoxin and thioredoxin families, and catalase and the superoxide 

dismutases (Table S3). None of the individual genes analysed met our microarray thresholds of 

fold change and P-value. At the group level, overall changes in gene expression suggest an increase 

in enzymes responsible for glutathione synthesis and reduction (fig. S4). Thus, these data suggest 

that oxidative stress triggered by loss of ANP32A may result in some compensatory increase in 

the glutathione system that seems to be however insufficient to restore the cellular redox balance. 

ANP32A directly promotes ATM expression in articular chondrocytes 

Given the strong link found between ANP32A and ATM, we investigated whether ANP32A 

directly regulates the ATM gene at the transcriptional level. To address this question, we studied 

the binding of ANP32A to the ATM gene promoter in primary healthy human articular 

chondrocytes. Chromatin immunoprecipitation-quantitative PCR (ChIP-qPCR) demonstrated that 
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ANP32A localized at the ATM gene promoter (Fig. 3A). Furthermore, to determine if ANP32A 

actively participates in the regulation of ATM transcription, we evaluated the binding of the RNA 

polymerase II transcription machinery to the ATM promoter after siRNA-mediated knockdown of 

ANP32A in human articular chondrocytes compared to controls. We observed that the recruitment 

of RNA polymerase II to the ATM promoter was reduced in ANP32A knockdown cells (Fig. 3B). 

Thus, these data indicate that ANP32A directly promotes the transcription of the ATM gene in 

articular chondrocytes.  

Oxidative stress induced by H2O2 treatment increased ATM gene expression (Fig. 3C) and protein 

levels (Fig. 3D) in articular chondrocytes. In particular, the enhancement in ATM protein levels 

was observed in the cytoplasmic fraction (Fig. 3E), in agreement with the reported role of 

extranuclear ATM in oxidative stress defense co-localizing with peroxisomes, a major site of 

oxidative metabolism (17-19). Remarkably, oxidative stress induced by H2O2 treatment triggered 

a rapid translocation of ANP32A protein to the nucleus (Fig. 3E) and increased enrichment of 

ANP32A binding to the ATM gene promoter (Fig. 3F). These results suggest that ANP32A may 

prevent osteoarthritis development and progression by increasing ATM levels in the articular 

cartilage as an endogenous protective mechanism against oxidative stress.  

Antioxidant treatment prevents osteoarthritis in Anp32a-deficient mice 

To explore the therapeutic implications of our findings, we evaluated whether pharmacological 

antioxidant treatment may have a protective effect on the development of osteoarthritis in Anp32a-

deficient mice. To this end, we administered the ROS inhibitor N-acetyl-cysteine (NAC) in 

Anp32a-/- mice and controls, via the drinking water. Pharmacological treatment with NAC 

effectively reduced the severity of osteoarthritis in Anp32a-deficient mice in the DMM model (Fig. 

4A,B) and prevented ROS production in the articular cartilage of these mice (Fig. 4C).  
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Atm-deficient mice have high ROS levels in growth plate chondrocytes, which leads to a 

proliferation defect and the stimulation of chondrocyte hypertrophy (20). We observed increased 

immunohistochemical staining of the hypertrophy marker type X collagen (COLX) in the growth 

plates of Anp32a-deficient mice compared to controls, and this effect was normalized by NAC 

treatment (fig. S5A,B). Osteoarthritis is associated with ectopic hypertrophic differentiation of 

chondrocytes in the articular cartilage. Altered matrix composition and factors secreted by these 

hypertrophic-like articular chondrocytes, such as MMP-13, likely contribute to cartilage 

degeneration (21). Therefore, we evaluated if Anp32a-deficient mice showed increased 

hypertrophic differentiation in the articular cartilage in the DMM model, as a consequence of the 

high ROS production. Effectively, we detected increased COLX staining in the articular cartilage 

of Anp32a-deficient mice compared to controls (Fig. 4D,E ). Antioxidant treatment also prevented 

chondrocyte hypertrophy in the articular cartilage of Anp32a-deficient mice (Fig. 4D,E). Thus, 

ANP32A seems to prevent ROS-induced ectopic chondrocyte hypertrophy in the articular 

cartilage. Together, these data further demonstrate that prevention of oxidative stress is the pivotal 

mechanism by which ANP32A protects cartilage against osteoarthritis.  

Anp32a deficiency leads to ataxia-like neurological defects that are attenuated by antioxidant 

treatment 

We then explored whether our insights into the role of ANP32A in cartilage and its discovered 

link with ATM may have clinical implications beyond this tissue, in particular in the context of 

ataxia telangiectasia (A-T). Patients with A-T lack functional ATM protein and exhibit a 

pleiotropic phenotype that includes cerebellar ataxia, immunodeficiency and premature ageing 

(22). Most of the clinical manifestations of A-T seem to result from an inability to limit the 

production of ROS (23). We evaluated the expression levels of Atm in Anp32a-/- mouse brain, 
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which was strongly downregulated compared to wild-type mice (Fig. 5A). At the protein level, 

ATM was strongly downregulated in the cerebellum of Anp32a-/- mice (Fig. 5B). Of note, we also 

observed increased ROS production in the cerebellum of Anp32a-/-mice compared to controls (Fig. 

5C).  

To identify motor impairments in Anp32a-/- mice, we performed CatWalk gait analysis (Fig. 5D-

G), to reveal subtle coordination defects related to cerebellar dysfunction (24, 25). This approach 

suggested the presence of ataxia in Anp32a-/- mice as their stepping pattern was less consistent than 

in control mice. The average distance between each stride (stride length) was significantly shorter 

in Anp32a-/- mice compared with wild-type controls (Fig. 5E,F).  Anp32a-/- mice also showed a 

significantly lower regularity index (Fig. 5E,G). Additional parameters of the CatWalk analysis 

that were significantly altered in Anp32a-/- mice are shown in Table S4. Consistent with the 

observations in Atm-deficient mice (26, 27), Anp32a-/- mice appeared to have a normal cerebellar 

architecture, and did not show histological signs of neuronal degeneration (fig. S6). 

We then studied if antioxidant treatment also protected Anp32a-/- mice from the development of 

ataxia-like features using oral administration of NAC (Fig. 5C-G), a drug earlier demonstrated to 

cross the blood-brain barrier (28, 29) and effective in reducing oxidative stress in the brain at the 

dosage used (30). Effectively, oral NAC supplementation in Anp32a-/- mice from the age of 3 

weeks until mice were 8-weeks old (Fig. 5D) effectively decreased the production of ROS in the 

cerebellum (Fig. 5C) and strongly ameliorated the gait disturbances associated with loss of 

ANP32A (Fig. 5E-G and Table S4). Interestingly, an exploratory experiment, albeit with 

limitations linked to the number of mice included, suggested that pharmacological intervention 

with NAC in Anp32a-deficient mice at an older age, from 8-months to 12-months old, also 
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ameliorated the gait impairments (fig. S7). Thus, ataxia-like features in Anp32a-/- mice can be 

linked to loss of ATM and excessive ROS production. 

Although unlikely, it may be possible that the development of osteoarthritis in the mutant mice is 

not primarily caused by the absence of ANP32A in the cartilage. Impairments resulting from ataxia 

in the mutants may lead to different joint loading that could induce osteoarthritis features. 

However, silencing of ANP32A in non-osteoarthritic human articular chondrocytes resulted in 

decreased expression levels of healthy cartilage markers type II collagen and aggrecan (fig. S2B), 

supporting the existence of a cell-autonomous effect in the development of osteoarthritis. Further 

analysis of the gait experiments suggested that, while intensity of weight support seemed to 

decrease in the mutant mice, in particular in the front paws at an early age, stance duration 

consistently and significantly increased in both front and hind limbs. Consequently, the impulse, 

accounting for loading magnitude and duration, may be increased and therefore overall loading 

could at least be comparable and probably higher in Anp32a-/- mice compared to wild-type mice. 

Of note, stance duration was significantly decreased by NAC treatment. Thus, an additional effect 

of ataxia on the development of osteoarthritis in the mice cannot be entirely excluded.  

Anp32a deficiency leads to osteopenia in mice that is prevented by antioxidant treatment 

Atm-/- mice exhibit an osteopenic bone phenotype, which is mainly due to impaired bone formation 

(31, 32). To further validate the link between ANP32A and ATM, we examined whether Anp32a 

deficiency also affected bone homeostasis. Effectively, screening of 12-week old Anp32a-/- mice, 

using dual energy X-ray absorptiometry (DEXA), demonstrated significantly reduced bone 

mineral density, bone mineral content and lean body mass compared to wild-type littermates (Fig. 

6A). Further ex vivo analysis by peripheral quantitative computed tomography (pQCT) of femora 

from 12-week old Anp32a-/- mice confirmed decreased trabecular bone content, density and area 
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as well as decreased cortical bone content and area (Fig. 6B). These observations were 

corroborated by histology of the tibiae dissected from 16-week old mice (Fig. 6C). These data 

support that the ANP32A-ATM axis also protects bone homeostasis by limiting ROS production. 

Of note, an exploratory analysis by in vivo µCT suggested that NAC intervention may also improve 

bone health in the Anp32a-deficient mice (Fig. 6D). Further end-stage analysis by 

histomorphometry however could not provide clear and consistent confirmation for this 

observation (Fig. 6C,E).  

 
Discussion  

 
In this study, we demonstrate that ANP32A maintains cartilage homeostasis and protects against 

the development of osteoarthritis based on the analysis of in vivo models of post-traumatic and 

age-related joint disease. ANP32A’s protective role can be attributed to promoting the expression 

of ATM in the articular cartilage, to preserve the cellular redox balance (fig. S8) - a molecular 

mechanism suggested by genome-wide microarray analysis on articular cartilage from Anp32a-/- 

mice and further elucidated using primary human articular chondrocytes. The ANP32A-ATM axis 

prevents the excessive accumulation of reactive oxygen species (ROS) that may directly damage 

DNA and proteins by oxidation and alter gene transcription programs. We further provide evidence 

that the regulatory role of ANP32A on Atm expression and on oxidative stress is not limited to 

cartilage but also exists in brain and bone. Effectively, Anp32a deficiency leads to ataxia-like 

cerebellar dysfunction and osteopenia. The identified disease-causing cascade of events seems to 

be responsive to therapeutic intervention as articular cartilage damage and ataxia are effectively 

prevented and ameliorated by oral antioxidant treatment. 
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We discovered a novel and remarkable role for ANP32A as a positive transcriptional regulator of 

the Atm gene. This stimulatory function of ANP32A on gene transcription markedly contrasts with 

its earlier-defined role as transcriptional repressor. Indeed, ANP32A was first identified as a 

transcriptional repressor upon purification and characterization of the inhibitor of histone 

acetyltransferase (INHAT) complex, a multiprotein cellular complex that potently inhibits specific 

histone acetyltransferases (33). Further mechanistic insights revealed that ANP32A blocks histone 

acetylation by binding to histone tails and sterically inhibiting the histone-modifier enzymes (34, 

35). Other reports suggested that ANP32A represses transcription upon its recruitment to gene 

promoters by different transcription factors (36-38). Of note, in the trancriptome analysis of 

articular cartilage from Anp32a-/- mice compared to controls presented here, most of genes that 

significantly changed were downregulated, pointing out the unexpected role of ANP32A as 

positive regulator of transcription in cartilage cells. To our knowledge, only one study reported 

ANP32A to enhance gene transcription, in particular of interferon (IFN)-stimulated genes (39). 

ANP32A has been portrayed as a multifunctional protein that, in addition to the above-highlighted 

role in regulation of gene transcription, also inhibits phosphorylases, modulates caspase activity 

and affects intracellular transport (9). However, the specific effects on joint homeostasis reported 

here, do appear to be largely dependent on ANP32A’s direct positive involvement in the regulation 

of ATM expression, as demonstrated by the chromatin immunoprecipitation analysis and the 

different rescue experiments performed.  

Our results reveal a novel endogenous system to control oxidative stress in cartilage. Indeed, we 

demonstrate that ANP32A stimulates ATM protein production in the articular cartilage as a 

protective mechanism to enhance the antioxidant capacities of the chondrocyte. In addition to its 

known role as a sensor of DNA double-strand breaks and thereby as regulator in the DNA damage 
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response, the ATM kinase is involved in the regulation of the global cellular response against 

oxidative stress (40, 41). It is known that under oxidative stress conditions, ATM forms active 

homodimers (23) and manages stress via various pathways, including modulation of MAPK 

pathways, rerouting of carbon metabolism from glycolysis to the pentose phosphate pathway (PPP) 

thereby increasing the production of NADPH that is essential in the antioxidant defense and 

nucleotide synthesis, and repression of mTOR that leads to decreased mitochondrial activity and 

subsequent ROS production (40). In our study, loss of Anp32a resulted in strong downregulation 

of Atm and increased ROS production. Earlier studies have clearly demonstrated that excessive 

ROS contribute to the onset and progression of osteoarthritis (42). Furthermore, ROS production 

and oxidative stress are elevated in patients with osteoarthritis (43-45), and conversely, antioxidant 

enzymes are reduced in the joint of patients with osteoarthritis, confirming the role of oxidative 

stress in disease pathogenesis (44-48). 

The articular cartilage is not vascularized, and consequently its oxygen supply is limited. 

Nevertheless, oxygen from the synovial fluid does diffuse into articular cartilage, and articular 

chondrocytes possess mitochondria and respire in vitro, producing ROS (49). In normal conditions, 

ROS are produced at low levels in articular chondrocytes and have a homeostatic function, 

regulating gene expression, ECM synthesis and breakdown, cytokine production and chondrocyte 

apoptosis (50). However, excessive ROS levels trigger oxidative damage of cellular proteins and 

also oxidize lipids, carbohydrates and DNA in human articular cartilage (51). Moreover, high 

levels of ROS contribute to cartilage degradation by inhibiting matrix synthesis, cell migration and 

growth factor bioactivity, by directly degrading matrix components, activating matrix 

metalloproteinases (MMPs) and inducing cell death (51). Given the dual role of ROS in cartilage, 

it is translationally relevant to gain insights into how ROS levels are regulated.  
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Several factors may contribute to excessive ROS production in the onset and progression of 

osteoarthritis. Chondrocytes can produce abnormal levels of ROS in response to local oxygen 

variations (52), mechanical stress (53, 54) and pro-inflammatory cytokines such as IL-1β (55). 

Ageing, a key risk factor for the development of osteoarthritis, is associated with elevated 

oxidative damage of DNA, proteins, and lipids, and accumulating evidence indicates that oxidative 

stress is a major physiological inducer of ageing (56). We observed reduced levels of ANP32A in 

aged mouse cartilage and in human cartilage from patients with osteoarthritis, and we showed that 

Anp32-deficient mice develop spontaneous osteoarthritis upon ageing. Thus, ANP32A can be 

considered as a key coordinator of oxidative stress and ageing in the joint.  

Both chondrocyte death as well as the loss of the specific molecular identity of the articular 

chondrocyte contribute to osteoarthritis. Differentiation of articular cartilage cells towards cells 

with molecular characteristics of growth plate hypertrophic chondrocytes results in the synthesis 

of an extracellular matrix that will be calcified and impairs the optimal biomechanical 

characteristics of the bone-cartilage unit in the joint (57). We effectively demonstrated increased 

chondrocyte hypertrophy in the articular cartilage of Anp32a-deficient mice. Loss of Atm 

expression and increased oxidative stress are again demonstrated to be the underlying mechanism. 

Morita et al. reported that ROS stimulate chondrocyte hypertrophy in growth plate cartilage, which 

can be prevented in vitro and in vivo by antioxidant treatment (20). Increased ROS levels in growth 

plate cartilage of Atm-deficient mice and antioxidant rescue of subsequent increased hypertrophy 

were also reported (20).  

Antioxidants such as NAC have been successfully used to prevent chondrocyte death e.g. in 

explants after excessive loading stress (54) or in a rat model of osteoarthritis (58). NAC has also 

been successful in inhibiting hypertrophic differentiation of articular chondrocytes by oxidized-
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low density lipoprotein (LDL) (59). These observations are in line with our NAC rescue 

experiments in the Anp32a-/- mice. Interestingly, repeated overloading of cartilage and severe 

injury to the cartilage have been associated with oxidative stress and mitochondrial dysfunction 

(60, 61). Of note, NAC treatment seems to be effective in providing protection for the cartilage in 

these clinically and translationally relevant settings. 

Our results further demonstrate that the ANP32A-ATM axis is not only present in cartilage but 

also identify ANP32A as critical regulator of Atm expression and oxidative stress in cerebellum 

and bone. Lack of Anp32a resulted in clinical signs of ataxia, and these abnormalities were 

prevented by antioxidant treatment in young mice. We also documented a positive effect of 

antioxidant pharmacological intervention in older mice. Different mouse models of Atm deficiency 

have been developed with the neurological phenotype apparently dependent on genetic 

background and on the mutation strategies used (26, 27). A specific Atm-mutant strain showed 

motor-learning deficits and histological changes in the cerebellum that recapitulate some of the 

abnormalities seen in ataxia-telangiectasia patients at early disease stages (62). Barlow et al. 

demonstrated that loss of Atm in mice resulted in oxidative damage in different tissues, including 

the cerebellum (63), an observation that was confirmed by Kamsler et al. (64). Antioxidant 

treatments were shown to prevent some of these changes in respective genetic mouse models of 

Atm deficiency (65, 66). 

The phenotype of the Anp32a knockout mice reported here may appear to be in contrast with the 

observations published in a prior study, in which phenotypic screening of this mouse strain did not 

show specific abnormalities in the nervous system (67). Indeed, no ataxia was detected in the 

Anp32a-deficient mouse strain (67), although behavioral analysis to assess cerebellar function was 

only done by Rotarod tests, a method that is likely less sensitive to detect abnormalities than the 
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Catwalk System that we used (24). Moreover, the Anp32a-deficient mice used in our study were 

fully backcrossed to the C57Bl/6 background, which might not have been the case for mice 

reported earlier (67).  

Oxidative stress is known to be a risk factor for the development and progression of osteoporosis 

(68). Lack of Anp32a also resulted in bone loss in line with a similar phenotype observed in Atm-

deficient mice and attributed mostly to defective osteoblast differentiation and lack of bone 

anabolism (31, 32). Our results suggest that potentiation of the ANP32A-ATM axis in bone could 

enhance the antioxidant capacities of the cells. This could be translationally relevant in conditions 

such as in perimenopausal women, where hormonal changes are associated with increased 

oxidative stress (69, 70).  

Some limitations apply to our study and its results. First, in the context of a translational study 

requiring large amounts of primary human cells from healthy controls, access to young undamaged 

human cartilage is extremely difficult. Our control samples were obtained from elderly individuals 

suffering an osteoporotic or pathological fracture for whom hip prosthesis surgery was required. 

Thus, despite macroscopically appearing healthy, the tissue and cells have aged and may be 

different from cartilage in young individuals. Nevertheless, gene expression and protein analyses 

clearly differentiated these samples from those of patients, which were from a similar age group 

but requiring prosthesis surgery for osteoarthritis of the hip. Second, animal models of 

osteoarthritis, in particular in rodents, mimic specific aspects of the disease dependent on the 

trigger and are therefore not identical to the human disorder. For further development of 

therapeutic approaches, large animal models in which the cartilage thickness and architecture is 

more closely related to that of humans, will likely be required. Third, in vivo experiments were 

performed with mice with a global deletion of the Anp32a gene. Thus, as noted above, the 
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independence of the phenotypes in the different tissues cannot be assumed, in particular with 

regards to the impact of ataxia on osteoarthritis development. However, in the clinical literature 

there appears no evidence of a relationship between primary ataxia and the development of 

osteoarthritis. To minimize mouse handeling, NAC treatments were given by the drinking water. 

Drinking ad libitum may not allow a fully controlled individual application, but did permit to 

rescue the impact of ANP32A loss. NAC rescue was effectively demonstrated for the osteoarthritis 

and ataxia phenotype, but could not be convincingly shown for the osteoporosis in Anp32a-/- mice. 

This may be related to high variability in the bone parameter measurements at the older age, the 

relative lack of statistical power due to the limited number of mice, or inadequate dosing or 

penetrance into the tissue of NAC to have rescue effects on the bone. 

Although we demonstrate the important role of the ANP32A-ATM axis in protecting joint, brain 

and bone from oxidative stress, our experimental approaches are not likely to address the full 

complexity of the regulation of the redox status in cells and tissues, in particular the enzymatic 

activities in the system. At the gene expression level, our microarray data suggest the presence of 

some compensatory mechanisms, in particular in the regulation of gluthatione, the major cellular 

antioxidant system. Yet, this upregulation and putative post-translational mechanisms that impact 

the activity of the different redox enzymes did clearly not restore the redox balance altered by the 

loss of ANP32A. 

In conclusion, our study identifies the ANP32A-ATM axis as a critical regulator of oxidative stress 

in different tissues and organs, thereby suggesting ANP32A as a therapeutic target for diseases 

associated with oxidative stress. Further research should focus on the factors that regulate 

ANP32A expression and activity in the articular cartilage and other tissues, in order to define 
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additional therapeutic approaches to prevent cartilage damage and osteoarthritis, bone loss and 

osteoporosis, and cerebellar loss of function and ataxia. 
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Materials and Methods 

 

Study design. The objective of this study was to determine the role of ANP32A in the 

pathophysiology of osteoarthritis in humans and mice. Cartilage tissue and cells from patients with 

osteoarthritis and non-arthritic controls and genetically engineered mice were used in ex vivo 

studies, in different models of aging and joint disease, combined with in vitro assays. For all 

experiments, the largest possible sample size was used. In the osteoarthritis models an effect size 

of 2 with alpha error 0.05 and power 0.80 suggested at least 6 mice per group as sufficient for the 

analysis. No statistical method was used to predetermine the sample size for the ageing 

experiments on cartilage, brain and bone. No exclusion of animals was carried out. Mice were 

randomly assigned to the experimental groups where applicable. Pathology analysis was 

performed in a blinded fashion. 

 

Patient materials. Human articular chondrocytes were isolated from the hips of patients 

undergoing total hip replacement surgery. For patient characteristics, see Table S1. The University 

Hospitals Leuven Ethics Committee and Biobank Committee approved the study (S56271) and 

specimens were taken with patients’ written consent. Under Belgian Law and UZ Leuven’s 

biobank policies, the hip joints are considered human biological residual material. Only age and 

sex of the patients are being shared between the surgeons and the investigators involved in this 

study. The material is fully anonymized without links to the medical file. Non-osteoarthritic 

articular chondrocytes used as controls were obtained from patients undergoing hip replacement 

for osteoporotic or malignancy-associated fractures. Upon arrival of the specimen, these non-

osteoarthritis hips were macroscopically evaluated to exclude signs of osteoarthritis. Non-
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osteoarthritis hips were obtained from the division of traumatology, osteoarthritic samples were 

obtained from the division of orthopedics. For samples used in RNA sequencing, ethical approval 

was obtained from the medical ethics committee of the LUMC (P08.239) and informed consent 

was obtained from all participants (71, 72). Herein, participant details can be found.  

 

Mice. Anp32a-/- mice were a kind gift from Dr. P. Opal (Northwestern University Medical School, 

Chicago, USA) (67) and were backcrossed onto the C57Bl/6 background. In the experiments 

reported here, mice were at least in the 11th generation of backcrossing. Wild-type Anp32a+/+ 

littermates or wild-type C57Bl/6, purchased from Janvier (Le Genest St Isle, France), were used 

as controls. All studies were performed with the approval from the Ethics Committee for Animal 

Research (KU Leuven, Belgium). 

 

Mouse genotyping. Genotypes of animals were confirmed by polymerase chain reaction (PCR). 

Genotyping primers were designed to distinguish Anp32a+/+, Anp32a+/- and Anp32a-/- alleles:  fw1 

ACAGCAAAGCCTACTGGATA and rev1 ATGTTGGATAAGCACACCTC pair: 401bp 

(Anp32a+ allele); fw1 ACAGCAAAGCCTACTGGATA and rev2 

AGGAACCACAGGATGCTTCA pair: 601bp (Anp32a- allele). PCR reactions were performed as 

described (67). 

 

Mouse osteoarthritis models. In the DMM model, mild instability of the knee was induced by 

transection of the medial menisco-tibial ligament of the right knee of male 8-week old mice (73). 

Knees were analyzed 12 weeks after surgery. In this model the contra-lateral knee was used as a 

control and sham surgery was performed in control groups. For the spontaneous development of 
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osteoarthritis, Anp32a-/- female mice and WT littermates were sacrificed at the age of 12 months. 

Arthritis induced by collagenase, is obtained by intra-articular injection of collagenase type VII (2 

µg/µl; C0773; Sigma-Aldrich) in the right knee of male 8-week old mice. Knees were analyzed 21 

days after the injection of collagenase. Arthritis induced by papain injection, is obtained by intra-

articular injection of papain (1% solution in 10 µl; P4762; Sigma-Aldrich) + 0,03M L-cysteine in 

the right knee of male 8-week old mice. Knees were analyzed 7 days after papain injection. 

 

In vivo pharmacological NAC treatment. N-acetyl-cysteine (NAC) (Zambon S.A./N.V.) was 

added to the drinking water at a concentration of 1mg/ml and mice were allowed to drink ad 

libitum. The solution was refreshed 3 times per week and protected from light. In the rescue 

experiment of the cartilage damage, male mice received NAC for 11 weeks, starting from the 

second week after the DMM surgery. In the rescue experiment of the ataxia phenotype at early 

age, male mice received NAC from weaning age (3 weeks) till the age of 16 weeks. In the rescue 

experiment of the ataxia phenotype at later age, male mice received NAC from 8 months of age 

till the age of 1 year. In the rescue experiment of the osteopenia phenotype analysed by histology 

and histomorphometry, male mice received NAC from weaning age (3 weeks) till the age of 16 

weeks. In the rescue experiment of the osteopenia phenotype analysed by Micro-Computed 

Tomography (µCT), female mice received NAC from 3 months of age till the age of 6 months.  

 

Histology of the mouse joint. Mice were sacrificed, and tibia and knees were fixed in 2% 

formaldehyde overnight at 4°C; decalcified for 3 weeks in 0,5M EDTA pH 7,5; and embedded in 

paraffin or OCT. Haematoxylin-Eosin, Haematoxylin-SafraninO staining and 

immunohistochemistry was performed on 5µm thick sections. Dihydroethidium staining was 
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performed on 5µm thick cryosections. Pictures were taken using a Visitron Systems microscope 

(Leica Microsystems GmbH) using Spot32 software. Severity of disease was determined by 

histological scores on Haematoxylin-SafraninO stained sections throughout the knee (5 sections 

at 100µm distance). Both cartilage damage and synovial hyperplasia were assessed based on 

OARSI guidelines (73, 74). For cartilage damage in the collagenase- and DMM-induced 

osteoarthritis models and in the spontaneous osteoarthritis model, only depth of lesion (0-6) was 

scored on frontal knee sections (73). Lesion grades represent the following features; 0: surface and 

cartilage morphology intact, 1: small fibrillations without loss of cartilage, 2: vertical clefts below 

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%. For cartilage 

damage in the papain model, both depth of lesions (score 0-6) and extent of lesions (score 0-4) on 

frontal knee sections were evaluated in a combined score (depth x extent) (74). Lesion grades 

represent the following features; 0: surface and cartilage morphology intact, 1: superficial zone 

fibrillation, 2: surface discontinuity, 3: vertical fissures, 4: cartilage erosions, 5: denudation of 

cartilage and exposure of subchondral bone and 6: remodeling including microfractures and osseus 

repair above the previous surface. Extent scores represent; 0: no lesions, 1: less than 10%, 2: 10 to 

25%, 3: 25-50% and 4: over 50%. Medial and lateral tibial and femoral cartilage was scored and 

the score represents the mean of the four quadrants. Scoring was done blinded to the genotype.  

 

Histology of the mouse cerebellum. Mice were sacrificed, and brains were fixed in 4% 

formaldehyde overnight at 4°C and embedded in paraffin. Immunohistochemistry was performed 

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

Microsystems GmbH) using Spot32 software.   
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Immunohistochemistry. Immunohistochemistry was performed on paraffin embedded EDTA 

decalcified mouse knee sections, on paraffin embedded sections of human cartilage explants from 

osteoarthritic patients and control trauma patients, and on non-decalcified brain sections. First, 

sections were treated with 3% H2O2/water for 10 minutes to inactivate endogenous peroxidase 

activity. Then, the sections were blocked in normal goat or donkey serum for 30 minutes and 

incubated overnight at 4°C with the primary antibodies against ATM (Ab82512, Abcam, 

Cambridge, UK; 5µg/ml); ANP32A (Ab189110, Abcam, Cambridge, UK; 10µg/ml), 8-

Hydroxydeoxyguanosine (8-OHdG) (Ab10802, Abcam, Cambridge, UK; 1:100), Calbindin 

(Ab11426, Abcam, Cambridge, UK; 1µg/ml), COLX (Ab58632, Abcam, Cambridge, UK; 1:250). 

After  incubation with the primary antibody, 1:100 peroxidase goat anti-rabbit IgG or donkey anti-

goat IgG (Jackson Immunoresearch, Suffolk, UK) was applied for 30 minutes and peroxidase 

activity was determined using DAB (Dako, Carpinteria, CA, USA). Rabbit or goat IgG (Santa 

Cruz Biotechnologies, Santa Cruz, CA, USA) was used as negative controls. For the detection of 

ANP32A, heat induced epitope retrieval was performed using a Citrate-EDTA buffer (pH 6.0) for 

10 min at 98°C. For the detection of COLX, antigen retrieval was performed enzymatically with 

10 mg/ml Hyaluronidase (Sigma Aldrich, H3884) in MgCl2- free PBS, for 40 min at 37°C. In this 

case, endogenous peroxidase activity was blocked after the incubation with the primary antibody. 

For the detection of Calbindin, antigen retrieval was performed via heat induced epitope retrieval 

using an EDTA buffer (pH 8.0) for 10 min at 98°C. An amplification step using the Vectastain 

ABC kit (Vector Laboratories, Burlingame, CA, USA) was used for the detection of ANP32A and 

COLX. Quantification of the DAB immunohistochemical staining was performed with color 

deconvolution plugin (Jacqui Ross, Auckland University) in ImageJ Software (NIH Image, 
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National Institutes of Health, Bethesda, MD, USA). Quantification was performed using two 

technical replicates for 3 different mice per condition, obtained in 3 different staining experiments.  

 

Dihydroethidium staining. Dihydroethidium (DHE) (Invitrogen, D-23107) was used to detect 

ROS production in chondrocytes from male Anp32a-/- and wild-type C57Bl/6 mice. First the 

cryosections were incubated for 7 minutes at 37°C in the dark, and then rinsed twice in phosphate 

buffered saline (PBS). These cryosections were incubated with 30µM DHE for 30 minutes at room 

temperature. After rinsing the sections in PBS, a coverslip was mounted in Mowiol (Calbiochem) 

supplemented with 4’, 6-Diamidino-2-phenylindole dihydrochloride (Dapi; Sigma Aldrich) 

diluted 1:1000.   

 

Catwalk gait analysis. Male Anp32a-/- and C57Bl/6 controls were evaluated for gait abnormalities 

using the Catwalk Gait Analysis system (Noldus, Catwalk 7.1) available at the KU Leuven Small 

animal imaging core facility (MOSAIC), at the age of 8 and 16 weeks, and at 10 and 12 months. 

In this system, the mouse traverses a glass plate voluntarily (towards a goal box), and its footprints 

are captured by a camera system and analysed using the Noldus Catwalk 7.1 software (24). 

 

Microarray hybridization and data acquisition. The articular cartilage and subchondral bone 

from the tibial plateau of the mouse knee joint was carefully dissected in one piece and was 

homogenized in TRIZOL (Invitrogen), using the Fastprep-24 tissue-homogenizer (MP 

Biomedicals, Solon, OH, USA). RNA was isolated using a manual phenol/chloroform extraction 

protocol. RNA concentration and purity were assessed with a NanoDrop Spectrophotometer (Nano 

Drop Technologies, Centreville, DE, USA) and integrity (RIN) was determined using RNA 
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nanochips and the Agilent 2100 Bio-analyzer (Agilent Technologies, Diegem, Belgium). Only 

samples with acceptable quality and integrity (RIN above 7) were selected for the experiment. 

Microarrays were performes with Affymetrix Mouse 430 2.0 chips, using 4 C57Bl/6 wild-type and 

4 Anp32a-/- (8 week-old) male mouse RNA samples. A comparable analysis was previously 

performed for Frzb-/- mice (75). Microarray data have been deposited in the Gene Expression 

Omnibus (GEO) public database (http://www.ncbi.nlm.nih.gov/geo/) and are accessible through 

GEP number (data submitted). The differentially expressed genes were explored with the limma 

package. PANTHER database version 11.1 (http://pantherdb.org) (76) was used for pathway 

analysis and graphical representation of functional categories. 

 

Quantitative PCR. Total RNA was isolated using a manual phenol/chloroform extraction 

protocol or with the NucleoSpin RNA extraction kit (Macherey-Nagel, Filterservices) according 

to the manufacturer’s instructions. cDNA was synthetized using 1 µg total RNA with the 

RevertAid H Minus First Strand cDNA Synthesis Kit (Fermentas) according to the manufacturer’s 

recommendations. The relative expression level of transcripts was determined by real-time RT-

PCR using cDNA as a template with Maxima SYBR Green qPCR Master Mix (Fermentas), 

following manufacturer’s instructions and gene-specific primers on a Corbett Rotor-gene qPCR 

machine (Qiagen). Relative quantification was obtained with the ΔΔct method using Hprt as 

internal control, unless otherwise specified. Primers used in quantitative PCR are listed in Table 

S5.  

 

Dual energy X-ray absorptiometry (DEXA). Total body (subcapital) bone density, lean and fat 

body mass from 12-weeks old female Anp32a-/- mice and wild-type littermates were determined 
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in vivo by Dual energy X-ray absorptiometry using a Piximus densitometer (Luna, Madison, WI, 

USA). 

 

Peripheral quantitative computed tomography (pQCT). Trabecular and cortical bone mineral 

content, density and area of the femur from 12-weeks old female Anp32a-/- mice and wild-type 

littermates were assessed ex vivo by peripheral quantitative computed tomography using an XCT 

Research M+ system (Norland Medical Systems, Trumbull, CT, USA). Slices of 0,2 mm in 

thickness were scanned using a voxel size of 0,07 mm. Three scans were taken 2,4 - 2,6 mm from 

the distal end of the femur to determine trabecular bone parameters. An additional scan was taken 

4 mm from the distal end of the femur to determine cortical bone parameters. 

 

µCT. Mice were sedated with 2% isoflurane/2l O2 flow inhalation anesthesia by a nose cone and 

scanned with a desktop in vivo small animal Micro-Computed Tomography (µCT) (Skyscan 1076, 

software version 3.2, Kontich, Belgium). The right hind-limb from female Anp32a-/- mice was 

scanned consecutively at 3 months and 6 months of age. Images were acquired ‘in-air’ with the 

following parameters: 50 kV X-ray source voltage, 100 µA current, a composite X-ray filter of 

1mm Aluminium, 3300 msec camera exposure time per projection, acquiring projections with 1° 

increments over a total angle of 199°, producing images with a pixel size of 9µm. Total scanning 

time was approximately 12 min. Tomograms were constructed using NRecon software (version 

1.6.2.0, Skyscan). Reconstruction parameters were smoothing ‘0’, beam-hardening correction 

‘30%’, ring artifact correction ‘8’, maximum density range ‘0,118’; and misalignment 

compensation was automatically adapted for each individual scan. Trabecular and cortical volumes 

of interest of the tibia were hand-drawn and histomorphometric parameters were analysed using 
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CTAn software (version 1.10.0.0, Skyscan). The proximal growth plate of the tibia was used as a 

reference point. For the trabecular bone, the offset and height were respectively 10 and 150 slices; 

for the cortical bone, the offset and height were respectively 500 and 100 slices. For the analysis 

of the trabecular bone, adaptive mean C tresholding was used with parameters: radius ‘8’, constant 

‘0’, low ‘45’ and high ‘255’; and white speckles less than 30 pixels were removed. For the analysis 

of the cortex, initially, global tresholding was used with parameters: low ‘70’ and high ‘255’; black 

speckles less than 1000 pixels were removed in 2D space; the ROI shrink wrap was stretched in 

2D space over holes with 20 pixels diameter; finally, global tresholding was used with parameters: 

low ‘0’ and high ‘255’. 

 

Histomorphometry of the bone. Bone histomorphometry was performed on Haematoxylin-

SafraninO-stained sections using an Olympus IX83 microscope and digital image analysis using 

Osteomeasure software. To measure trabecular bone parameters of male Anp32a-/- compared to 

C57Bl/6 WT mice at 16 month-old, the lowest point of the growth plate was used as a reference, 

then an offset of 250µm was taken into account. Next, a box of 1mm2 aligning the medial cortical 

bone was created. All trabecular bone was drawn manually and calculated by the software. To 

measure cortical bone thickness, the lowest point of the growth plate was used as a reference. An 

offset of 750µm was taken into account. Next, a box with a width of 500µm and a height of 750µm 

overlapping the medial cortical bone was created. The cortical bone was aligned manually and the 

thickness was calculated by the software. 

 

RNA sequencing of osteoarthritis human articular cartilage. Macroscopically preserved as 

well as macroscopically lesioned cartilage was sampled from patients who underwent a total joint 
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replacement due to primary osteoarthritis of either the knee (N=15) or the hip (N=6) as part of the 

RAAK study (71). At the moment of collection (within 2 hours following surgery) tissue was 

washed extensively with PBS to decrease the risk of contamination by blood. Care was taken to 

avoid contamination with bone or synovium. Collected cartilage was snap frozen in liquid nitrogen 

and stored at −80°C prior to RNA extraction. Cartilage samples were pulverized using a Retsch 

MM200 under cryogenic conditions. On average, 150 mg of pulverized cartilage was dissolved in 

1 ml of Trizol reagent, and mixed vigorously. After addition of 200 µl of chloroform the sample 

was mixed and centrifuged for 15 minutes (16,000 g). The clear aqueous layer was transferred to 

a new vial and 1 volume of 70% ethanol/DEPC-treated water was added to precipitate RNA. RNA 

was collected using Qiagen mini columns according to the manufacturer’s protocol and quality 

was assessed using a Bioanalyzer lab-on-a-chip. RNA integrity numbers above 8 were considered 

suitable for RNA sequencing (72).  

 

RNA-sequencing data. Post RNA isolation, paired-end 100 bp RNA library sequencing (Illumina 

TruSeq RNA Library Prep Kit, Illumina HiSeq 2000) resulted in an average of 10 million clusters. 

Reads were aligned using GSNAP against the hg19 reference genome. Using the edgeR package, 

fragments per gene were used to assess the dispersion by quantile-adjusted conditional maximum 

likelihood (qCML). Subsequently, differential gene expression analysis was performed pairwise 

between preserved and lesioned samples for which we had RNA of both (N=21) followed by FDR 

correction. 

 

Cell Culture and transfection. Healthy articular chondrocytes were obtained from patients 

undergoing hip replacement for osteoporotic or malignancy-associated fractures.  In specimens 
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from osteoarthritic patients, obtained during prosthesis surgery, cartilage tissue was first classified 

macroscopically as either intact or damaged as described previously (77) taking into account color, 

surface integrity and tactile impression tested with a scalpel. Cartilage was dissected from the joint 

explant surfaces and then rinsed with PBS. The tissue was cut into small pieces, using a sterile 

surgical blade. Cartilage explants were incubated with 2 mg/ml pronase solution (Roche) for 90 

minutes at 37°C and digested overnight at 37°C in 1.5 mg/ml collagenase B solution (Roche) under 

continuous agitation. 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. Culture medium 

consisted of DMEM/F12 (Gibco), 10% fetal bovine serum (FBS) (Gibco), 1% (vol/vol) 

antibiotic/antimycotic (Gibco) and 1% L-glutamine (Gibco).  

For the in vitro studies, cells were treated with 100 µM H2O2 (Chem Lab) or 0.5-1 µg/ml mouse 

recombinant ATM protein (14-933; Millipore). For small interfering RNA (siRNA) transfection, 

lipofectamin RNAiMAX (Invitrogen) was used as transfection reagent, together with ANP32a 

Stealth siRNA (Invitrogen) or negative control siRNA (Invitrogen), following the protocols 

provided by the manufacturer.  

 

ChIP Analysis. Chromatin immunoprecipitation assays were carried out using the Agarose ChIP 

kit from Thermo Scientific, according to the manufacturer’s guidelines. Briefly, cell samples were 

crosslinked by 1% Formaldehyde for 10 min, and the reaction was stopped by the addition of 

glycine to a 125 mM final concentration. The fixed cells were lysed in SDS buffer, and the 

chromatin was fragmented by microccocal nuclease digestion. The sheared chromatin was 

incubated with antibodies against ANP32A (Santa Cruz, sc-100767) and RNA polymerase II 
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(Thermo Scientific, MA1-46093), and recovered by binding to protein A/G agarose. Eluted DNA 

fragments were used directly for qPCR. Primers used in quantitative PCR are listed in Table S3.  

 

Subcellular fractionation and Western blotting. Cytoplasmic and nuclear extracts were 

prepared according to the instructions of the NE-PER® nuclear and cytoplasmic extraction kit 

(Pierce). The protein concentration of the cytoplasmic and nuclear extracts was determined by 

Pierce™ BCA Protein Assay Kit (Thermo Scientific). Immunoblotting analyses were performed 

as described in previous studies3. Antibodies against Actin (Sigma, A2066; dilution 1:4000), total 

H3 (Abcam, ab1791; dilution 1:10000), ANP32A (Abcam, ab189110; dilution 1:1000) and ATM 

(Cell signaling, 2873S; dilution 1:1000) were used following manufacturer’s instructions. The 

blotting signals were detected using the SuperSignalWest Femto Maximum Sensitivity Substrate 

system (Thermo Scientific).  

 

DCFDA cellular ROS detection assay. The levels of intracellular ROS were detected by using a 

DCFDA Cellular ROS Detection Assay Kit (ab113851; Abcam, Cambridge, MA, USA) according 

to the manufacturer’s instructions. In brief, after completion of the treatments, cell culture medium 

was removed and cells were washed with 4°C PBS, and they were then stained with DCFDA 

solution (final concentration: 30 µM) for 45 minutes at 37°C in the dark. Subsequently, 

fluorescence intensity was determined with a microplate reader (BioTek Synergy) (at excitation 

and emission wavelengths of 485 nm and 535 nm, respectively). 

 

Statistical analysis 
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Data are presented as mean and s.e.m. or as individual data points, representing the mean of 

technical replicates as indicated in the figure legends. Statistical analyses were performed where 

appropriate with R Studio (Version 1.0.15) and GraphPad Prism software. A detailed overview of 

the statistical analyses and assumptions is provided in Supplementary file 1. Data distribution was 

evaluated based on parameter characteristics, QQ plots and Shapiro-Wilk normality tests. 

Variances were compared using the Levene test. T-tests or ANOVA-tests were applied taking into 

account equal or different variances (applying Welch corrections). When different groups were 

compared by ANOVA tests, pair-wise t-tests were subsequently performed applying a Bonferroni 

correction for multiple comparisons to control for Type I errors in rejecting the null hypothesis. 

File S1 reports estimates of differences of means between groups (95% confidence intervals). 
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Supplementary Materials 

 

Supplementary figures 

Fig. S1. Loss of ANP32A increases the severity of osteoarthritis in the collagenase- and papain-

induced mouse models. 

Fig. S2. Expression of molecular markers associated with the healthy chondrocyte in the presence 

or absence of ANP32A.  

Fig. S3. Transcriptome network analysis of articular cartilage of Anp32a-deficient mice. 

Fig. S4. Compensatory regulation of anti-oxidant systems in the articular cartilage of Anp32a-

deficient mice. 

Fig. S5. Immunohistochemistry of type X collagen levels in the growth plates of Anp32a-/- 

compared to WT mice. 

Fig. S6. Calbindin immunostaining of cerebellar Purkinje Cells of 16-week old WT and Anp32a-

deficient mice. 

Fig. S7. Late stage antioxidant intervention in Anp32a-deficient mice ameliorates ataxia-related 

defects. 

Fig. S8. Model for the role of ANP32A on oxidative stress. 

 

Supplementary tables 

Table S1. Patient characteristics. 
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Table S2. Top ranked genes of transcriptome network of articular cartilage of Anp32a-deficient 

mice. 

Table S3. Gene expression of main antioxidant in transcriptome network of articular cartilage of 

Anp32a-deficient mice. 

Table S4. Gait parameters of early stage antioxidant intervention in Anp32a-deficient mice.  

Table S5. Primers used in qPCR analysis. 
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Figures:  
 

Figure 1 

 
Fig. 1. Loss of ANP32A increases the severity of and the susceptibility to osteoarthritis. (A,B) 

Expression of ANP32A measured by quantitative PCR (A) and by Western blot (B) in articular 

chondrocytes from patients with hip osteoarthritis (OA) (n=4) as compared to chondrocytes from 
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hip fracture patients without OA (non-OA) (n=4).  *P < 0.01, t-test, data are from one experiment 

with three technical replicates per patient sample. (C) Immunohistochemistry showing strong 

immunoreactivity for ANP32A in control non-OA cartilage and lower levels in cartilage from 

patients with OA. Images are representative of images from 4 different patients. Scale bar, 400 

µm. (D) Expression of ANP32A determined by RNA sequencing in paired preserved and damaged 

cartilage isolated from hips (o) and knees (Δ) from patients with osteoarthritis. The values for the 

preserved cartilage were set at 0 for each cartilage pair and data presented as log2-fold change 

(LOG2FC). (P = 0<0.001 / False discovery rate (FDR) = 0,001 / mean relative fold change (FC) 

= 0.44). (E,F) Immunohistochemistry showing reduced ANP32A levels in wild-type (WT) mice 

12 weeks after induction of osteoarthritis by destabilization of the medial meniscus (DMM) (WT 

Surgery) compared to sham-operated mice (WT Sham) (E); and in 8-week old mice as compared 

to 12-month old mice (F). Images are representative of images from 5 (E) and 3 (F) different mice. 

Scale bar, 200 µm. (G) Hematoxylin-SafraninO staining of WT Sham mice, WT and Anp32a-/- 

mice 12 weeks after DMM. Scale bar, 200 µm. (H) Quantification of articular cartilage damage in 

the knees of Anp32a-/- mice and WT mice knee joints after DMM by OARSI severity grade score 

(*P < 0.001, one-way ANOVA and Bonferroni corrected post test; n = 8 and 10). (I,J) 

Hematoxylin-SafraninO staining and quantification of articular cartilage damage of 12-month old 

Anp32a-/- mice and WT mice knee joints by OARSI severity grade score (*P < 0.01, t-test; n =  

10). Scale bar, 200 µm. Images are representative of images from 8 to 10 different mice. Error bars 

indicate mean ± s.e.m. 
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Figure 2 
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Fig. 2. ANP32A deficiency reduces ATM expression and triggers oxidative stress in cartilage. 

(A) Volcano plot of the microarray data obtained from tibial articular cartilage of Anp32a-deficient 

male mice and WT mice (n=4 per group). The volcano plot shows the differentially expressed 

genes by log2 ratio (Anp32a-/-/WT mice) as x-axis vs. -log10 (P-values) as y-axis. (B) PANTHER 

pathway analysis of microarray data. (C,D) Quantitative PCR data (C) and Western blot analysis 

(D) confirming the downregulation of ATM expression in articular chondrocytes from male 

Anp32a-deficient mice. (E) Immunohistochemistry showing reduced ATM levels in the articular 

cartilage of knees from 8-week old male Anp32a-deficient mice compared to WT mice. (F,G) ROS 

levels assessed by immunohistochemical detection of 8-hydroxydeoxyguanosine (8-OHdG) (F) 

and Dihydroethidium (DHE) staining (G), in 8-week old male knees from WT and Anp32a-

deficient mice. (H,I) Expression of ATM measured by quantitative PCR (H) and by Western blot 

analysis (I) in articular chondrocytes from hips of osteoarthritic patients (OA) (n=4) as compared 

to chondrocytes from non-OA patients (n=4).*P < 0.001, t-test, data are from one experiment with 

three technical replicates per patient sample. (J) Expression of ATM determined by RNA 

sequencing in paired preserved and damaged cartilage isolated from hips (o) and knees (Δ) from 

patients with osteoarthritis. The values for the preserved cartilage was set at 0 for each cartilage 

pair. P-value < 0,01 / False discovery rate (FDR) = 0,008 / mean relative fold change (FC) = 0,48. 

(K) Correlation between ANP32A and ATM expression levels. Pearson’s correlation = 0.536 / P < 

0.001. (L,M) ANP32A and ATM expression measured by quantitative PCR in human articular 

chondrocytes transfected with siRNA against ANP32A (siANP) or scrambled siRNA (siSCR). 

Data are from two biologically different experiments each with three technical replicates. (N) ROS 

levels assessed by 2’,7’-dichlorofluorescin diacetate (DCFDA) in human articular chondrocytes 

treated with H2O2 and recombinant ATM protein (rATM) (0.5 (low dose – LD) or 1 (high dose – 

HD) µg/ml), and transfected with siANP or siSCR. Data are from two biologically different 

experiments each with three technical replicates. (E-G) The images are representative of images 

from 3 different mice. Error bars indicate mean ± s.e.m. Scale bar, 200 µm (F,G) and 50 µm (E).  
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Figure 3  

 
 

Fig. 3. ANP32A directly induces ATM expression to prevent oxidative stress in cartilage. (A) 

Chromatin-immunoprecipitation quantitative PCR (ChIP-qPCR) analysis of ANP32A binding to 

different regions of the ATM gene promoter in non-osteoarthritic human articular chondrocytes. 

(B) ChIP-qPCR analysis of RNA polymerase II binding to the ATM promoter in human articular 

chondrocytes transfected with siANP or scrambled siRNA. (C,D) Expression of ATM measured 

by quantitative PCR (C) and by Western blot analysis (D) in articular chondrocytes treated over 
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time with H2O2 (C) or for 72h (D). (E) Immunoblot analysis showing that H2O2 treatment increases 

cytosolic ATM protein levels and triggers rapid translocation of ANP32A to the nucleus in human 

articular chondrocytes. Cells were lysed and fractionated at the indicated times after adding H2O2. 

The image is representative of images from 3 independent experiments. (F) ChIP-qPCR analysis 

of ANP32A binding to the ATM promoter showing an increased enrichment upon H2O2 treatment, 

in human articular chondrocytes. (A,B,F) Data from 2 biologically independent experiments. (C) 

Data are from two experiments with three technical replicates. Error bars indicate mean ± s.e.m. 
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Figure 4 
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Fig. 4. Antioxidant treatment prevents osteoarthritis in Anp32a-deficient mice. (A) 

Hematoxylin-SafraninO staining of WT Sham-operated mice, and WT and Anp32a-/- mice 12 

weeks after induction of osteoarthritis by the DMM model, treated with vehicle or N-acetyl-

cysteine (NAC). Scale bar, 200 µm. (B) Quantification of cartilage damage in the knee joints from 

Anp32a-/- mice and WT mice after DMM and NAC treatment, by OARSI severity grade score  (*P 

< 0.05, one-way ANOVA and Bonferroni corrected post test; n = 2 (WT-Sham NAC), 5 (WT-

Surgery), 5 (WT-Surgery NAC), 2 (Anp32a-/--Surgery), 5 (Anp32a-/--Surgery NAC). (C) ROS 

levels assessed by immunohistochemical detection of 8-OHdG in adult knees from WT and 

Anp32a-/- mice after induction of DMM osteoarthritis and treated or not with NAC. Scale bar, 200 

µm. (D) Immunohistochemistry showing increased type X collagen levels in the articular cartilage 

of Anp32a-/- compared to WT mice, that is countered by NAC treatment. (E) Quantification of 

type X collagen staining in the articular cartilage from Anp32a-/- mice compared to WT mice, with 

or without NAC treatment, by digital image analysis (*P < 0.05, one-way ANOVA and Bonferroni 

corrected post test; n = 3). The images are representative of images from 3 to 5 different mice. 

Scale bar, 200 µm (A,C) and 50 µm (D). Error bars indicate mean ± s.e.m. 
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Figure 5 
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Fig. 5. Anp32a deficiency leads to neurological defects related to ataxia that are prevented 

by antioxidant treatment. (A) ATM expression measured by quantitative PCR, in adult brain 

from 8-week old WT and Anp32a-deficient mice (n=9). (B) Immunohistochemistry showing 

reduced ATM levels in 8-week old cerebellum from Anp32a-deficient mice compared to WT mice. 

Scale bar, 500 µm. (C) ROS levels assessed by immunohistochemical detection of 8-OHdG in 8-

week old cerebellum from WT and Anp32a-deficient mice. Scale bar, 500 µm. (D) Time course 

of oral treatment with NAC and Catwalk tests in WT and Anp32a-deficient mice. (E) Gait analysis 

of 8-week old WT and Anp32a-deficient mice treated with NAC, assessed by the CatWalk 

automated gait analysis system. Footprint colors were assigned manually (green, right; red, left; 

light print, forelimbs; dark print, hindlimbs) and parameters calculated by the software. (F) The 

average stride length was shorter for Anp32a-deficient mice than for WT mice in both front-paw 

(FP) and hind-paw (HP), a defect that was rescued by NAC treatment. (G) 8-week old WT mice 

had more consistent walking patterns, as revealed by a higher regularity index compared to 8-week 

old Anp32a-deficient mice. This defect was rescued by NAC treatment. (*P<0.001 for F, *P < 0.01 

for G, one-way ANOVA and Bonferroni corrected post test; n = 5 (WT no NAC), 7 (KO no NAC), 

5 (WT NAC), 5 (KO NAC). The images are representative of images from 3 (B,C) or 5 to 7 (E) 

different mice. Error bars indicate mean ± s.e.m. 
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Figure 6 
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Fig. 6. Anp32a deficiency leads to osteopenia that is responsive to antioxidant treatment. (A) 

Subcapital dual energy X-ray absorptiometry (DEXA) analysis of bone mineral density (BMD), 

bone mineral content (BMC) and lean body mass in 12-week old female Anp32a-/- mice compared 

to WT littermates (*P < 0.05, t-test; n = 11 (WT) and 9 (KO)). (B) Peripheral quantitative 

computed tomography analysis (pQCT) of trabecular and cortical bone parameters in femora from 

12-week old female Anp32a-/- mice and WT littermates (* P < 0.05, t-test; n = 10 (WT) and 9 

(KO)). (C) Hematoxylin-SafraninO staining of dissected tibia from 16-week old male Anp32a-/- 

mice compared to C57Bl/6 WT controls with or without NAC treatment for 13 weeks (*P < 0.05, 

t-test; n = 5). Scale bar 250 µm. (D) In vivo micro-computed tomography (µCT) of tibiae from 

female Anp32a-/- mice treated or not with NAC for 12 weeks from the age of 3 months until the 

age of 6 months (BV/TV bone volume/tissue volume) (n=2). (E) Histomorphometry analysis of 

tibiae from male Anp32a-/- mice treated or not with NAC for 13 weeks from the age of 3 weeks 

until the age of 16 weeks (*P < 0.05, t-test; n =5). 
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Supplementary Materials: 
 
 
SUPPLEMENTARY FIGURES 

Supplementary Figure 1 

 

Fig. S1. Loss of ANP32A increases the severity of osteoarthritis in the collagenase- and 

papain-induced mouse models. (A) Hematoxylin-SafraninO staining of WT and Anp32a-/- mice 

injected with collagenase. (B) Comparison of knee joints from WT and Anp32a-/- mice injected 

with collagenase, by OARSI severity grade score (*P < 0.001, one-way ANOVA and Bonferroni 

corrected post test; n = 15).  (C) Hematoxylin-SafraninO staining of WT and Anp32a-/- mice 

injected with papain. (D) Comparison of knee joints from WT and Anp32a-/- mice injected with 

papain, by OARSI severity grade score (*P < 0.05, one-way ANOVA and Bonferroni corrected 

post test; n = 15). The images are representative of images from 15 different mice. Scale bars, 200 

µm. Error bars indicate mean ± s.e.m. 
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Supplementary Figure 2 

 

Fig. S2. Expression of molecular markers associated with the healthy chondrocyte in the 

presence or absence of ANP32A. . Expression levels of healthy articular chondrocyte markers 

collagen 2 (COL2A1) or aggrecan (ACAN) measured by quantitative PCR in (A) tibial articular 

cartilage of 8-week old male Anp32a-deficient mice and WT mice (n = 6 to 7 per group) and in 

(B) human healthy articular chondrocytes with siRNA mediated silencing of ANP32A. Data are 

from one experiment with three technical replicates per mouse (A) and from two biologically 

different experiments each with three technical replicates (B). 
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Supplementary Figure 3 

 

Fig. S3. Transcriptome network analysis of articular cartilage of Anp32a-deficient mice. 

Transcriptome analysis of reactome pathways, top biological processes, molecular functions, 

cellular components and protein classes altered in the articular cartilage of 8-week old male 

Anp32a-deficient mice compared to wild-type mice, using the “GO-slim” and Protein class 

ontology of the PANTHER Database. Pathways and processes of particular interest for 

osteoarthritis are highlighted. 
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Supplementary Figure 4 

 
Fig. S4. Compensatory regulation of anti-oxidant systems in the articular cartilage of 

Anp32a-deficient mice. Transcriptome data from the articular cartilage of 8-week old male 

Anp32a-deficient mice (KO) and wild-type (WT) mice were queried for changes in expression of 

genes associated with the main antioxidant systems of the cell (for individual genes see 

Supplementary Table 3). Genes involved in synthesis, oxidation and reduction of glutathione were 

upregulated in Anp32a-deficient mice compared to WT animals (*P < 0.01, one-group t-test 

against hypothetical mean 0 for Log-ratio KO vs WT).  
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Supplementary Figure 5 

 

Fig. S5. Immunohistochemical detection of type X collagen levels in the growth plates of 

Anp32a-/- compared to WT mice. (A) Immunohistochemistry showing increased type X collagen 

levels in the growth plates of Anp32a-/- compared to WT mice, that is countered by NAC treatment. 

(B) Quantification of type X collagen staining in the growth plate from Anp32a-/- mice compared 

to WT mice, with or without NAC treatment, by digital image analysis (*P < 0.01, one-way 

ANOVA and Bonferroni corrected post test; n = 3). The images are representative of images from 

3 different male mice. Scale bar, 50 µm. Error bars indicate mean ± s.e.m. 
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Supplementary Figure 6 

 

Fig. S6. Calbindin immunostaining of cerebellar Purkinje Cells of 16-week old WT and 

Anp32a-deficient mice. The images are representative of images from 3 different male mice.  

Scale bar, 50 µm. 

IgG WT Anp32a-/-
Calbindin
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Supplementary Figure 7 
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Fig. S7. Late stage antioxidant intervention in Anp32a-deficient mice ameliorates ataxia-

related defects. (A) Scheme of time course of oral treatment with NAC and Catwalk tests in WT 

and Anp32a-deficient mice. (B) The reduction in average stride length in Anp32a-deficient male 

mice compared to WT mice was restored upon NAC treatment from 8- to 10- month old, in both 

front-paw (FP) and hind-paw (HP) (P<0.01 for KO NAC vs. KO NO NAC, P<0.001 for WT vs. 

KO NO NAC, 2-way ANOVA with interaction between genotype and time (P<0.001), effect of 

time (P<0.01) and effect of genotype (P<0.0001)). (C) Regularity index was restored in Anp32a-

deficient mice upon treatment with NAC (P<0.01 for KO NAC vs. KO NO NAC and for WT vs. 

KO NO NAC, 2-way ANOVA with interaction between genotype and time (P<0.05), effect of 

time (P<0.05) and effect of genotype (P<0.001)). 
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Supplementary Figure 8 

 

Fig. S8. Model for the role of ANP32A on oxidative stress. Upon increase in ROS levels, 

resulting from tissue stress or the process of ageing, ANP32A translocates to the nucleus and binds 

to the Atm gene, triggering its expression as a protective mechanism to enhance the antioxidant 

capacities of the cell. 
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SUPPLEMENTARY TABLES 

Supplementary Table 1. Patient characteristics. 
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Supplementary Table 2. Top ranked genes of transcriptome network of articular cartilage 

of Anp32a-deficient mice. 
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Supplementary Table 3. Gene expression of main antioxidant in transcriptome network of 

articular cartilage of Anp32a-deficient mice. 
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Supplementary Table 4. Gait parameters of early stage antioxidant intervention in Anp32a-

deficient mice. 

A 
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Supplementary Table 5. Primers used in qPCR analysis. 
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ANP32A regulates ATM expression and prevents oxidative stress in 
cartilage, brain and bone 

Frederique M. F. Cornelis, Silvia Monteagudo, Laura-An K.A. Guns, Wouter den Hollander, Rob G.H.H. 
Nelissen, Lies Storms, Tine Peeters, Ilse Jonkers, Ingrid Meulenbelt and Rik J. Lories 

 

Supplementary document: Statistical Analysis 
Introduction 
 
Statistical analyses were performed with R Studio (Version 1.0.15) and GraphPad Prism software. Parametric 
methods are generally preferred as they provide estimates and confidence intervals and generalize to more complex 
analyses. Thus, where possible, we worked with distribution-based parametric methods.  
With regards to the normal distribution of data, we have consistently applied the following assumptions: (1) for 
many biological data such as gene expression data in tissue samples or in genetically identical animals, normal 
distribution was hypothesized and evaluated by QQ plots and Shapiro-Wilk normality tests, (2) homogeneity of 
variance was assessed by Levene’s test. Depending on the outcome of this evaluation, we applied t-tests or ANOVA-
tests taking into account equal or different variances (applying Welch corrections). This approach provides the best 
power and is relatively robust against some degree of non-normal distribution. With these parametric tests, we 
also provide parameter estimates, something which the non-distribution based tests cannot. We also provide a 
sensitivity analysis for the different tests we performed mostly by applying the corresponding distribution-free test. 
Despite the reduced power of these tests such as Mann-Whitney tests or Kruskal-Wallis tests, all our key 
observations were confirmed. 
When different groups were compared by ANOVA tests, pair-wise t-tests were subsequently performed applying a 
Bonferroni correction for multiple comparisons to control for Type I errors in rejecting the null hypothesis. In this 
accompanying document, biologically relevant comparisons are highlighted and linked to the null hypothesis for 
the experiment. 95% confidence intervals of the difference between the means are reported where possible. 
 
Figure 1 
 
Fig-1A: Expression of ANP32A measured by quantitative PCR in articular chondrocytes from patients with hip 
osteoarthritis (OA) (n=4) as compared to chondrocytes from hip fracture patients without OA (non-OA) (n=4) 
 
Research question: are levels of ANP32A different between patients with and without osteoarthritis? 
Null hypothesis: no difference in expression levels of ANP32A between OA and non-OA groups. 
Assumptions:  independent groups - normal distribution with similar variances 

1) Gene expression in tissue samples is commonly normally distributed  
2) QQ (quantile-quantile) plots suggest normal distribution 

 
ANP gene expression (non-OA – OA) 
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Analysis selected: Two independent sample t-test (equal variance):  
 Shapiro-Wilk test 

non-OA  
Shapiro-Wilk test 

OA 
Levene’s test p-value 95% CI of diff 

of means 
OA vs 
NONOA 

W = 0.89585, p-
value = 0.4107 

W = 0.9017, p-
value = 0.4395 

F-value = 0.3247  
p-value = 0.5895 

p-value = 
0.0091 

0.1231 to 
0.5719 

 
Sensitivity analysis: Normal distribution not assumed: Mann-Whitney-test:  W = 16, p-value = 0.02857 

 
Fig-1D: Expression of ANP32A determined by RNA sequencing in paired preserved and damaged cartilage isolated 
from hips (o) and knees (Δ) from patients with osteoarthritis. The values for the preserved cartilage were set at 0 
for each cartilage pair and data presented as log2-fold change (LOG2FC). 

 
Research question: are levels of ANP32A different between preserved and damaged areas of cartilage in patients 
with osteoarthritis? 
Null hypothesis: no difference in expression levels of ANP32A between preserved and damaged areas. 
 
Data were analyzed as published before for the RAAK dataset [1], with differential gene expression being tested 
pairwise between preserved and lesioned samples followed by Benjamini-Hochberg False Discovery Rate correction. 

 
Fig-1H: Quantification of articular cartilage damage in the knees of Anp32a-/- mice (ANPKO) and WT mice knee 
joints after DMM by OARSI severity grade score 
 
Research question: is the severity of articular cartilage damage (OARSI grade severity score) different between WT 
and ANPKO mice? 
Null hypothesis: no difference in OARSI severity grade score between WT and ANPKO mice. 
Assumptions:  independent groups - normal distribution with unequal variances 

1) model scores in genetically identical mice are commonly normally distributed  
2) QQ (quantile-quantile) plots suggest normality. 

 
OARSI score (WTsham-WTsurgery-ANPKOsham-ANPKO surgery) 
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3) Shapiro-Wilk test:  WTsham W = 0.75594, p-value = 0.00635 (most values = 0)  

WTsurgery W = 0.94777, p-value = 0.6422 
ANPKOsham W = 0.62357, p-value = 0.00018 (one outlier)  
ANPKOsurgery W = 0.91903, p-value = 0.3489 

4) Unequal variances: Levene’s test   F value = 5.6634 p-value = 0.002943 
  

 
Analysis selected: One-way Welch ANOVA (unequal variances) :  
F = 33.641, p-value = 4.473e-07 
 
 

Post ANOVA pair-wise Welch t-tests with Bonferroni multi-comparison correction 
Groups p-value (corrected) Estimates 95% CI of diff between means  
Anpsham-Anpsurgery 3.2e-09 -3.547 -1.798 
Wtsham-Anpsham 1.0000 -1.105 0.6893 
Wtsurgery-Anpsham 0.0071 0.2305 1.98 
Wtsham-Anpsurgery 5.3e-10 -3.755 -2.006 
Wtsurgery-Anpsurgery 6.4e-05 -2.419 -0.7162 
Wtsurgery-Wtsham 0.0011 2.1188 0.4386 

 
Sensitivity analysis of robustness: 
 

IF normal distribution not assumed: 
 
Kruskal-Wallis test:  chi-squared = 31.52, df = 3, p-value = 6.606e-07 
 
Post KW pair-wise Mann-Whitney tests with Bonferroni multicomparison correction 
 
Groups p-value (corrected) 
Anpsurgery-Anpsham 0.0017 
Wtsham-Anpsham 0.0339 
Wtsurgery-Anpsham 0.0031 
Wtsham-Anpsurgery 0.0015 
Wtsurgery-Anpsurgery 0.0274 
Wtsurgery-Wtsham 0.0015 

 
 
Figure 1J: Quantification of articular cartilage damage of 12-month old Anp32a-/- mice(ANPKO) (n=10) and WT mice 
knee joints (n=10) by OARSI severity grade score 
 
Research question: is the severity of articular cartilage damage (OARSI grade severity score) different between WT 
and ANPKO mice? 
Null hypothesis: no difference in OARSI severity grade score between WT and ANPKO mice. 
Assumptions:  independent groups - normal distribution with similar variances 
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1) osteoarthritis model scores in genetically identical mice are commonly normally distributed  
2) QQ (quantile-quantile) plots suggest normal distribution 

  
 

Analysis selected: Two independent sample t-test (equal variance) 
r Shapiro-Wilk test 

non-OA  
Shapiro-Wilk 

test OA 
Levene test p-value 95% CI of diff. 

of means 
KO vs WT W = 0.8721, p-

value = 0.1058 
W = 0.91614, p-
value = 0.3259 

F = 2.7967      p-
value = 0.1118 

p-value = 
0.006967 

0,05342 to 
0,2912 

 
 
Sensitivity analysis of robustness: 
 

IF Normal distribution not assumed: 
Mann-Whitney-test:  W = 81.5, p-value = 0.0188 

 
Figure 2 
 
Fig-2A: Volcano plot of the microarray data obtained from tibial articular cartilage of Anp32a-deficient male mice 
and WT mice (n=4 per group). The volcano plot shows the differentially expressed genes by log2 ratio (Anp32a-/-/WT 
mice) as x-axis vs. -log10 (P-values) as y-axis. 
 
Data were analyzed as published before [2, 3]: differences in gene expression were defined using a modified t-test 
by the limma package from Bioconductor followed by Benjamini-Hochberg multiple testing correction. 
. 
Fig-2C: Quantitative PCR data confirming the downregulation of ATM expression in articular chondrocytes from male 
Anp32a-deficient mice. 
 
No specific statistical analysis was used for this dataset as we hypothesized based on the microarray data that 
expression of ATM would be virtually absent in the ANP32A knockout mice. The graph shows the difference 
between groups. 
 
Fig-2H: Expression of ATM measured by quantitative PCR) in articular chondrocytes from hips of osteoarthritic 
patients (OA) as compared to chondrocytes from non-OA patients (n=4). 
 
Research question: are levels of ATM different between patients with and without osteoarthritis? 
Null hypothesis: no difference in expression levels of ATM between OA and non-OA groups. 
Assumptions:  independent groups - normal distribution with similar variances 

1) Gene expression in tissue samples is commonly normally distributed  
2) QQ (quantile-quantile) plots suggest normal distribution 

ATM gene expression (non-OA – OA) 
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Analysis selected: Two independent sample t-test (equal variance) 
 Shapiro-Wilk test 

non-OA  
Shapiro-Wilk 

test OA 
Levene’s test p-value 95% CI of diff 

of means 
OA vs 
NONOA 

W = 0.94543, p-
value = 0.6877 

W = 0.96101, p-
value = 0.7852 

F-value = 0.439 
P-value = 0.5322 

p-value = 
0.0001029 

0.5070696 to 
0.8836650 

 
 
Sensitivity analysis of robustness: 
 

Normal distribution not assumed: Mann-Whitney test W = 16, p-value = 0.02857 
 

 
Fig-2J-K: (J) Expression of ATM determined by RNA sequencing in paired preserved and damaged cartilage isolated 
from hips (o) and knees (Δ) from patients with osteoarthritis. The values for the preserved cartilage was set at 0 for 
each cartilage pair. (K) Correlation between ANP32A and ATM expression levels. 
 
Data were analyzed as published before for the RAAK dataset [1], with differential gene expression being tested 
pairwise between preserved and lesioned samples followed by Benjamini-Hochberg False Discovery Rate correction. 
Correlation was tested using the Pearson correlation test. 
 
Fig-2L-M-N: ANP32A and ATM expression measured by quantitative PCR in human articular chondrocytes 
transfected with siRNA against ANP32A (siANP) or scrambled siRNA (siSCR). Data are from two experiments with 
three technical replicates 
 
No specific statistical analysis was used for these molecular biology analyses, but the evidence is based on the 
replication of the effect in an independent sample. Data shown are of three technical replicates with two data 
points obtained from two independent experiments. 
 
Figure 3 
 
No specific statistical analysis was used for these molecular biology analyses, but the evidence is based on the 
replication of the effect in independent samples. Data shown are technical replicates representative of independent 
experiments as outlined in the figure legend. 
 
Figure 4 
 
Fig-4B: Quantification of cartilage damage in the knee joints from Anp32a-/- mice and WT mice after DMM and NAC 
treatment, by OARSI severity grade score; n = 2 (WT-Sham NAC), 5 (WT-Surgery), 5 (WT-Surgery NAC), 2 (Anp32a-/- 
-Surgery), 5 (Anp32a-/- -Surgery NAC). 
 
Research question: Can the increased severity of articular cartilage damage (OARSI grade severity score) ANPKO 
be reversed by NAC treatment in the DMM model? 



 73 

Null hypothesis: no difference in OARSI severity grade score by NAC treatment in ANPKO mice. 
Assumptions:  independent groups - normal distribution with unequal variances  

1) model scores in genetically identical mice are commonly normally distributed  
2) QQ (quantile-quantile) plots suggest normality). 
3) Shapiro-Wilk test:  WTsurgery W = 0.89956, p-value = 0.4075 

WTsurgeryNAC W = 0.92951, p-value = 0.593 
ANPKOsurgeryNAC W = 0.9572, p-value = 0.7883 

OARSI score (WTshamNAC-WTsurgery-WTsurgeryNACANPKOsurgery-
ANPKOsurgeryNAC) 

 

  

  

 
  

4) Equal variances: Levene’s test   F value:  0.8628 P-value: 0.5099 
  

 
Analysis selected: One-way ANOVA:  
F = 20.6, p-value = 9.51e-06e 
 
 

Post ANOVA pair-wise t-tests with Bonferroni multi-comparison correction 
Groups p-value (corrected) Estimates 95% CI of diff between means 
ANPKOsurg-ANPKONACsu        0.03021    0.05805  1.582 
WTshamNAC-ANPKONACsu          0.00019 -2.211  -0.6868 
WTsurgery-ANPKONACsu           0.75489  -0.2435  0.9085 
WTsurgeryNAC-ANPKONACsu  1.00000  -0.386  0.766 
WTshamNAC-ANPKOsurgery      9.1e-06  -3.179 -1.358 
WTsurgery-ANPKOsurgery      0.51604 -1.249  0.2745 
WTsurgNAC-ANPKOsurgery 0.15652     -1.392  0.132 
WTsurgery-WTshamNAC          1.9e-05 1.019 2.543  
WTsurgeryNAC-WTshamNAC       4.9e-05 0.8768 2.401  
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WTsurgeryNAC-WTsurgery      1.000 -0.7185 0.4335  
 

Sensitivity analysis of robustness: 
 

IF normal distribution not assumed: 
 
Kruskal-Wallis test:  chi-squared = 11.725, df = 4, p-value = 0.01952 
   Post-hoc tests have no power given low n 
 
Comparison including  OARSI scores Fig 1 and Fig 4  
 

Analysis selected: One-way ANOVA:  
F-value: 10.58 -  P-value = 0.000355 

 
Post KW pair-wise Mann-Whitney tests with Bonferroni multicomparison correction 
 
Groups p-value (corrected) 
Anpsurgery-AnpsurgeryNAC 0.01374     
Wtsurgery-Anpsurgery 0.00043 
Wtsurgery-ANPsurgeryNAC 1 

 
Fig-4E: Quantification of type X collagen staining in the articular cartilage from Anp32a-/- mice compared to WT 
mice, with or without NAC treatment, by digital image analysis (n=3 per group) 
 
Research question: Are type X collagen levels increased in articular cartilage of ANPKO mice compared to wildtype 
mice and what is the effect of NAC treatment hereon? 
Null hypothesis:  1. no difference in type X collagen staining between ANPKO and WT mice 

2. no effect of NAC on type X collagen staining in ANPKO mice 
Assumptions:  independent groups - normal distribution with unequal variances  

1) Protein levels in genetically identical mice are commonly normally distributed  
2) QQ (quantile-quantile) plots suggest normality). 
3) Shapiro-Wilk test:  WT: reference values 

ANPKO: W = 0.92872, p-value = 0.4838 
WTNAC: W = 0.81401, p-value = 0.1484 
ANPKONAC W = 0.95479, p-value = 0.5908 

 
ColX levels (WT (ref 100%) –ANPKO –WTNAC – ANPKO NAC) 
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4) Equal variances: Levene’s test   F-value = 1.379 - P-value = 0.3175 

  
Analysis selected: One-way ANOVA:  
F = 15.85 p-value = 0.000997 
 

Post ANOVA pair-wise t-tests with Bonferroni multi-comparison correction 
Groups p-value (corrected) Estimates 95% CI of diff between means 
ANPKO-ANPKONAC 0.0387  7.613 304.9 
WT-ANPKO 0.0024 -397.7 -100.4 
WTNAC-ANPKO 0.0018 - 408.7 -111.4 
WT-ANPKONAC 0.3701 -241.4 55.86 
WTNAC-ANPKONAC 0.2475 -252.5 44.85 
WT-WTNAC 1 -137.6 159.7 

  
Sensitivity analysis of robustness: 

 
Kruskal-Wallis test:  chi-squared = 10.532, df = 3, p-value = 0.01455 
   Post-hoc tests have no power given low n 

 
Figure 5 
 
Fig-5A: ATM expression measured by quantitative PCR, in adult brain from 8-week-old WT and Anp32a-deficient 
mice (n=9) 

 
No specific statistical analysis was used for this dataset as we hypothesized based on the microarray data that 
expression of ATM would be virtually absent in the ANP32A knockout mice. The graph shows the difference 
between groups. 
 
Fig-5F: The average stride length was shorter for Anp32a-deficient mice than for WT mice in both front-paw (FP) and 
hind-paw (HP), a defect that was rescued by NAC treatment. 
 
Research question: Are gait parameters (stride length) different between WT and ANPKO mice and what is the 
effect of NAC on such differences? 
Null hypothesis:  1. no difference in stride length between ANPKO and WT mice 

2. no effect of NAC on stride length in ANPKO mice 
Assumptions:  independent groups - normal distribution with equal variances  
   
FRONT PAWS 

1) parameters in genetically identical mice are commonly normally distributed  
2) QQ (quantile-quantile) plots suggest normality). 
3) Shapiro-Wilk test:  WT W = 0.90819, p-value = 0.4568 

ANPKO W = 0.91588, p-value = 0.4381 
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WTNAC W = 0.97691, p-value = 0.9175 
ANPKONAC W = 0.87452, p-value = 0.2852 

 
Length (WT – ANPKO – WTNAC - ANPKONAC) 

 

   

  
  
 
  

4) Equal variances: Levene’s test   F value = 0.2359 P-value = 0.8701  
 

Analysis selected: One-way ANOVA:  
F = 17.61, p-value = 1.37e-05e 
 

Post ANOVA pair-wise t-tests with Bonferroni multi-comparison correction 
Groups p-value (corrected) Estimates 95% CI of diff between means 
ANPKONAC-ANPKO 0.00079 302.7 748.1 
WT-ANPKO 0.00036 337.5 792.8 
WTNAC-ANPKO 2.2e-05 437.8 984.1 
WT-ANPKONAC 1.00000 -179.3 258.9 
WTNAC-ANPKONAC 0.78624 -103.6 474.7 
WTNAC-WT 1.00000 -149.4 440.9 

 
Sensitivity analysis of robustness: 
 

IF normal distribution not assumed: 
Kruskal-Wallis test:  chi-squared = 15.09, df = 3, p-value = 0.001741 

 
Post KW pair-wise Mann-Whitney tests with Bonferroni multicomparison correction 

 
Groups p-value (corrected) 
ANPKONAC-ANPKO 0.015 
WT-ANPKO 0.015 
WTNAC-ANPKO 0.015 
WT-ANPKONAC 1.00000 
WTNAC-ANPKONAC 0.571 
WTNAC-WT 1 
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HIND PAWS 

1) parameters in genetically identical mice are commonly normally distributed  
2) QQ (quantile-quantile) plots suggest normality). 
3) Shapiro-Wilk test:  WT W = 0.86962, p-value = 0.2649 

ANPKO W = 0.96348, p-value = 0.848 
WTNAC W = 0.87097, p-value = 0.2704 
ANPKONAC W = 0.98349, p-value = 0.9524 

 
Length (WT – ANPKO – WTNAC - ANPKONAC) 

 

    

   
4) Equal variances: Levene test   F value =: 0.2053 P-value = 0.8914  

 
 

Analysis selected: One-way ANOVA:  
F = 26.41, p-value = 8.22e-07 
 

Post ANOVA pair-wise t-tests with Bonferroni multi-comparison correction 
Groups p-value (corrected) Estimates 95% CI of diff between means 
ANPKONAC-ANPKO 3.8e-05 316.17 682.1 
WT-ANPKO 0.00015 275.70 615.5 
WTNAC-ANPKO 1.1e-06 455.65 841.8 
WT-ANPKONAC 1.00000 -226.13 119.1 
WTNAC-ANPKONAC 0.58913 -57.59 356.8 
WTNAC-WT 0.17578 14.02 392.2 

 
Sensitivity analysis of robustness: 

 
IF normal distribution not assumed: 
Kruskal-Wallis test:  chi-squared = 15.944, df = 3, p-value = 0.001164 

 
Post KW pair-wise Mann-Whitney tests with Bonferroni multicomparison correction 

 
Groups p-value (corrected) 
ANPKONAC-ANPKO 0.015 
WT-ANPKO 0.015 
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WTNAC-ANPKO 0.015 
WT-ANPKONAC 1.00000 
WTNAC-ANPKONAC 0.905 
WTNAC-WT 0.333 

 
Fig-5G: 8-week old WT mice had more consistent walking patterns, as revealed by a higher regularity index compared 
to 8-week old Anp32a-deficient mice. This defect was rescued by NAC treatment. 

 
Research question: Are gait parameters (regularity index) different between WT and ANPKO mice and what is the 
effect of NAC on such differences? 
Null hypothesis:  1. no difference in regularity index between ANPKO and WT mice 

2. no effect of NAC on regularity index in ANPKO mice 
Assumptions:  independent groups - normal distribution with equal variances  

1) parameters in genetically identical mice are commonly normally distributed  
2) QQ (quantile-quantile) plots suggest normality). 
3) Shapiro-Wilk test:  WT W = 0.7573, p-value = 0.03473  

ANPKO W = 0.95154, p-value = 0.7437 
WT NAC W = 0.55218, p-value = 0.000131 
ANPKONAC W = 0.88104, p-value = 0.314 

 
Regularity index (WT – ANPKO – WTNAC - ANPKONAC) 

  

  
4) Equal variances: Levene’s test   F-value = 3.0724, p-value = 0.05413  

 
Analysis selected: One-way ANOVA with unequal variances:  
F = 7.4162, p-value = 0.01194 
 

Post ANOVA pair-wise t-tests with Bonferroni multi-comparison correction 
Groups p-value (corrected) Estimates 95% CI of diff between means 
ANPKONAC-ANPKO 0.0011 6.534 20.397 
WT-ANPKO 0.0059 4.189 18.430 
WTNAC-ANPKO 0.0037 4.365 19.464 
WT-ANPKONAC 1.00000 -5.597 1.284 
WTNAC-ANPKONAC 1.00000 -6.592 3.490 
WTNAC-WT 1.00000 -4.592 5.802 

 
Sensitivity analysis of robustness: 
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IF normal distribution not assumed: 
Kruskal-Wallis test:  chi-squared = 13.676, df = 3, p-value = 0.003381 
Post KW pair-wise Mann-Whitney tests with Bonferroni multicomparison correction 
 

Groups p-value (corrected) 
ANPKONAC-ANPKO 0.034 
WT-ANPKO 0.088 
WTNAC-ANPKO 0.079 
WT-ANPKONAC 0.532 
WTNAC-ANPKONAC 1 
WTNAC-WT 1 

 
Figure 6 
 
Fig-6A: Subcapital dual energy X-ray absorptiometry (DEXA) analysis of bone mineral density (BMD), bone mineral 
content (BMC) and lean body mass in 12-week old female Anp32a-/- mice (n=9) compared to WT littermates (n=11) 
 
Research question: Are bone parameters different between WT and ANPKO mice? 
Null hypothesis:  1. no difference in bone parameters between ANPKO and WT mice 
Assumptions:  independent groups - normal distribution with similar variances 

1) Bone density parameters in genetically identical mice are commonly normally distributed  
2) QQ (quantile-quantile) plots suggest normal distribution for the different parameters 

 
 
 
 
 
 
 

BMD (WT-ANPKO) 

   
    BMC (WT – ANPKO) 

  
    LEAN MASS (WT – ANPKO) 



 80 

  
 

Analysis selected: Two independent sample t-test 
ANPKO vs 

WT 
Shapiro-Wilk test 

WT 
Shapiro-Wilk test 

ANPKO 
Levene test p-value 95% CI of diff 

of means 
BMD W = 0.90904, p-

value = 0.2376 
W = 0.96261, p-
value = 0.8252 

F-value = 0.0273 
p-value =0.8705 

p-value = 
0.03916 

-0.00328 to - 
0.000093 

BMC W = 0.94778, p-
value = 0.6157 

W = 0.9571, p-
value = 0.7676 

F-value = 0.0453 
p-value =0.8339 

p-value = 
0.01257 

-0.07363 to -
0.01013802 

Lean mass W = 0.97555, p-
value = 0.9364 

W = 0.8712, p-
value = 0.1267 

F-value = 0.9833 
p-value = 0.3345 

p-value = 
0.01153 

-2.6959558 to -
0.3903508 

 
Sensitivity analysis of robustness: 
 

Normal distribution not assumed: Mann-Whitney-test:   
BMD: W = 24, p-value = 0.05619 
BMC: W = 16, p-value = 0.009693 
Lean mass: W = 19, p-value = 0.02004 
 

Fig-6B: Peripheral quantitative computed tomography analysis (pQCT) of trabecular and cortical bone parameters in 
femora from 12-week old female Anp32a-/- mice (n=9) and WT littermates (n=10) 
 
Research question: Are bone parameters different between WT and ANPKO mice? 
Null hypothesis:  1. no difference in bone parameters between ANPKO and WT mice 
Assumptions:  independent groups - normal distribution with similar variances 

1) Bone density parameters in genetically identical mice are commonly normally distributed  
2) QQ (quantile-quantile) plots suggest normal distribution for the different parameters 

 
 

Trabecular bone content (WT-ANPKO) 
 

     
   Trabecular bone density (WT-ANPKO)) 
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   Trabecular bone area (WT – ANPKO) 

  
   Cortical bone content (WT-ANPKO) 

  
   Cortical bone density (WT-ANPKO) 

  
Cortical bone area (WT-ANPKO) 

  
 
 
 
 

Analysis selected: Two independent sample t-test 
ANPKO vs 

WT 
Shapiro-Wilk test 

WT 
Shapiro-Wilk test 

ANPKO 
Levene test p-value 95% CI of diff 

of means 
Trabecular 
bone cont 

W = 0.96734, p-
value = 0.8652 

W = 0.94363, p-
value = 0.6205 

F-value = 1.376 
p-value = 0.257 

p-value = 
0.005121 

-0.13921687 to 
-0.02881975 
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Trabecular 
bone dens 

W = 0.94677, p-
value = 0.6305 

W = 0.85485, p-
value = 0.08424 

F-value = 1.3347 
p-value =0.2639 

p-value = 
0.006144 

-92.07739 to -
17.87887 

Trabecular 
bone area 

W = 0.88182, p-
value = 0.1369 

W = 0.93934, p-
value = 0.5749 

F-value = 0.0015   
p-value = 0.97 

p-value = 
0.04069 

-0.15323050 to 
-0.00373225 

Cortical 
bone cont 

W = 0.98155, p-
value = 0.9729 

W = 0.90722, p-
value = 0.2969 

F-value = 0.2316 
p-value = 0.6365 

p-value = 
0.01923 

-0.10057783 to 
-0.01019995 

Cortical 
bone dens 

W = 0.95208, p-
value = 0.6931 

W = 0.94828, p-
value = 0.6712 

F-value = 3.9163 
p-value = 0.0642 

p-value = 
0.1071 

-34.449199 to  
3.691422 

Cortical 
bone area 

W = 0.93742, p-
value = 0.5246 

W = 0.95776, p-
value = 0.7746 

F-value = 0.2677 
p-value = 0.6116 

p-value = 
0.04012 

-0.072451159 
to -0.00188217 

 
Sensitivity analysis of robustness: 
 

Normal distribution not assumed: Mann-Witney-test:   
Trabecular bone content: W = 11.5, p-value = 0.007026 
Trabecular bone density: W = 15, p-value = 0.01327 
Trabecular bone area: W = 20.5, p-value = 0.04994 
Cortical bone content: W = 20, p-value = 0.04536 
Cortical bone density: W = 30, p-value = 0.2428 
Cortical bone area: W = 21, p-value = 0.05427 

 
Fig-6E: Histomorphometry analysis of tibiae from male Anp32a-/- mice treated (n=5) or not with NAC (n=5) for 13 
weeks from the age of 3 weeks until the age of 16 weeks 
 
Research question: Can abnormal bone parameters in ANPKO mice be reversed by NAC treatment? 
Null hypothesis: No difference bone parameters by NAC treatment in ANPKO mice. 
Assumptions:  independent groups - normal distribution with similar variances 

1) Bone density parameters in genetically identical mice are commonly normally distributed  
2) QQ (quantile-quantile) plots suggest normal distribution for the different parameters 

 
Bone Area (WT-ANPKO) 

 

      
    

Bone Volume/Total Volume (WT-ANPKO)) 

   
   Trabecular thickness (WT – ANPKO) 
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   Cortical thickness (WT-ANPKO) 

  
 

Analysis selected: Two independent sample t-test 
ANPKO vs 

WT 
Shapiro-Wilk test 

ANPKO 
Shapiro-Wilk test 

ANPKONAC 
Levene test p-value 95% CI of diff 

of means 
Bone area W = 0.93022, p-

value = 0.5979 
W = 0.88592, p-

value = 0.337 
F-value = 1.2699 
p-value = 0.292 

p-value = 
0.04552 

-0.16322790 to 
-0.002102496 

BV/TV W = 0.90933, p-
value = 0.4636 

W = 0.88592, p-
value = 0.337 

F-value = 1.464 
p-value =0.2608 

p-value = 
0.1563 

-17.151857 to   
3.285457 

Trabecular 
thickness 

W = 0.97627, p-
value = 0.9138  

W = 0.88159, p-
value = 0.3166 

F-value = 0.0244   
p-value = 0.8798 

p-value = 
0.3091 

-25.793874  to 
9.276874 

Cortical 
thickness 

W = 0.99739, p-
value = 0.9981 

W = 0.89879, p-
value = 0.4032 

F-value = 0.497 
p-value = 0.54 

p-value = 
0.2409 

-31.135752  to 
9.05735 

 
Sensitivity analysis of robustness: 
 

Normal distribution not assumed: Mann-Witney-tests:   
Bone area: W = 3, p-value = 0.05556 
BV/TV: W = 6, p-value = 0.2222 
Trabecular thickness: W = 8, p-value = 0.4206 
Cortical thickness: W = 6, p-value = 0.2222 
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Supplementary Figure 1 
 
Suppl-Fig-1B: Comparison of knee joints from WT and Anp32a-/- mice injected with collagenase, by OARSI severity 
grade score 
 
Research question: is the severity of articular cartilage damage (OARSI grade severity score) different between WT 
and ANPKO mice? 
Null hypothesis: no difference in OARSI severity grade score between WT and ANPKO mice. 
Assumptions:  independent groups - normal distribution with unequal variances 

1) model scores in genetically identical mice are commonly normally distributed  
2) QQ (quantile-quantile) plots suggest normality. 
3) Shapiro-Wilk test:  WTPBS W = 0.92097, p-value = 0.1993 

WTcol W = 0.90628, p-value = 0.1391 
ANPKOPBS W = 0.78195, p-value = 0.003011 
ANPKOcol W = 0.94434, p-value = 0.4401 

 
OARSI score (WTPBS-WTcol-ANPKOPBS-ANPKO col) 

 

  

  
4) Unequal variances: Levene’s test   F value = 18.445 p-value = 2.3e-08 

  
 

Analysis selected: One-way Welch ANOVA (unequal variances) :  
F = 28.433, p-value = 1.227e-08 
 

Post ANOVA pair-wise Welch t-tests with Bonferroni multi-comparison correction 
Groups p-value (corrected) Estimates 95% CI of diff between means 
Anpcol-Anppbs 1.0e-09 1.331   2.757 
Wtpbs-Anppbs 1.0000 -0.5808  0.8457 
Wtscol-Anppbs 0.057 -0.01241  1.438 
Wtpbs-Anpcol 4.3e-09 -2.612  -1.211 
Wtcol-Anpcol 2.6e-05 -2.044  -0.6178 
Wtpbs-Wtcol 0.180 -1.294  0.1327 

 
Sensitivity analysis of robustness: 
 

IF normal distribution not assumed: 
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Kruskal-Wallis test:  chi-squared = 43.662, df = 3, p-value = 1.78e-09 
 
 
 
Post KW pair-wise Mann-Whitney tests with Bonferroni multicomparison correction 
 
Groups p-value (corrected) 
Anpscol-Anppbs 4.5e-05 
Wtscol-Anppbs 0.09044 
Wtcol-Anpbs 6.6e-05 
Wtpbs-Anpcol 6.5e-05 
Wtcol-Anpcol 0.00960 
Wtcol-Wtpbs 0.00011 

 
Suppl-Fig-1D: Comparison of knee joints from WT and Anp32a-/- mice injected with papain, by OARSI severity grade 
score 
 
Research question: is the severity of articular cartilage damage (OARSI grade severity score) different between WT 
and ANPKO mice? 
Null hypothesis: no difference in OARSI severity grade score between WT and ANPKO mice. 
Assumptions:  independent groups - normal distribution with unequal variances 

1) model scores in genetically identical mice are commonly normally distributed  
2) QQ (quantile-quantile) plots deviations from normality (controls with score 0). 
3) Shapiro-Wilk test:  WTPBS W = 0.70102, p-value = 0.0002 

WTpap W = 0.96016, p-value = 0.6646  
ANPPBS W = 0.70835, p-value = 0.0003057  
ANPKOpap W = 0.81436, p-value = 0.005654 (low score outliers) 

 
OARSI score (WTPBS-WTpap-ANPKOPBS-ANPKO pap) 

 

   

  
  

4) Unequal variances: Levene test   F-value = 6.1396 p-value = 0.001067 
  

Analysis selected: One-way Welch ANOVA (unequal variances) :  
F = 601.13, p-value = 2.2e-16 
 

Post ANOVA pair-wise Welch t-tests with Bonferroni multi-comparison correction 
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Groups p-value (corrected) Estimates 95% CI of diff between means 
Anppap-Anppbs 2e-16 7.73  9.348 
Wtpbs-Anppap 2e-16 -9.378  -7.786 
Wtpap-Anppbs 2e-16 6.931   8.524 
Wtpbs-Anppbs 1.000 -0.839   0.7535  
Wtpap-Anppap 0.043 -1.608   -0.0158 
Wtpbs-Wtpap 2e-16 -8.553  -6.987 

 
Sensitivity analysis of robustness: 
 

IF normal distribution not assumed: 
 
Kruskal-Wallis test:  48.567, df = 3, p-value = 1.613e-10  
 
Post KW pair-wise Mann-Whitney tests with Bonferroni multicomparison correction 
 
Groups p-value (corrected) 
Anppap-Anppbs 1.6e-05 
Wtpbs-Anppbs 1.000 
Wtpap-Anpbs 1.1e-05 
Wtpbs-Anppap 9.3e-06 
Wtpap-Anppap 0.081 
Wtpap-Wtpbs 6.3e-06 

 
 
Supplementary Figure 2 
 
Suppl-Fig-2A. Absence of significant changes in chondrocyte marker expression in the articular cartilage of 8-week 
old Anp32a-deficient mice.  

 
Research question: is the gene expression of Col2 and ACAN different between WT and ANPKO mice 
Null hypothesis: no difference in Col2 and ACAN expression between WT and ANPKO mice. 
Assumptions:  independent groups - normal distribution with similar variances 

1) Gene expression in tissue samples is commonly normally distributed  
2) QQ (quantile-quantile) plots suggest normal distribution 

Col2 - ACAN (WT – ANPKO) 
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Analysis selected: Two independent sample t-test (equal variance) 
ANPKO vs 

WT 
Shapiro-Wilk test 

WT  
Shapiro-Wilk test 

ANPKO 
Levene test p-value 95% CI of diff 

of means 
Col2a1 W = 0.85584, p-

value = 0.1091 
W = 0.89749, p-

value = 0.316 
F-value: 2.0059  
p-value: 0.1802 

p-value = 
0.1297 

-0.7520470 to 
0.1079901 

ACAN W = 0.96418, p-
value = 0.8489 

W = 0.87142, p-
value = 0.191 

F-value: 0.2147 
p-value: 0.6507 

p-value= 
0.05915 

-0.52256506  
0.01141766 

 
Sensitivity analysis: Normal distribution not assumed:  

Col2a1: Mann-Witney-test:  W = 14, p-value = 0.1206 
Acan: Mann-Witney-test: W=13, p-value = 0.09386 
 

Suppl-Fig-2B. human healthy articular chondrocytes with siRNA mediated silencing of ANP32A 

 
No specific statistical analysis was used for these molecular biology analyses, but the evidence is based on the 
replication of the effect in an independent sample. Data shown are of three technical replicates with two data 
points obtained from two independent experiments. 
 
Supplementary Figure 4 
 
Research question: are compensatory mechanisms to contain increased oxidative stress active in ANPKO mice? 
Null hypothesis: no difference in the expression of different group between WT and ANPKO mice. 
Assumptions:  normal distribution  

1) Gene expression in tissue samples is commonly normally distributed in genetically identical 
animals  

2) QQ (quantile-quantile) plots suggest normal distribution 
 
Glutathion – Thioredoxins- Periredoxins – Catalase & dismutase 
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Analysis selected: One-sample t-test with theoretical mean = 0 
Group Shapiro-Wilk test 

ANPKO 
p-value Estimate: 95% 

CI of means 
glutathion W = 0.8733, p-

value = 0.0719 
p-value = 

0.0085 
0.0432 to 

0.2346 
thioredoxin W = 0.9062, p-

value = 0.4453 
p-value = 

0.7739 
--0.2727 to 

0.3406 
perioredoxin W = 0.97è, p-

value = 0.9435  
p-value = 

0.4540 
-0.1297 to 

0.2559 
catalase & 
dismutases 

W = 0.9396, p-
value = 0.6518 

p-value = 
0.4409 

-0.651 to 
0.3675 

 
Sensitivity analysis of robustness: 
 

IF normal distribution not assumed: 
 

Analysis selected: One-sample Wilcoxon signed rank test with 
theoretical mean = 0 

Group p-value 
glutathion p-value = 0.0068 
thioredoxin p-value = 1 

perioredoxin p-value = 0.4688 
catalase & dismutases p-value = 0.6250 

 
Supplementary Figure 5 
 
Suppl-Fig-5B: Quantification of type X collagen staining in the growth plate from Anp32a-/- mice compared to WT 
mice, with or without NAC treatment, by digital image analysis (n=3 per group)   
 
Research question: Are type X collagen levels increased in the growth plate of ANPKO mice compared to wildtype 
mice and what is the effect of NAC treatment hereon? 
Null hypothesis:  1. no difference in type X collagen staining between ANPKO and WT mice 

2. no effect of NAC on type X collagen staining in ANPKO mice 
Assumptions:  independent groups - normal distribution with unequal variances  

1) Protein levels in genetically identical mice are commonly normally distributed  
2) QQ (quantile-quantile) plots suggest normality). 
3) Shapiro-Wilk test:  WT: reference values 

ANPKO: W = 0.90147, p-value = 0.3902 
WTNAC: W = 0.88534, p-value = 0.3402 
ANPKONAC: W = 0.92229, p-value = 0.4604 

 
ColX levels (WT (ref 100%) –ANPKO –WTNAC – ANPKO NAC) 
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4) Equal variances: Levene’s test   F-value = 0.7349 - P-value = 0.56 
  

Analysis selected: One-way ANOVA:  
F = 14.87, p-value = 0.00123 
 

Post ANOVA pair-wise t-tests with Bonferroni multi-comparison correction 
Groups p-value (corrected) Estimates 95% CI of diff between means 
ANPKO-ANPKONAC 0,0050 20.43 103.1 
WT-ANPKO 0,0057 -101.7 -19.03 
WTNAC-ANPKO 0.0021 - 111.8 -29.12 
WT-ANPKONAC 0.999 -31.96 42.76 
WTNAC-ANPKONAC 1 -50.05 32.67 
WT-WTNAC 1 -31.27 51.45 

  
Sensitivity analysis of robustness: analysis not confirmed 

 
Kruskal-Wallis test:  chi-squared = 6.7872, df = 3, p-value = 0.054 
    

 
Supplementary Figure 7 
 
Supp-Fig-7B-C: The average stride length and regularity were different for Anp32a-deficient mice than for WT mice 
in both front-paw (FP) and hind-paw (HP), a defect that was rescued by NAC treatment. 
 
Research question: Can gait parameters (stride length), different between WT and ANPKO mice (Fig 5) be rescued 
by NAC treatment 
Null hypothesis:  no effect of late onset NAC treatment on stride length in ANPKO mice 
Assumptions:  independent groups - normal distribution with equal variances (see fig 5) 
  Missing data: one observation in WTNONAC group carried forward from month 10 to 12. 
 
Frontlimbs 
 
Analysis selected: Two-way ANOVA with repeated measurements (different timepoints):  
Interaction between treatment and genotype p-value = 0,0002 
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Effect of time p-value = 0,0075 
Effect of genotype p-value = <0,0001 
 

Post ANOVA pair-wise t-tests with Bonferroni multi-comparison correction 
Groups p-value Estimates 95% CI of diff 

between means 
WT NAC vs. WT no NAC 0,0974 -328,7 to 22,52 
WT NAC vs. KO NAC 0,1111 -22,48 to 271,4 
WT NAC vs. KO no NAC 0,0003 197,1 to 511,3 
WT no NAC vs. KO NAC 0,0024 110,9 to 444,1 
WT no NAC vs. KO no NAC <0,0001 331,7 to 682,9 
KO NAC vs. KO no NAC 0,0037 82,83 to 376,7 

Hindlimbs 
 
Analysis selected: Two-way ANOVA with repeated measurements (different timepoints):  
Interaction between treatment and genotype p-value = 0,0003 
 
Effect of time p-value = 0,0016 
Effect of genotype p-value = <0,0001 
 

Post ANOVA pair-wise t-tests with Bonferroni multi-comparison correction 
Groups p-value Estimates 95% CI of diff 

between means 
WT NAC vs. WT no NAC 1 -224,2 to 96,84 
WT NAC vs. KO NAC 0,0079 51,84 to 320,5 
WT NAC vs. KO no NAC <0,0001 342,8 to 629,9 
WT no NAC vs. KO NAC 0,0027 97,55 to 402,2 
WT no NAC vs. KO no NAC <0,0001 389,5 to 710,6 
KO NAC vs. KO no NAC 0,0003 165,9 to 434,5 

 
Regularity index 
 
Analysis selected: Two-way ANOVA with repeated measurements (different timepoints):  
Interaction between treatment and genotype p-value = 0,0423  
 
Effect of time p-value = 0,0182 
Effect of genotype p-value = 0,0006 
 

Post ANOVA pair-wise t-tests with Bonferroni multi-comparison correction 
Groups p-value Estimates 95% CI of diff 

between means 
WT NAC vs. WT no NAC 1 -6,637 to 7,905 
WT NAC vs. KO NAC 0,4587 -2,528 to 9,639 
WT NAC vs. KO no NAC 0,0009 5,991 to 19 
WT no NAC vs. KO NAC 1 -3,976 to 9,82 
WT no NAC vs. KO no NAC 0,0028 4,589 to 19,13 
KO NAC vs. KO no NAC 0,0055 2,855 to 15,02 

 
Sensitivity analysis 
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 One-way ANOVA tests at time-point 10 months using 4 groups 
 
 Frontlimbs: F = 10,31 p-value = 0,0040 
 

Post ANOVA pair-wise t-tests with Bonferroni multi-comparison correction 
Groups p-value Estimates 95% CI of diff 

between means 
WT NAC vs. WT no NAC 0,6821 -540,9 to 175,3 
WT NAC vs. KO NAC 0,4905 -471 to 128,2 
WT NAC vs. KO no NAC 0,1192 -53,24 to 587,4 
WT no NAC vs. KO NAC 1 -328,4 to 351,1 
WT no NAC vs. KO no NAC 0,0143 91,75 to 808 
KO NAC vs. KO no NAC 0,0056 138,9 to 738,1 

 
   Normal distribution not assumed:  

Kruskal Wallis-test:  W = 8,7 - p-value = 0.0055 
 
 
 Hindlimbs: F = 15,34 - p-value = 0,0011 
 
 

Post ANOVA pair-wise t-tests with Bonferroni multi-comparison correction 
Groups p-value Estimates 95% CI of diff 

between means 
WT NAC vs. WT no NAC >0,9999 -565,3 to 328,1 
WT NAC vs. KO NAC >0,9999 -474,2 to 273,2 
WT NAC vs. KO no NAC 0,0076 157,5 to 956,6 
WT no NAC vs. KO NAC >0,9999 -405,6 to 441,9 
WT no NAC vs. KO no NAC 0,0046 229 to 1122 
KO NAC vs. KO no NAC 0,0017 283,8 to 1031 

 
   Normal distribution not assumed:  

Kruskal Wallis-test:  W = 7,67, p-value = 0.0217 
 
 Regularity index: F = 0,9 - p-value = 0,0034 
 
 

Post ANOVA pair-wise t-tests with Bonferroni multi-comparison correction 
Groups p-value Estimates 95% CI of diff 

between means 
WT NAC vs. WT no NAC 1 -14,79 to 14,64 
WT NAC vs. KO NAC 1 -12,13 to 12,49 
WT NAC vs. KO no NAC 0,0094 4,561 to 30,88 
WT no NAC vs. KO NAC 1 -13,7 to 14,22 
WT no NAC vs. KO no NAC 0,0178 3,084 to 32,51 
KO NAC vs. KO no NAC 0,0067 5,227 to 29,85 

 
   Normal distribution not assumed:  

Kruskal Wallis-test:  W = 6,52, p-value = 0.0619 



 92 

 
Supplementary Table 3 
 
Supp-Table-3: Gait paramters in  Anp32a-deficient mice compared to WT mice 
 
Research question: Are gait parameters different between WT and ANPKO mice and what is the effect of NAC on 
such differences? 
Null hypothesis:  1. no difference in stride length between ANPKO and WT mice 

2. no effect of NAC on stride length in ANPKO mice 
Assumptions:  independent groups - normal distribution with equal variances (cfr. Figure 5 – normality and 
variance test performed as above)  
 
Front limbs 
 

One-way Anova tests 
Parameter 8 weeks 16 weeks 

Intensity W=13.45 p-value = 0.0001 W=7.034 p-value = 0.0027 
Stand W=10,24 p-value =0.0004 W=14,64 p-value = 0.0001 
Paw angle W=3.121 p-value = 0.0518  W=3.814 p-value = 0.0281 
Duty cycle (% stance) W = 11.11 p-value = 0.002 W = 4.532 p-value = 0.0155 
Swing speed W = 12.58 p-value = 0.0001 W = 4.098 p-value = 0.0221 
Base of contact W = 2,116 p-value = 0.1339 W = 3.6  p-value = 0.0339 

 
Post ANOVA pair-wise t-tests with Bonferroni multi-comparison correction 

Groups p-value Estimates 95% CI of diff 
between means 

Intensity 8 weeks   
WT vs. ANPKO  0,0266 0,353 to 7,591 
ANPKO vs. ANPKONAC 0,0171 0,5979 to 7,836 
Intensity 16 weeks   
WT vs. ANPKO  0,3295 -1,644 to 9,061 
ANPKO vs. ANPKONAC 1 -6,46 to 4,245 
Stand 8 weeks   
WT vs. ANPKO  0,0345 -0,121 to -0,003366 
ANPKO vs. ANPKONAC 0,0003 0,04737 to 0,165 
Stand 16 weeks   
WT  vs. ANPKO  0,0006 -0,1552 to -0,03928 
ANPKO vs. ANPKONAC <0,0001 0,05928 to 0,1752 
Duty cycle 8 weeks   
WT  vs. ANPKO  0,5307 -11,76 to 2,868 
ANPKO vs. ANPKONAC 0,0002 6,434 to 21,06 
Duty cycle 16 weeks   
WT  vs. ANPKO  0,4164 -12,69 to 2,675 
ANPKO vs. ANPKONAC 0,0229 0,9265 to 16,29 
Base of contact 16 weeks   
WT  vs. ANPKO  0,0001 2,556 to 7,706 
ANPKO vs. ANPKONAC 0,0096 -5,798 to -0,6484 
Swing speed 8 weeks   
WT  vs. ANPKO  0.0001 2,556 to 7,706 
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ANPKO vs. ANPKONAC 0.0096 -5,798 to -0,6484 
Swing speed 16 weeks   
WT  vs. ANPKO  0.2760 -1,018 to 6,342 
ANPKO vs. ANPKONAC 0.0613 -7,243 to 0,1172 

 
Hind limbs 
 

One-way Anova tests 
Parameter 8 weeks 16 weeks 

Intensity W=21.02 p-value = 0.0001 W=6.008 p-value = 0.0051 
Stand W=11.31 p-value =0.0002 W=13.77 p-value = 0.0001 
Paw angle W=5.449 p-value = 0.0074  W=2.635 p-value = 0.0798 
Duty cycle (% stance) W = 11.17 p-value = 0.0002 W = 4.175 p-value = 0.0208 
Swing speed W = 2.522 p-value = 0.0904 W = 4.116 p-value = 0.0218 
Base of contact W = 7.762 p-value = 0.0016 W = 1.992  p-value = 0.1513 

 
Post ANOVA pair-wise t-tests with Bonferroni multi-comparison correction 

Groups p-value Estimates 95% CI of diff 
between means 

Intensity 8 weeks   
WT vs. ANPKO  0,1778 -1,157 to 10,26 
ANPKO vs. ANPKONAC 0.0001 5,312 to 16,73 
Intensity 16 weeks   
WT vs. ANPKO  0,6833 -4,484 to 15,94 
ANPKO vs. ANPKONAC 1 -10,36 to 10,06 
Stand 8 weeks   
WT vs. ANPKO  0,0055 -0,166 to -0,02394 
ANPKO vs. ANPKONAC 0,0002 0,05861 to 0,2006 
Stand 16 weeks   
WT  vs. ANPKO  0,0013 -0,1705 to -0,03709 
ANPKO vs. ANPKONAC 0,0001 0,06376 to 0,1972 
Paw angle 8 weeks   
WT  vs. ANPKO  0,193 -28,72 to 3,485 
ANPKO vs. ANPKONAC 1 -9,096 to 23,11 
Duty cycle 8 weeks   
WT  vs. ANPKO  0,1094 -12,95 to 0,8528 
ANPKO vs. ANPKONAC 0,0001 6,389 to 20,19 
Duty cycle 16 weeks   
WT  vs. ANPKO  0,2787 -14,51 to 2,344 
ANPKO vs. ANPKONAC 0,0181 1,314 to 18,16 
Swing speed 16 weeks   
WT  vs. ANPKO  0.3970 -1,414 to 6,907 
ANPKO vs. ANPKONAC 0,0257 -8,748 to -0,4276 
Base of contact 8 weeks   
WT  vs. ANPKO  0.0023 -767 to -145,4 
ANPKO vs. ANPKONAC 0,0365 15,16 to 636,8 
Base of contact 16 weeks   
WT  vs. ANPKO  0.1756 -1372 to 153 
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ANPKO vs. ANPKONAC 1 -421 to 1104 
Swing speed 8 weeks   
WT  vs. ANPKO  0.1606 -0,6511 to 6,351 
ANPKO vs. ANPKONAC 1 -5,182 to 1,82 
Swing speed 16 weeks   
WT  vs. ANPKO  0.3970 -1,414 to 6,907 
ANPKO vs. ANPKONAC 0.0257 -8,748 to -0,4276 
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