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Editorial on the Research Topic
 Ectopic Mineralization of Tissues: Mechanisms, Risk Factors, Diseases, and Prevention



Extracellular matrix mineralization is an essential physiologic process in the skeleto-dental tissues. On the other hand, “soft” tissue mineralization (ectopic calcification), associated with several genetic and chronic metabolic diseases may result in serious health complications. Although these two processes are governed by multiple common determinants and overlapping mechanisms, all “soft” tissue calcification events cannot be categorized as cases of ectopic bone formation. The current special Research Topic presents a collection of original research and review articles covering various types of ectopic calcification events in multiple “soft” tissues (Figure 1).
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FIGURE 1. Graphical summary of the contents covered in the manuscripts published in the special issue. Ectopic calcification in various “soft” tissues can be associated with both chronic and rare diseases. These diseases may affect one or more modulators of “soft” tissue calcification, which include but are not limited to signaling molecules, receptors, enzymes, and other proteins or inorganic molecules acting as mineralization inhibitors. These activating or inhibiting modulators may in turn alter a variety of cellular, extracellular and systemic parameters in the extracellular matrix causing the initiation and progression of ectopic calcification in various “soft” tissues.



ECTOPIC MINERALIZATION IS A LATENT AND TIGHTLY REGULATED PROCESS IN “SOFT” TISSUES

Physiological and pathological mineralization most often results from the deposit of phosphocalcic crystals in the final form of hydroxyapatite within the extracellular matrix (ECM) deposited by the cells. Complex mechanisms are at work in the process leading to the ECM trapping of calcium phosphate salts, whose transition from amorphous to stable forms are governed by elaborate laws of thermodynamics as examined by Millán et al. in this special issue. In normal conditions however, precipitation of crystals of calcium and inorganic phosphate (Pi) in “soft” tissues is actively prevented by various inhibitors including inorganic pyrophosphate (PPi; a dimer of Pi). The PPi levels are mostly regulated by Tissue non-specific alkaline phosphatase/TNAP, which cleaves PPi into two molecules of Pi. As a result, TNAP plays dual functions as a remover of a mineralization inhibitor (PPi) and a generator of an inducer (Pi) of mineralization, which make it an important regulator of physiologic mineralization in the “hard” tissues, but also potentially a key factor in pathological mineralization of “soft” tissues. Indeed, as described by Laurain et al.; Canet-Soulas et al.; Ehirchiou et al.; Nasi et al.; and Zhang et al., various pathologic conditions leading to the induction of TNAP expression or activity in the “soft” tissues may alter the crucial balance between PPi and Pi, thus favoring calcification. Additionally, Veiga-Lopez et al. also showed that PPi levels controlled by TNAP links multiparity to cardiovascular risks in women.

Aside from the PPi anion, a plethora of other inhibitors also prevent “soft” tissue calcification at local or systemic levels. For instance, Matrix Gla Protein (MGP) or fetuin-A are two major proteins that are involved in the regulation of ECM mineralization. MGP prevents ECM mineralization locally. While MGP's modes of action may involve binding to calcium ions and calcium crystals, as well as the inhibition of BMP signaling to inhibit osteogenesis in the “soft” tissues (Cancela et al.; Zhang et al.), the later mechanism needs to be confirmed in a direct genetic experiment. Unlike MGP, liver-derived plasma fetuin A primarily acts systemically by trapping calcium-phosphate mineral species into calciprotein particles (CPP) first as monomers (CPM) and then as larger structures, eventually cleared by the kidneys. The presence of this pathway in vivo has been elegantly demonstrated by Koeppert et al. in this special issue.

Besides inhibitors that hinder the development of ectopic calcification in soft tissues, numerous other signaling molecules/pathways have been implicated in the onset and development of ectopic calcification. In the current topic, papers highlighted the roles of Wnt signaling pathway in aortic valve stenosis (Khan et al.), nefstatin-1 in heterotopic ossification (HO) (Xu et al.), and xanthine oxidoreductase (Nasi et al.), CD11b (Ehirchiou et al.) or various forms of calcium crystals (Meyer et al.) in osteoarthritis (OA).



CELLULAR PROCESSES ASSOCIATED WITH ECTOPIC MINERALIZATION

At the cellular level, various processes are associated with the appearance and development of ectopic calcification. In the current topic a few of them were highlighted, including the formation of extracellular vesicles (Mansour et al.; Canet-Soulas et al.), inflammation (Koeppert et al.; Artiach and Bäck), apoptosis (Canet-Soulas et al.; Koeppert et al.), and mitochondrial dysfunction (Phadwal et al.; Lofaro et al.). Interestingly, Saraieva et al. identified telomere length as a novel potential contributor associated with valve calcification during aortic stenosis, although whether its involvement is a cause or consequence of the disease still needs to be clarified.

The trans-differentiation or switching of “soft” tissue cell types into mineralizing bone cells (chondrocytes or osteoblasts) (Mansour et al.; Cancela et al.) as a major mechanism of ectopic calcification has received a wide attention in the topic. A large variety of “soft” tissue cells, including cardiovascular cells, like vascular smooth muscle cells (Canet-Soulas et al.), valvular cells (Saraieva et al.; Khan et al.) and endothelial cells (Zhang et al.; Vasuri et al.) may undergo chondrogenic/osteogenic transdifferentiation. Two reviews by Canet-Soulas et al. and Zhang et al. provided outstanding overviews of the contributions of two types of vascular cells—the endothelial and vascular smooth muscle cells—in the vascular calcification process. Another review (Artiach and Bäck) and two experimental reports (Khan et al.; Saraieva et al.) highlighted the calcification events involving valvular cells during aortic valve calcification. Besides the intensely studied cardiovascular cells, gingival (Simancas et al.) or dermal (Lofaro et al.) fibroblasts, as well as tendocytes (Cauliez et al.) can also change their respective phenotype to calcifying cells. Slightly different cellular mechanisms take place for articular cartilage as in this particular tissue, the chondrocytes do not transdifferentiate, but instead terminally differentiate into hypertrophic chondrocytes, which actively participates in cartilaginous ECM calcification (Nasi et al.; Ehirchiou et al.; Meyer et al.). Additionally, an emerging concept in the field suggests that ectopic calcification can also occur without any involvement of chondrogenic/osteogenic differentiation of the cells present in the “soft” tissues (Canet-Soulas et al.; Cancela et al.).



ECTOPIC MINERALIZATION CAN OCCUR DURING CHRONIC AND RARE DISEASES

Herein, reports showed the association of ectopic calcification with some chronic diseases, like chronic kidney disease (Laurain et al.; Millán et al.), atherosclerosis (Canet-Soulas et al.) or aortic valve stenosis (Artiach and Bäck; Khan et al.; Saraieva et al.). Three other reports explored the mechanisms of ectopic calcification in articular cartilage in patients with OA (Nasi et al.; Ehirchiou et al.) and chondrocalcinosis (Meyer et al.).

Heterotopic ossification (HO) is a significant health problem, which results in ectopic bone formation in the “soft” tissues, which are not the normal sites of osteogenesis. While the precise mechanism is not always well-understood, HO can occur as a rare disease due to genetic mutations, but it can also be acquired due to musculoskeletal trauma or central nervous system/nerve injury. In the current issue, Towler et al. characterized the great toe malformation in 41 patients suffering from fibrodysplasia ossificans progressiva (FOP), a rare genetic disease with constitutively active BMP signaling pathway and ectopic bone formation. Considering the benign nature of this trait in FOP patients, it has been ignored until now. Botman et al. examined the microarchitecture of the ectopically formed matured bones in two HO patients using non-invasive peripheral computed tomography scans. Interestingly, they found that the microstructures of the ectopic bones were more similar to that of the peripheral bones of a reference group than the FOP bones. These findings are important as only a limited number of studies reported such observations before. The article by Xu et al. examined the role on nesfatin-1, an adipokine, in osteogenic differentiation of tendon-derived stem cells and HO-associated pathologies in the tendons of a rat model. This study suggests that nestatin-1 adversely affects the tendon pathology in HO via the mTOR pathway. Finally, the review article by Girard et al. summarized the current understanding of the pathologies and mechanisms of neurogenic HO, a type of acquired HO.

The current topic includes two research articles on enthesopathies in a murine model (Hyp) of a rare disease called X-linked hypophosphatemia (XLH). While the major clinical feature in XLH is severe bone and tooth mineralization defects, primarily caused by phosphate wasting, multiple recent works show phosphate-independent pathologies in these patients and in the mouse model. Interestingly, both the patients and Hyp mice develop enthesopathies, paradoxically hallmarked by ectopic mineralization of enthesis fibrocartilage and articular cartilage. Faraji-Bellée et al. characterized the progressive joint anomalies of Hyp mice, suggesting the use of this model in future pre-clinical preventive studies. In a separate article, Cauliez et al. showed that the conventional treatment (phosphate supplement with calcitriol) does not improve the joint anomalies observed in Hyp mice.

Apart from HO and XLH, “soft” tissues calcification in several other rare genetic disorders or syndromes have been studied/reviewed in this special issue. Cancela et al. reviewed 50 years of research since the discovery of the Keutel syndrome in 1971. Keutel syndrome is caused by the loss-of-function mutations in MGP and the study highlights the significant findings involving human patients and cell and animal models. Another “classic” rare disease where multiple “soft” tissues including eyes, cardiovascular tissues or skin are calcified is pseudoxanthoma elasticum (PXE), caused by mutations in ABCC6 or ENPP1 gene. Lofaro et al. examined the dermal fibroblasts from human patients to examine the role of mitochondrial metabolism and how this may affect the extracellular milieu of the affected “soft” tissues. Although, fibroblasts do not express the ABCC6 gene, the study was justified on the premise that ECM is a critical component to regulate mineral deposition in a tissue, and fibroblasts are among the major cell types synthesizing the ECMs in the affected tissues. If eventually proven, such a role for fibroblasts in the regulation of calcification may apply to other rare diseases. Lastly, an interesting study by Simancas Escorcia et al. describes how gingival fibroblasts transdifferentiate into chondrocytes/osteoblasts and eventually mineralize the surrounding ECM in the enamel renal syndrome caused by the complete loss of the pseudokinase FAM20A.

It is noteworthy that each of the rare diseases presented in this issue carries gain- or loss-of-function mutations in a specific gene (e.g., ENPP1, ALK2, PHEX, ABCC6, FAM20A, and MGP). For some of these genes, the effect of the mutations on the pathology is well-understood, while for some, it is still unknown. Considering the diverse functional properties and the differential cellular/extracellular localization of the proteins coded by these genes, it is likely that they involve multiple distinct mechanisms to regulate “soft” tissue calcification. However, it is also possible that at least some of these proteins may cross-talk and share overlapping pathways to regulate ECM mineralization. Moreover, phenotypic variabilities observed in these rare diseases could be due to modifier genes as reported by De Vilder et al. in PXE patients.



NOVEL ADVANCEMENTS, BIOMARKERS AND POTENTIAL TREATMENTS FOR ECTOPIC MINERALIZATION

The report by Peeters et al. is highly significant as it introduces sex as a relatively novel angle to be considered while studying ectopic calcification. It will be important to know how sex may affect the initiation and progression of ectopic calcification and the type of minerals deposited in various types of “soft” tissue calcification events. A thorough understanding of these events may lead to sex-dependent personalized treatment strategies for ectopic calcification.

With the increasing knowledge on the mechanisms of ectopic calcification, the field is facing two critical challenges: finding useful biomarkers for early detection of ectopic calcification events, and effective treatments to block or reverse this pathologic process occurring in both chronic and rare diseases. The current issue includes reports highlighting some biomarkers either studied in human cohorts (Peeters et al.) or through experimental data (Phadwal et al.). Regarding the potential targets for possible therapeutic treatments, Artiach and Back also discuss the potential of omega-3 therapy, known for its anti-inflammatory benefits, in treating the inflammation in aortic valve stenosis. In addition to natural components, synthetic drugs could also be effectively used. For instance, Mansour et al. showed that a synthetic peptide (GFOGER) modifies protein content of released extracellular vesicles in calcified vascular tissues and osteogenic switching of cultured cells in vitro. However, these findings need to be validated in animal models and eventually in human patients. The use of preclinical models, such as Hyp mice (Cauliez et al.) or MGP-deficient mice (Cancela et al.) is therefore critical before confirming the therapeutic potentials of the molecules in humans.



CONCLUDING REMARKS

The special issue carries a total of 28 submissions from some of the leading experts in the field working on different types of ectopic calcification events. Although the types of ectopic calcification events presented are quite diverse, some diseases such as generalized arterial calcification in infancy and calcification associated with diabetes were not included. Also, none of the articles provided a thorough update on the available or promising treatment strategies. It will be important to cover these topics in future compilations. Future work in the field needs to focus on (i) the development of novel biomarkers to predict the progression of various ectopic calcification events, (ii) the characterization of new animal models and human pathologies associated with ectopic calcification, (iii) the understanding of the yet unknown mechanisms of action of some of the critical regulators of ECM mineralization, and most importantly, (iv) the development of effective therapies for various types of “soft” tissue calcification.
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Objective: Circulating biomarkers are useful in detection and monitoring of cardiovascular diseases. However, their role in aortic valve disease is unclear. Mechanisms are rapidly elucidated and sex differences are suggested to be involved. Therefore, we sought to identify biomarkers involved in aortic valve calcification (AVC) stratified by sex.

Methods: Blood samples of 34 patients with AVC (without further overt cardiovascular disease, including absence of hemodynamic consequences of valvular calcification) were compared with 136 patients without AVC. AVC was determined using computed tomography calcium scoring. Circulating biomarkers were quantified using a novel antibody-based method (Olink Proseek Multiplex Cardiovascular Panel I) and 92 biomarkers were compared between patients with and without AVC.

Results: In the overall population, Interleukin-1 Receptor Antagonist and pappalysin-1 were associated with increased and decreased odds of having AVC. These differences were driven by the male population [IL1RA: OR 2.79 (1.16–6.70), p = 0.022; PAPPA: OR 0.30 (0.11–0.84), p = 0.021]. Furthermore, TNF-related activation-induced cytokine (TRANCE) and fibroblast growth factor-23 were associated decreased odds of having AVC, and monocyte chemotactic protein-1 was associated with increased odds of having AVC [TRANCE: OR 0.32 (0.12–0.80), p = 0.015; FGF23: OR 0.41 (0.170–0.991), p = 0.048; MCP1: OR 2.64 (1.02–6.81), p = 0.045]. In contrast, galanin peptides and ST2 were associated with increased odds of having AVC in females [GAL: OR 12.38 (1.31–116.7), p = 0.028; ST2: OR13.64 (1.21–153.33), p = 0.034].

Conclusion: In this exploratory study, we identified biomarkers involved in inflammation, fibrosis and calcification which may be associated with having AVC. Biomarkers involved in fibrosis may show higher expression in females, whilst biomarkers involved in inflammation and calcification could associate with AVC in males.

Keywords: aortic valve calcification, biomarkers, sex-specific, fibrosis, inflammation


INTRODUCTION

Aortic valve calcification (AVC) is a major determinant in leaflet stiffening and progression of aortic valve disease. AVC, also known as calcific aortic valve disease (CAVD), calcific aortic valve stenosis (CAVS), or aortic valve stenosis (AS), is a spectrum of disease, ranging from aortic valve sclerosis to severe AS. Aortic valve sclerosis is defined as diffuse thickening of the aortic valve without significant blood flow obstruction. The occurrence of aortic valve sclerosis is common, even in relatively young populations: its incidence increases from 1.9 to 8.8% with increasing age and its prevalence is ∼40% in patients >75 years. Moreover, it is associated with increased cardiovascular risk (Coffey et al., 2014, 2016). Over time, aortic valve disease progresses slowly, and ∼2% of patients develop hemodynamically significant AS per year (Messika-Zeitoun et al., 2007; Novaro et al., 2007). Aortic valve stenosis is defined as narrowing of the valve causing blood flow obstruction.

With an increasingly elderly population, disease burden of aortic valve stenosis will increase in the coming years. Due to the complexity, challenges, and cost of management, the number of patients with an indication for treatment is expected to double by 2050 in Europe and the United States (Osnabrugge et al., 2013). Whereas aortic valve stenosis was considered a passive disease whereby by “wear and tear” resulted in calcification of the valve, emerging evidence showed that it is an active disease, involving highly complex and tightly regulated pathways (Rajamannan et al., 2011; Pawade et al., 2015). However, we still lack precise molecular insight in pathophysiological processes and their exact contribution to aortic valve stenosis and its progression.

Pathophysiological mechanisms involved in the initiation and progression of aortic valve disease are being rapidly elucidated, but their exact contribution and extent of their involvement remain to be investigated (Dweck et al., 2013). Whereas aortic valve disease used to be considered a passive and degenerative process, it is now appreciated to be an active process with involvement of multiple cellular and molecular pathways in inflammation, fibrosis and calcification. Calcification is one of the critical processes in AS progression (Otto et al., 1994; Carabello and Paulus, 2009; Pawade et al., 2015; Peeters et al., 2018). Sex specificity of processes involved are suggested to be present in aortic valve disease, yet are largely unresolved (Sritharen et al., 2017). The extent of contribution of calcification as well as fibrosis to the progression of AS is a matter of debate and seems related to sex differences (Hervault and Clavel, 2017). Aortic valves of women with severe AS show less AVC on CT when compared to men with similar hemodynamic severity of AS, but similar progression rates were found in males and females (Aggarwal et al., 2013; Clavel et al., 2013, 2014; Thomassen et al., 2017). Recently, it was hypothesized that more valvular fibrosis might explain the basis of this sex-related discrepancy between the AVC load and hemodynamic severity in females (Simard et al., 2017). Insight into molecular calcification processes may help to define appropriate interventions to halt or reduce progression.

Once present, AVC progresses and development of hemodynamically evident aortic valve disease is a common feature, requiring regular monitoring using echocardiography (and computed tomography). Addition of biomarkers to optimize risk assessment of progressive diseases would be useful from the initial phase onward. The ESC guidelines only integrate a possible role for NTproBNP in timing of aortic valve replacement though (Baumgartner et al., 2017). This might be due to the fact that most studies focus on the identification of biomarkers in patients with advanced aortic valve disease.

Therefore, we aimed to explore the differences in circulating biomarkers holding potential for further investigation in the early phase of AVC in a low risk population.



MATERIALS AND METHODS


Study Population

In this cross-sectional observational study, patients without clinically overt vascular disease (other than lone atrial fibrillation) who underwent cardiac Computed Tomography (CT) (January 2008–March 2011) in the work-up for pulmonary vein isolation or general screening were screened. EDTA-plasma was available from 180 patients and these were selected for this study. Ten patients were excluded, as biomarker analysis in those patients returned a value within the limits of detection for less than 15% of the proteins, due to a technical error in the measurement. Thus, 170 patients (n = 48 atrial fibrillation, n = 122 sinus rhythm) constituted the final population for the current study. This study was approved by the Institutional Review Board.



Computed Tomography

All patients underwent a non-contrast enhanced coronary calcium scan as described previously, performed on a Philips Brilliance 64-slice MSCT scanner (Brilliance 64; Philips Healthcare, Best, Netherlands) or a 2nd generation Dual source CT scanner (Siemens Somatom Definition Flash 2∗128-slice, Siemens Healthineers, Forchheim, Germany) (Weijs et al., 2012). Quantitative assessment (expressed as Agatston scores) of AVC was performed by two independent observers. Presence of AVC was defined as Agatston score >0.



Biomarkers

Proteins were quantified by real-time PCR in all EDTA-plasma samples using the Olink Proseek Multiplex Cardiovascular I kit (Olink Proteomics, Uppsala, Sweden), as described previously (Assarsson et al., 2014). Interleukin 4 (IL4), Natriuretic Peptides B (BNP), and Melusin (ITGB1BP2) were excluded from further analyses due to low call rates (valid measurement in <85% of samples). Values below the Limit of Detection (LOD) were replaced by the LOD value1. Data from the panels were normalized to the median of 0 for each protein, enabling comparisons between measurements from different panels. The panel provides NPX-values which allow for relative quantification comparisons for the same protein across samples.



Statistical Analyses

Statistical analyses were performed using SPSS version 22 (IBM Corp., Armonk, NY, United States). Normally distributed continuous variables are expressed as mean ± standard deviation (SD) and compared using the independent samples t-test, non-normally distributed continuous variables as median (interquartile range; IQR) and compared using the Mann-Whitney U test. Categorical variables are expressed as absolute numbers and percentages and tested using the Fishers exact test.

Logistic regression adjusted for age, presence of AF (and sex when appropriate) was used to determine the association between biomarkers and calcification with AVC or no AVC as the outcome. Odds ratios and 95% confidence intervals (CI) were calculated and p <0.05 was considered significant.



RESULTS


Aortic Valve Calcification on CT

AVC was present in 34 patients: 11 females, 23 males (median [IQR] Agatston scores of the total, female and male populations were 11.3 [47.6], 15.8 [69.2], and 11.2 [40.8] respectively). In general, patients with AVC were older than patients without AVC (mean age 59 ± 6 vs. 53 ± 10 years in patients with vs. without AVC, p < 0.001). Other baseline characteristics were not significantly different (Supplementary Table 1). A detailed description of the study population was published previously (Weijs et al., 2012).



Biomarkers and Valvular Calcification

Table 1 shows the age, sex and AF adjusted OR (and 95% CI) of all biomarkers. In the total population, Interleukin 1 receptor antagonist protein (IL1RA) was associated with increased odds of having AVC [OR 2.29 (1.13–4.65), p = 0.022]. Furthermore, pappalysin-1 (PAPPA) was associated with decreased odds of having AVC [OR 0.37 (0.16–0.87), p = 0.023] (Figure 1A).


TABLE 1. Odds ratios for 89 biomarkers (corrected for age, sex, and atrial fibrillation) in the total population with and without aortic valve calcification and subdivided in female and male populations.
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FIGURE 1. (A) Odds ratios and 95% confidence intervals (corrected for age, sex, and presence of AF) for biomarkers with increased or decreased odds for having AVC in the total population, female and male populations. Significant markers are displayed in red. Left panel: Total population, middle panel: female population, right panel: male population. (B) Unadjusted boxplots of seven biomarkers found to be significantly different between patients (male/female) with and without AVC. Median and interquartile ranges are shown. GAL, galanin peptides; MCP1, Monocyte chemotactic protein 1; PAPPA, Pappalysin-1; TRANCE, TNF-related activation induced cytokine; FGF23, Fibroblast growth factor 23; ST2, ST2-protein; IL1RA, Interleukin 1 receptor antagonist receptor.


The abovementioned differences of IL1RA and PAPPA were driven by the male population [IL1RA: OR 2.79 (1.16–6.70), p = 0.022 and PAPPA: OR 0.30 (0.11–0.84), p = 0.021 respectively]. Furthermore, TRANCE and fibroblast growth factor 23 (FGF23) were lower and monocyte chemotactic protein 1 (MCP1) was higher in males with AVC than without AVC [TRANCE: OR 0.32 (0.12–0.80), p = 0.015; FGF23: OR 0.41 (0.45–2.29), p = 0.048 and MCP1: OR 2.64 (1.02–6.81), p = 0.045] (Figure 1).

In the female population, galanin peptides (GAL) and ST2 protein (ST2) odds ratios were higher in females with AVC than in females without AVC [GAL: OR 12.38 (1.31–116.69), p = 0.028; ST2: OR 13.64 (1.21–153.33), p = 0.034] (Figure 1A).

Distributions of biomarkers significantly associated with AVC are shown in Figure 1B.



DISCUSSION AND CONCLUSION

In this study we show differential expression differences in seven circulating biomarkers that might be associated with AVC in early stage aortic valve calcification. These biomarkers are involved in all three processes relevant for aortic valve degeneration, namely inflammation, fibrosis and calcification. Moreover, we report higher expression of fibrosis markers in the early phase of AVC in females, whereas higher expression of calcification and inflammatory markers were found in males.

The progressive character of aortic stenosis and the absence of a medication-based treatment triggered cardiovascular research to identify more precise mechanisms underlying the initiation of AVC and interactions between different pathways (Rajamannan et al., 2003; Clark-Greuel et al., 2007; Furukawa, 2014; Pawade et al., 2015; Peeters et al., 2018). Studies investigating in a follow-up design the potential role of circulating biomarkers in aortic stenosis are scarce and current guidelines only recommend repeated measurements of markedly elevated natriuretic peptides. Whilst these are incorporated in the most recent guidelines, their actual role in clinical management is not clearly defined (Baumgartner et al., 2017). Emerging studies investigate the potential utility of other biomarkers, such as troponin-T, troponin-I, ST2, growth differentiation factor-15 (GDF-15) and galectin-3 (Rosjo et al., 2011; Chin et al., 2014; Krau et al., 2015; Lancellotti et al., 2015; Arangalage et al., 2016; Henri et al., 2016; Shen et al., 2018). A recent study investigating multiple biomarkers of cardiovascular stress revealed that a combination of GDF-15, sST2, and NT-proBNP provided prognostic implications in patients with AS, and with that, a net improvement in risk stratification for mortality after both conventional aortic valve replacement and TAVI (Lindman et al., 2015). Therefore, multiple biomarkers reflecting various disease mechanisms will be useful in diagnosing aortic valve disease progression.

Recently, it was proposed that in aortic valve disease, sex-specific mechanisms should be investigated in future studies (Sritharen et al., 2017). Women who develop severe aortic valve disease have a lower valvular calcium content when compared to men (Aggarwal et al., 2013), suggesting a more dominant role for fibrosis in disease progression in women. The effects of estrogen and testosterone are thought to play a role in determination of the dominance of fibrosis in women vs. the calcification dominance in men (Sritharen et al., 2017). Therefore, we used a multiple biomarker approach to reflect disease mechanisms, and in our study, we confirm a higher expression of ST2 (myocyte stress and fibrosis; Shah and Januzzi, 2010; Lindman et al., 2015; Chin et al., 2016) and galanin peptides (myocardial remodeling in response to stress; Timotin et al., 2017) in association with AVC in women. In men, aortic valve disease is considered to be dominated by calcification, and in the current study lower expression levels of TRANCE (or RANKL) were associated with AVC. TRANCE has been shown to promote matrix calcification by inducing expression of osteoblast-associated genes, indicating a transition toward an osteogenic environment (Kaden et al., 2004). However, in our study we investigate the early stages of AVC, indicated by the low Agatston scores present in our patient population. Also lower expression of pappalysin-1, involved in insulin-like growth factor-1 signaling and osteoblast differentiation of valvular interstitial cells (VICs) (Choi et al., 2017), was associated with AVC in men. Additionally, lower expression of FGF23, a phosphatonin regulating phosphate levels involved in metabolic bone disease and vascular calcification, was associated with AVC in men. These data suggest that triggers for VIC phenotype change differ between phases of aortic valve disease progression. Moreover, circulating biomarkers involved in inflammation, oxidative stress and endothelial activation (IL1RA, MCP-1) (Deshmane et al., 2009; Herder et al., 2017) showed higher expression which is in line with previous reports that inflammation and oxidative stress relates to increased calcification (Aikawa et al., 2007). Additionally, our data confirm that AVC is actively regulated involving cellular and humoral factors that may offer targets for diagnosis and intervention. The results of the current study show new insights in biomarkers involved in aortic valve disease in a low risk population without significant risk factors for AVC. Therefore, our study adds valuable information to increase knowledge on the mechanisms of aortic valve disease. However, cautious interpretation is warranted. This retrospective, cross-sectional study with an explorative nature has a relatively small sample size, especially when stratified by sex. Furthermore, the size of this study does not allow for multiple corrections (for instance for aspirin, which possibly is associated with fibrosis). Therefore, the biomarker panel results need to be confirmed in larger studies.

Genesis and progression of aortic valve disease is a complex process. We found a number of biomarkers involved in several processes associated with aortic valve disease. Single biomarkers clearly lack sensitivity to form the base for analyzing all processes involved at different stages (including the initiation phase) of the disease, given that these biomarkers might be derived from different sources within the body. Investigating panels of biomarkers in future studies can overcome this problem in addition to further development of imaging technologies to visualize the disease in its earliest/premature phases. Moreover, integration of (a combination of) specific biomarkers and imaging could more successfully assess the risk of rapid progression, which would facilitate patient counseling and help personalize follow up of patients. Ultimately, gaining knowledge in the processes involved in the genesis and the progression phases of aortic valve disease will provide us with opportunities to investigate potential therapeutic targets to slow/reduce/regress AVC and disease progression. With that, the opportunity to delay surgical interventions in patients with aortic valve disease might be imminent.
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Aortic valve stenosis (AVS) is a prevailing and life-threatening cardiovascular disease in adults over 75 years of age. However, the molecular mechanisms governing the pathogenesis of AVS are yet to be fully unraveled. With accumulating evidence that Wnt signaling plays a key role in the development of AVS, the involvement of Wnt molecules has become an integral study target in AVS pathogenesis. Thus, we hypothesized that the Wnt/β-catenin pathway mediators, SFRP2, DVL2, GSK3β and β-catenin are dysregulated in patients with AVS. Using immunohistochemistry, Real-Time qPCR and Western blotting, we investigated the presence of SFRP2, GSK-3β, DVL2, and β-catenin in normal and stenotic human aortic valves. Markedly higher mRNA and protein expression of GSK-3β, DVL2, β-catenin and SFRP2 were found in stenotic aortic valves. This was further corroborated by observation of their abundant immunostaining, which displayed strong immunoreactivity in diseased aortic valves. Proteomic analyses of selective GSK3b inhibition in calcifying human aortic valve interstitial cells (HAVICs) revealed enrichment of proteins involved organophosphate metabolism, while reducing the activation of pathogenic biomolecular processes. Lastly, use of the potent calcification inhibitor, Fetuin A, in calcifying HAVICs significantly reduced the expression of Wnt signaling genes Wnt3a, Wnt5a, Wnt5b, and Wnt11. The current findings of altered expression of canonical Wnt signaling in AVS suggest a possible role for regulatory Wnts in AVS. Hence, future studies focused on targeting these molecules are warranted to underline their role in the pathogenesis of the disease.
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INTRODUCTION

Aortic valve stenosis (AVS) is a prevailing cause of cardiac debility and death, affecting 2.8% of adults ≥75 years of age (Benjamin et al., 2011). It is associated with multiple risk factors such as hypertension, lack of exercise, hypercholesterolemia, diabetes and elevated plasma Lp(a) (Lindman et al., 2016). Aortic valvular narrowing, characterized by leaflet calcification and stiffening, eventually induces left ventricular obstruction and causes ischemic injury to the heart and brain (Greve et al., 2014; Spampinato et al., 2017). Therapies for AVS patients are limited to valve replacement surgery, with no treatment available to reverse the effects of the disease (James Everett et al., 2018). Therefore, examining the molecular signalling involved in the pathogenesis of AVS will aid in identifying more treatment modalities for this perilous disease.

The Wingless (Wnt) signaling pathway, implicated in a myriad of pathologies including cancer, neurodegenerative diseases, osteoporosis and several cardiovascular diseases (Nusse and Clevers, 2017; Zhan et al., 2017; Foulquier et al., 2018). Wnt ligands are a family of 19 secreted glycoproteins that signal through various pathways, depending on the binding of these ligands to specific Frizzled receptor isoforms on the plasma membrane (Albanese et al., 2018). The best understood is the canonical Wnt (Wnt/β-catenin) pathway, which promotes the nuclear translocation and stabilization of β-catenin, a transcriptional coactivator and intracellular signal transducer in the pathway (MacDonald et al., 2009). Canonical Wnt ligands bind to Frizzled cell surface receptors and lipoprotein-related peptide 5/6 (LRP5/6) co-receptors, activating the intracellular mediator, disheveled (DVL). This inhibits glycogen synthase kinase 3β (GSK-3β)-mediated phosphorylation of β-catenin by disruption of the APC/Axin/GSK3β complex. The accumulation of β-catenin in the nucleus ignites a gene transcription response by binding to the lymphoid enhancement factor/T-cell factor (LEF/TCF), activating genes involved in cell proliferation, differentiation and migration (Miller et al., 2013).

There is growing evidence for the association between Wnt signaling and the pathogenesis of AVS (Rajamannan, 2011, 2012; Albanese et al., 2018; Foulquier et al., 2018). Caira et al. (2006) were one of the first groups to show endochondral bone formation in the pathogenesis of AVS, which was associated with expression of canonical Wnt3a and coreceptors LRP5/6 in human calcified aortic valves. Secreted Wnt modulators Frizzled related protein-3, dickkops-1 and Wnt inhibitor factor-1 have been found to be elevated in the plasma of patients with AVS (Askevold et al., 2012). In addition, β-catenin has been shown to have pro-stenotic and pro-calcific effects in the pathogenesis of AVS (Miller et al., 2019). In a previous study from our laboratory, we suggested a critical role for the non-canonical Wnt ligands Wnt5a, Wnt5b, and Wnt11 in AVS. Aortic valve interstitial cells (VICs) treated with these Wnt ligands exhibited significant apoptosis and enhanced calcification (Albanese et al., 2016b). This likely to be mediated through frizzled and LRP5/6 co-receptor activation in calcified aortic valve leaflets, which play overlapping roles in Wnt/β-catenin signaling (Siddique et al., 2017). Interestingly, Wnt-signaling appears to play similar pathogenic and pro-calcific roles in multiple cell types during AVS development including HAVICs (Fang et al., 2018), endothelial cells (Masckauchán et al., 2005) and macrophages (Blumenthal, 2006). Yet, whether the level of some of the hallmark canonical Wnt/β-catenin mediators is altered remains unclear. In the present study, we utilize immunohistochemical (IHC) analyses, Real-Time qPCR and Western blotting to investigate the expression of GSK-3β, DVL, β-catenin, and SFRP2 in harvested human calcified aortic valves.



MATERIALS AND METHODS


Tissue Collection

A total of 69 aortic valves were collected during cardiac valve replacement surgeries, along with a detailed clinical history (Table 1). Tissues were fixed in formalin and embedded in paraffin. Six normal aortic valves (mean age 53 ± 19; 3 males) from heart transplant donors, and 24 stenotic aortic valves were additionally collected during surgery for valve replacement, snap frozen in liquid nitrogen and stored at −80°C until processed for qPCR. The majority of patients with AVS had severe heart failure (NYHA class III–IV) with preserved ejection fraction. The study was approved by the ethics committee of the McGill University Health Centre, and informed consent was obtained from all participants involved in this study.


TABLE 1. Clinical data of patients with aortic valve disease used in immunohistochemistry.
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mRNA Expression Analysis

Total RNAs were extracted from snap frozen aortic valve tissues using TRIzol (Invitrogen)/RNeasy Mini Kit (QIAGEN) combining protocol as previously described (Yu et al., 2017). Briefly, the first-strand cDNAs were synthesized using 1 μg total RNAs with iScriptTM cDNA Synthesis Kit (Bio-Rad), the Real-Time qPCR were done using Advanced supergreen qPCR mastermix (Wisent Bioproducts) on StepOnePlusTM Real-Time PCR System (Applied BiosystemsTM). The data was analyzed using PrimePCR Analysis (Bio-RAD), and the normalized relative mRNA expression was calculated against GAPDH expression. Sequences of gene-specific primers are listed in Supplementary Table S1. Total RNAs were also extracted from cultured HAVICs for all in vitro mRNA expression experiments (n = 6).



Immunohistochemistry

The paraffin-embedded tissue blocks were cut into 4 μm sections using a microtome. The sections were incubated for 1 h in 10% normal goat serum/PBS solution, then incubated overnight with the primary antibodies in 0.1% BSA/PBS solution in humid chambers at 4°C. Primary antibodies used were rabbit anti-human GSK3β (GeneTex, at 1:200), DVL2 (GeneTex, at 1:200), β-catenin (Sigma-Aldrich, at 1:200) and SFRP2 (GeneTex, at 1:500). Secondary biotinylated goat anti-Rabbit IgG (Vector Labs, at 1:200) were applied followed by Vectastain ABC complex (Vector Laboratories, CA, United States) according to manufacturer protocol. Immunostaining was visualized by 1 × DAB/H2O2 solution, subsequently counterstained with hematoxylin, and mounted with Permount (Sigma–Aldrich). Co-localization studies were determined by immunostaining of proteins in regions of interest in consecutive 4 μm sections. Immunostaining without primary antibody or with the primary antiserum preabsorbed with its respective antigen was carried out as negative control. Areas of lipids, calcification and endothelial cells were identified using Oil Red O, Alizarin Red, and von Willebrand Factor immunostaining, respectively (data not shown).

Aortic valves were semi-quantitatively scored in a blinded manner for overall immunostaining based on intensity and distribution throughout the valve (Supplementary Table S2). Aortic valves were also assessed for overall level of calcification, fibrosis, remodeling (Warren and Yong, 1997), and inflammation (Supplementary Table S3). The relationship between GSK-3β, DVL, β-catenin, and SFRP2 immunostaining and aortic valve histopathological feature was assessed by comparing the scoring of each tissue.



Western Blotting

Calcified and non-calcified aortic valve tissues were lysed and re-suspended in RIPA buffer supplemented with cOmpleteTM, Mini, EDTA-free Protease Inhibitor Cocktail (Sigma-Aldrich) for protein extraction. Samples were then centrifuged at 15,000 rpm at 4°C for 10 min and supernatants were collected, protein concentrations were measured by Protein DC protocol (Bio-Rad) and equal amount of total protein were loaded for 10% SDS-PAGE gel separation. The protein was transferred onto PVDF membrane at 300 mA for 1 h at RT, blocked for 1 h at room temperature with 5% milk (1 × TBST buffer), then incubated with primary antibodies against GSK3β (GeneTex, GTX111192 at 1:1000), DVL2 (GeneTex, GTX103878 at 1:1000) β-catenin (Sigma-Aldrich, HPA029159 at 1:1000) phosphorylated β-catenin (Abcam, ab11350 at 1:1000) and SFRP2 (GeneTex, GTX111892 at 1:1000) for 16 h at 4°C; then followed by incubation with corresponding secondary antibodies: bovine anti-mouse, or anti-rabbit IgG-HRP (Santa Cruz Biotechnology, sc-2370 and sc-2371, respectively, at 1:3000). For signal development, Lumi-Light Western Blotting Substrate (Sigma-Aldrich) was used according to manufacturer protocols.



Isolation and Culture of HAVICs

Primary HAVICs were generated from healthy subjects as previously described (Al Kindi et al., 2014; Albanese et al., 2016a). Cultured HAVICs showed positive staining for alpha smooth muscle actin, indicating myofibroblast phenotype after 2 passages (data not shown). HAVICs at passages 3–5 were used for all experiments.



Proteomic Profiling

Total proteins were extracted from HAVICs incubated in osteogenic media in the presence and absence of 10 μM CHIR99021 for 3 weeks. The media and drug were replaced every 2–3 days. The cells were lysed using RIPA lysis buffer containing protease inhibitor and centrifuged to remove cell debris. Protein quantification was performed using a DC assay. Prior to digestion, detergents were removed from samples using Pierce Detergent removal column (Thermo Fisher Scientific, Waltham, United States). Total proteins (50 μg) were diluted in in a solution containing 8 M urea, 10 mM HEPES-KOH (pH 7.5) and 5 mM DTT, heated for 2 min at 95°C, followed by an incubation of 30 min at room temperature. The samples were then alkylated, in the dark, for 30 min at room temperature by adding chloroacetamide to a final concentration of 7.5 mM (Sigma-Aldrich, Saint-Louis, United States). Urea was then decreased to 2 M by adding 3 volumes of 50 mM NH4HCO3. The proteins were then digested by adding 1 μg of Pierce MS-grade trypsin (Thermo Fisher Scientific, Waltham, United States) and incubated overnight at 30°C. Digestion was stopped by adding trifluoroacetic acid (TFA) (Sigma-Aldrich, St. Louis, United States) to a final concentration of 0.2%. The peptides were then purified with ZipTip 100-μl micropipet tips containing a C18 column (EMD Millipore, Burlington, United States), eluted 3 times with a solution containing 50% acetonitrile, 1% formic acid (FA) (Thermo Fisher Scientific, Waltham, United States). The eluted peptides were then concentrated by centrifugal evaporator at 65°C until complete drying and then resuspended in 25 μl of 1% FA. Peptides were assayed using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, United States) and read at an absorbance of 205 nm. The peptides were then transferred to a glass vial (Thermo Fisher Scientific, Waltham, United States) and stored at −20°C until analysis by mass spectrometry.



LC-MS/MS Analysis

Trypsin-digested peptides were separated by LC-MS/MS. Samples (250 ng of digested peptides) were injected into an HPLC (nanoElute, Bruker Daltonics) and loaded onto a trap column (Acclaim PepMap100 C18 column, 0.3 mm id × 5 mm, Dionex Corporation) with a constant flow of 4 μl/min and eluted onto an analytical C18 Column (1.9 μm beads size, 75 μm × 25 cm, PepSep). Peptides were eluted over a 2-hr gradient of acetonitrile (5–37%) in 0.1% FA at 500 nL/min while being injected into a TimsTOF Pro Mass Spectrometer equipped with a ZDV sprayer source (Bruker Daltonics). Data was acquired using data-dependent auto-MS/MS with a 100–1700 m/z mass range, with PASEF enabled a number of PASEF scans set at 10 (1.27 seconds duty cycle) and a dynamic exclusion of 0.4 min, m/z dependent isolation window and collision energy of 42.0 eV. The target intensity was set to 20,000, with an intensity threshold of 2,500.



Protein Identification by MaxQuant Analysis

The raw files were analyzed with MaxQuant (version 1.6.10.43) (Cox and Mann, 2008; Tyanova et al., 2016) by using embedded tims-DDA specific parameters and the Uniprot human database (10/04/2018, 74,811 entries). The settings used for the MaxQuant analysis were: 2 miscleavages were allowed, fixed modification was carbamidomethylation on cysteine, enzymes were Trypsin (K/R not before P). Variable modifications included in the analysis were methionine oxidation, protein N-terminal acetylation and carbamylation (K, N-term). Label-free quantification with LFQ minimum ratio count of 2, identification values “PSM FDR”, “Protein FDR”, and “Site decoy fraction” of 0.05 were also used during analysis. Proteins positive for at least one of the “Reverse” and “Potential contaminant” categories were subsequently eliminated.



Measurement of Calcium Mineralization

Alizarin Red S (ARS) staining was used to visualize the calcium deposition and calcification nodule formation as previously described (Reynolds et al., 2005). Briefly, HAVICs were incubated in OSM containing 2 mM phosphate and 1.8 mM calcium in 1% BSA for 2 days and fixed for 30 min using 4% buffered formaldehyde at room temperature. Cells were then washed 4 times with excessive ddH2O, incubated with Alizarin Red S stain solution (40 mM, pH4.2) for 20 min at room temperature, and again washed 4 times with excessive ddH2O. Calcification nodules were observed under microscopy, and phase contrast images were taken with inverted microscopy. After removing the ddH2O, calcium bound ARS were extracted by incubating with 10% Cetylpyridinium chloride (Sigma) solution at room temperature for 60 min. Extracts were transferred into new 1.5 ml centrifuge tube, spun for 5 min at 12,000 g and supernatant was aliquot in 96-well reading plate for OD 405 nm reading on Spectra Photometer (BioTek). Cells were further washed twice with ddH2O and scraped into 1.5 ml centrifuge tube in cell lysis buffer (20 mM Tris HCl pH7.4 with 2%SDS, 0.2 M glycine), and heat treated at 80°C for 60 min with occasional vortex. A Crystal Violet (CV) staining protocol was used on the same set of fixed cells for ARS normalization. N = 6 was used for all ARS experiments.



Immunocytochemistry

Human aortic valve interstitial cells were seeded into chamber slides (BD Falcon) and Fetuin A starved for 48 h after incubated in serum free DMEM medium. On the day of experimentation, cells were fixed with 4% paraformaldehyde (Electron Microscopy Sciences) and permeated with 0.5% Triton X-100 (Electron Microscopy Sciences). HAVICs were stained with anti-human Fetuin A antibody (Thermo Fisher Scientific, PA5-51594 at 1:500), and Donkey anti-rabbit IgG Alexa Flour 488 (Invitrogen, 710369 at 1:1000). Nucblue reagent and ActinRed 555 reagent (Invitrogen) were used for nuclear and F-actin stain, respectively. Images were obtained using Zeiss LSM 780 confocal microscope.



Statistical Analysis

A generalized linear model was used to assess differences between all clinical parameters adjusting for age and sex. Multivariant analysis was used to test the association between the semi-quantitative scoring of the immunostaining of GSK-3β, DVL, β-catenin and SFRP2 and histopathological plaque feature including calcification, fibrosis, remodeling and inflammation. Unpaired Student’s t-test was used to assess statistical significance between age, sex and echocardiographic parameters between AVS and healthy subjects. Unpaired Student’s t-test was used to assess differences in mRNA and protein expression measurements of GSK-3β, DVL2, β-catenin and SFRP2 between stenotic and non-stenotic aortic valves. For proteomic profiling, student t-test was used to determine the statistical significance of differentially expressed proteins in both groups. GO and KEGG pathway analyses were done using STRING (Szklarczyk et al., 2019). All other statistical analyses were performed using RStudio version 1.1.463. Significance level was set at P < 0.05. Data are presented as mean ± SEM unless otherwise indicated.



RESULTS


qPCR Analysis of GSK-3β, DVL2, β-Catenin, SFRP2 in AVS

The mRNA expression of DVL1 and DVL2 were significantly increased in stenotic valves compared to healthy valves, with no differences found for DVL3 (Figure 1). Additionally, stenotic valves had higher mRNA expression of β-catenin and SFRP2 (P < 0.05 and P < 0.01, respectively) compared to healthy valves. No significant differences were found for GSK3β mRNA expression.
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FIGURE 1. Stenotic aortic valves have greater mRNA expression of Wnt-signaling mediators compared to healthy valves. Increased mRNA expression was found for Wnt-signaling mediators DVL. AVS, aortic valve stenosis. The data are represented as mean ± SEM. Significance level was set at P < 0.05. *P < 0.05, **P < 0.01 compared to control groups; n = 31 for AVS samples and n = 5 for normal samples. Student’s t-test was used for statistical analysis.




Immunohistochemical Analysis of DVL2

There was little immunostaining for DVL2 in normal aortic valves (Figure 2A). More specifically, there was little immunostaining present in VICs on both the aorta and ventricular sides of the leaflet, with some staining found in the endothelium. DVL2 immunostaining was found in infiltrating macrophages along the endothelium and around areas of calcification (Figures 2F,J). There was also abundant DVL2 immunoreactivity found in the myointimal cells surrounding calcified regions (Figures 2K,O). Semi-quantitative analysis showed significant correlations between DVL2 and calcification (r = 0.5739, P < 0.0001), remodelling (r = 0.3889, P < 0.01), and inflammation (r = 0.3927, P < 0.01). No significant correlations were found for DVL2 and fibrosis. Histologically normal leaflets appeared to have significant αSMA immunostaining (Figure 2E). Negative control sections for DVL2 did not show any immunoreactivity.
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FIGURE 2. Stenotic aortic valves have greater immunostaining of Wnt/β-catenin mediators compared to healthy valves. Low (A) DVL2, (B) GSK-3β, (C) SFRP2, (D) β-catenin immunoreactivity observed in histologically normal leaflet (arrows indicate weak immunostaining in native cells). Prevalent immunostaining of (E) αSMA in histologically normal leaflets. Co-localization of (F) DVL2, (G) GSK-3β, (H) SFRP2 (I), β-catenin immunoreactivity with macrophages around areas of calcification (arrows), indicated by (J) CD68 staining. Co-localization of (K) DVL2, (L) GSK-3β, (M) SFRP2 (N), β-catenin immunoreactivity in valve interstitial cells in the thickened fibrosa (arrows), indicated by (O) αSMA staining. *Calcified foci; v, ventricular side of the leaflet. Arrows point to regions of interest.




Immunohistochemical Analysis of GSK-3β

There was little-to-no immunostaining for GSK-3β found in normal aortic valves (Figure 2B). Significant immunostaining of GSK-3β was found in both infiltrating macrophages (Figures 2G,J) myointimal cells (Figures 2L,O) and around areas of fibrosis. Seldom GSK-3β immunostaining was found in the calcified foci (Figure 2L). This was also colocalized with immunostaining for αSMA (Figure 2O). Semi-quantitative analysis revealed significant correlations between GSK-3β and calcification (r = 0.4983, P = 0.001), fibrosis (r = 0.3113, P < 0.05), and remodelling (r = 0.4098, P < 0.01). No significant correlations were found for GSK-3β and inflammation. Negative control sections for GSK-3β did not show any immunoreactivity.



Immunohistochemical Analysis of SFRP2

There was little immunostaining for SFRP2 found in normal aortic valves (Figure 2C). SFRP2 immunostaining was found in infiltrating macrophages in the fibrosa (Figures 2H,J). Very strong SFRP2 immunostaining was found in myointimal cells in areas of fibrosis and calcification (Figures 2M,O). Semi-quantitative analysis revealed significant correlations between SFRP2 and calcification (r = 0.5717, P < 0.0001), fibrosis (r = 0.3452, P < 0.05), and remodelling (r = 0.5174, P < 0.001). No significant correlations were found for SFRP2 and inflammation. Negative control sections for SFRP2 did not show any immunoreactivity.



Immunohistochemical Analysis of β-Catenin

There was little immunostaining for β-catenin found in normal aortic valves (Figure 2D). β-catenin immunostaining was found in infiltrating macrophages along the endothelium (Figures 2I,J). Very strong β-catenin immunostaining was found in myointimal cells in areas of fibrosis (Figures 2N,O). Semi-quantitative analysis revealed significant correlations between β-catenin and calcification (r = 0.7689, P < 0.01). No significant correlations were found between β-catenin and fibrosis, remodelling, and inflammation. Negative control sections for β-catenin did not show any immunoreactivity.



Western Blot of GSK-3β, DVL2, β-Catenin, and SFRP2

Western blotting showed stronger expression of DVL2 in stenotic valves compared to healthy tissues (Figures 3A,B, P < 0.05). β-catenin protein expression was only found in stenotic valves and was virtually undetectable in healthy valves (Figure 3C). No significant differences were found for GSK3β between healthy and stenotic valves (Figure 3D, P < 0.05). However, there was significantly higher expression of phosphorylated-GSK3β protein in stenotic valves compared to healthy valves, which could well explain the lack of difference in GSK3b mRNA expression. We could not detect any bands for SFRP2 in either AVS samples or healthy controls (data not shown).
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FIGURE 3. Stenotic aortic valves have greater protein expression of Wnt-signaling mediators compared to healthy valves. (A) Representative Western blot of DVL2, GSK-3β, p-GSK-3β, and of β-catenin protein expression in AVS patients compared to healthy patients. Densitometry analysis of DVL2 (B), GSK-3β, p-GSK-3β (C), and of β-catenin (D) protein expression. The data are represented as mean ± SEM. Significance level was set at P < 0.05. *P < 0.05 compared to control groups; n = 6 for AVS samples and n = 3 for normal samples. Students t-test was used for statistical analysis. AVS, aortic valve stenosis.




Proteomic Profiling of CHIR99021-Treated HAVICs

To investigate the mechanisms by which Wnt-signaling pathways promote AVS, we incubated HAVICs in osteogenic medium in the presence and absence of the GSK3β inhibitor CHIR99021, and investigated changes in the cell proteome. First, we have previously shown that treatment with CHIR99021 in HAVICs almost completely attenuates calcification (Albanese et al., 2016b). Treatment with CHIR99021 in DMEM did not significant change cell viability (Figures 4A,B). However, treatment with 10 μM CHIR99021 showed significant reductions in number of viable cells in OSM for 3 weeks (P < 0.01). This was accompanied by a reduction in mRNA expression of the canonical Wnt3a and non-canonical Wnt 5b ligands (Figure 4C, P < 0.01 and P < 0.05, respectively). Fischer’s exact t-test revealed a total of 693 differentially expressed proteins (DEPs), 111 of which were upregulated and 582 were downregulated (Figure 4D) in HAVICs treated with CHIR99021 in OSM compared to cells incubated in OSM alone. Gene Ontology (GO) analyses confirmed the downregulation of several Wnt-signaling pathways (Table 2) and the enrichment of several processes involved in metabolism (Table 3), including the organophosphate metabolic processes (Figure 4E). In addition, KEGG pathway analysis revealed the downregulation of several important biological pathways known to play a role in calcification and osteogenesis including the PI3K-AKT, MAPK, apoptosis, RAS, and JAK-STAT signaling pathways (Table 4).
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FIGURE 4. Proteomic profiling of HAVICs treated with CHIR99021. (A) Representative images of CV staining in HAVICs treated with CHIR99021 in DMEM or OSM. (B) Quantification of CV staining. The data are represented as mean ± SEM. Significance level was set at P < 0.05. *P < 0.05, **P < 0.01 compared to the specified group; n = 6 HAVIC lines were used for each group. One-way ANOVA followed by Tukey’s post hoc multiple comparisons test was used for statistical analysis. (C) mRNA expression of Wnt ligands after treatment with CHIR99021. The data are represented as mean ± SEM. Significance level was set at P < 0.05. *P < 0.05, **P < 0.01 compared to OSM groups; n = 3 HAVIC lines were used for each group. Students t-test was used for statistical analysis. (D) Venn diagram representing the number of differentially expressed proteins in HAVICs treated with CHIR99021 for 3 weeks in OSM compared to cells incubated in OSM alone. Fischer’s exact t-test was used for statistical analysis. (E) Network graphic of the highly enriched gene ontology biological process organophosphate metabolic processes. HAVICs, human aortic valve interstitial cells; CV, crystal violet; OSM, osteogenic media.



TABLE 2. List of Wnt-signaling pathways downregulated in CHIR99021-treated HAVICs.
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TABLE 3. Top 10 enriched biological processes in CHIR99021-treated HAVICs.
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TABLE 4. List of downregulated KEGG pathways in CHIR99021-treated HAVICs known to play a role in the pathogenesis of AVS.
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Fetuin A Attenuates Calcification in HAVICs via Inactivation of Wnt Signaling Genes

In order to further elucidate the role of Wnt signaling in AVS, we utilized Fetuin A, a potent calcification inhibitor and investigated changes in gene expression. Immunofluorescence staining of endogenous Fetuin A showed localization in the golgi apparatus, endoplasmic reticulum and cellular vesicles (Figure 5A). Utilizing an Alizarin Red S staining assay, treating HAVICs with Fetuin A significantly attenuated calcification onset in a concentration-dependent manner (Figures 5B,C, P < 0.0001). mRNA expression analyses confirmed significant downregulation of osteogenic genes runt-related transcription factor 2 (Runx2) (P < 0.05), bone Gamma-Carboxyglutamate Protein (BGLAP) (P < 0.0001), osteopontin (OPN) (P < 0.05) and osterix (OSX) (P < 0.05) after treatment with 10 μM Fetuin A (Figure 5D). This was accompanied by a similar reduction in the Wnt genes: Wnt3a (P < 0.05), Wnt5a (P < 0.0001), Wnt5b (P < 0.001), and Wnt11 (P < 0.001). HAVICs incubated in OSM for 48 h had reduced phosphorylated β-catenin/β-catenin protein expression ratio (Figures 5E,F, P < 0.001) and Fetuin A treatment was able to attenuate this response (P < 0.01). Additionally, Fetuin A reduced the mRNA expression of intracellular Wnt mediators DVL2, GSK3β, CTNNB1, and SFRP2 after incubation in OSM (Figure 5G, P < 0.001).
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FIGURE 5. Fetuin A attenuates calcification in HAVICs and is associated with inactivation of Wnt signaling genes. (A) Representative images of endogenous Fetuin A in HAVICs localized to the golgi apparatus (G), endoplasmic reticulum (ER), and vesicles (V). Arrows point to regions of interest. Scale bar: 20 μm. (B) Representative Alizarin Red S staining images of HAVICs treated with different concentrations of Fetuin A. (C) Quantification of calcium deposition using acid extraction following Alizarin Red S stain of HAVIC relative to Crystal Violet stain. The data are represented as mean ± SEM. Significance level was set at P < 0.05. *P < 0.05, **P < 0.01 compared to the specified group; n = 6 HAVIC lines were used for each group. One-way ANOVA followed by Tukey’s post hoc multiple comparisons test was used for statistical analysis. (D) mRNA expression of osteogenic and Wnt signaling genes after treatment with Fetuin A. The data are represented as mean ± SEM. Significance level was set at P < 0.05. *P < 0.05, **P < 0.01, ***P < 0.001 compared to control groups; n = 6 HAVIC lines were used for each group. Students t-test was used for statistical analysis. (E) Representative Western blot of phosphorylated β-catenin and β-catenin protein expression in HAVICs treated with 10 μM Fetuin A in OSM. (F) Densitometry analysis of phosphorylated β-catenin and β-catenin protein expression in HAVICs treated with 10 μM Fetuin A in OSM. The data are represented as mean ± SEM. Significance level was set at P < 0.05. **P < 0.01, ***P < 0.001; n = 2 for each group. Students t-test was used for statistical analysis. (G) mRNA expression of intracellular Wnt signaling genes after treatment with Fetuin A. The data are represented as mean ± SEM. Significance level was set at P < 0.05. ***P < 0.001, ****P < 0.0001 compared to control groups; n = 3 HAVIC lines were used for each group. One-way ANOVA followed by Tukey’s post hoc multiple comparisons test was used for statistical analysis. AVS, aortic valve stenosis; HAVICs, human aortic valve interstitial cells; OSM, osteogenic media; FA, Fetuin A.




DISCUSSION

Emerging evidence testifies to the involvement of the canonical Wnt signaling pathway in the pathogenesis of AVS (Alfieri et al., 2010; Askevold et al., 2012; Mathieu et al., 2014; Foulquier et al., 2018). Our lab has previously demonstrated that several non-canonical Wnt ligands are present in AVS patients and promote calcification and apoptosis in HAVICs (Albanese et al., 2017). Additionally, we showed that the mRNA and protein expression of frizzled receptors and their co-receptors are upregulated in AVS patients (Siddique et al., 2017). Accordingly, interest in the modulators by which Wnt signaling is regulated is growingly ignited. In this study, we show the expression and localization of four Wnt-signaling molecule DVL2, GSK3β, β-catenin, and SFRP2, in AVS. All four proteins were abundantly expressed in stenotic aortic valves. In addition, qPCR analysis showed upregulation of DVL1, DVL2, β-catenin, and SFRP2 mRNA in stenotic aortic valves compared to healthy tissues. Together, our results clearly demonstrate upregulation of four key Wnt-signaling modulators in AVS patients, suggesting a possible role for the system in AVS.

The regulatory role of GSK-3β in Wnt signaling is controversial and largely depends on the type of cell and environment. Although there is a consensus in the literature suggesting that phosphorylation of GSK-3β at Ser9 (pSer9-GSK-3β) is inactivating and promotes formation of the destruction complex, several studies suggest the opposite, where pSer9-GSK-3β is a constitutively active form that promotes osteogenic differentiation and matrix mineralization (Huh et al., 2013). In fact, both theories may be true: only a small portion of pSer9-GSK-3β is bound to the destruction complex, while the rest play other regulatory roles in the cytoplasm (Beurel et al., 2015). Several signaling pathways such as PI3K-AKT, insulin, and other G-protein coupled receptor-mediated pathways converge on to GSK-3β, indicating its function may be more complicated than simply acting as a Wnt signaling activator. In this study, we found no changes in mRNA or protein expression of GSK-3β in healthy and stenotic aortic valves, however, the expression of pSer9-GSK-3β was significantly increased in AVS and expressed in areas of calcification, fibrosis and lipid core. These findings are corroborated by our previous results, where human aortic valve interstitial cells treated with CHIR99021, a potent GSK-3β inhibitor, had significantly reduced calcium deposition under osteogenic conditions (Albanese et al., 2016b). Together, our study supports the idea that pSer9-GSK-3β plays a pathogenic role in AVS that is independent of Wnt signaling.

Changes in calcium and phosphate metabolism have been largely associated with calcification of the aortic valve (Yang et al., 2015). In fact, previous studies have shown that patients with AVS have elevated serum calcium, phosphate and parathyroid hormone levels with reduced 25-hydroxyvitamin (Mills et al., 2004; Linhartová et al., 2008), suggesting impairments in mineral metabolism. However, the mechanisms by which this occurs remains to be elucidated. In this study, we mineralized HAVICs with the addition of phosphate to the cell growth medium, which we have previously demonstrated to induce extensive mineralization (Albanese et al., 2017). In the same study, GSK-3β inhibition significantly reduced mineralization after 3 weeks. Our proteomics analysis suggests that the majority of enriched biological process that were activated are largely associated with changes in metabolism, namely organophosphate metabolic processes. One of the proteins that were largely enriched was nicotinamide phosphoribosyltransferase (Nampt), which plays a critical role in the regulation of plasma inorganic phosphate levels in part through maintaining nicotinamide adenine dinucleotide (NAD) homeostasis (Miyagawa et al., 2018). Interestingly, inhibiting Nampt in wild-type mice reduced inorganic phosphate excretion. Another study showed the Nampt inhibition dampened glycolysis, which is an important mediator of phosphate metabolism (Tan et al., 2015).

Fetuin A, formally known as α2-Heremans–Schmidt glycoprotein, is described as a “major systemic inhibitor of ectopic calcification” (Jahnen-Dechent et al., 2008). Mice that are deficient in Fetuin A display microcalcification features in their small vessels along with generalized connective tissue calcification (Schäfer et al., 2003), while treating vascular smooth muscle cells with Fetuin A has been shown to robustly attenuate calcification (Reynolds et al., 2005). Here, we are the first to show that Fetuin A reduces calcification in HAVICs at concentrations similar to that which is found in the serum. Interestingly, the reduced calcification seen in the HAVICs was accompanied by a nearly complete reduction in mRNA expression of Wnt3a, Wnt5a, Wnt5b, and Wnt11. In a previous study, we show that the non-canonical proteins Wnt5a, Wnt5b, and Wnt11 are differentially expressed in patients with AVS, and that treating HAVICs with these ligands drives calcification (Albanese et al., 2017). Runx2 has been shown to be a master transcriptional regulator of osteogenic differentiation and is regulated directly by Wnt signaling (Gaur et al., 2005; Albanese et al., 2018). Here, we also show that the reduced expression of Wnt-signaling genes is accompanied by a reduction in RUNX2, as well as other osteogenic genes such as OPN, OSX, and BGLAP. These results are further validated by the ability of Fetuin A to increase the phosphorylated β-catenin to β-catenin protein expression ratio after during incubation in OSM, indicating downregulation of the active form of β-catenin (Albanese et al., 2018; Houschyar et al., 2019). Furthermore, Fetuin A completely attenuated the increased mRNA expression seen for DVL2, GSK3β, β-catenin, and SFRP2 in calcifying HAVICs. Together, these results confirm a procalcifying role for Wnt signaling in HAVICs and that Fetuin A may be a potential therapeutic to prevent calcification.

It is likely the pathogenesis of AVS is orchestrated by several biological pathways that work together to initiate changes in gene transcription and cell function. Our GO analysis coincides with these studies, suggesting that inhibiting GSK-3β initiates a cascade of events, leading to the downregulated profibrocalcifying mechanisms such as the Janus kinase-signal transducer and activator of transcription (Parra-Izquierdo et al., 2018), Ras-signaling (Kumar et al., 2014), shear stress (Wang et al., 2013), and apoptosis (Leopold, 2012; Galeone et al., 2013) pathways. This data coincides with our previous studies, showing that lipoprotein(a)-induced valvular calcification occurs through the activation of several biological pathways (Yu et al., 2017, 2018). Of particular interest, we found that Calreticulin was downregulated in CHIR99021-treated HAVICs. Calreticulin is a chaperone protein that binds to misfolded protein to prevent their export from the endoplasmic reticulum (Eggleton et al., 2016). Additionally, Calreticulin has been associated with AVS, along with other cardiovascular diseases (De La Cuesta et al., 2009; Martín-Rojas et al., 2012).

SFRPs may activate or inactivate Wnt-signaling and therefore, their role in the pathogenesis of AVS is currently unknown and remains controversial in other cardiac pathologies as well (Bovolenta et al., 2008; Foulquier et al., 2018). Of these molecules, SFRP2 is the most widely studied in the context of cardiac development and disease (Foulquier et al., 2018; Wu et al., 2020). For example, in animal models of myocardial infarction, SFRP2 gene deletion attenuated fibrosis and improved cardiac function, while treatment with SFRP2 antibody reduced apoptosis and fibrosis (Kobayashi et al., 2009; Mastri et al., 2014). Other reports have shown that SFRP2 is a potent inhibitor of chondrogenesis (Morello et al., 2008; Woldt et al., 2012), warranting further investigation of this important Wnt modulator in the context of AVS. In the current study, we show upregulation of SFRP2 mRNA, and localization of SFRP2 protein in foam cells and calcification cores. This may be explained through the ability of SFRPs to form complexes with each other to impede their ability to scavenge Wnt ligands, or by directly binding to Frizzled receptors to block Wnt binding (Bovolenta et al., 2008). In cardiac fibroblasts, SFRP2 activated canonical Wnt signaling to activate matrix metalloproteinases and accelerate extracellular matrix remodelling (Lin et al., 2016). Additionally, injections of a SFRP2 antibody in a failing hamster heart attenuated Wnt-signaling while also reducing fibrosis and improving cardiac function (Mastri et al., 2014). Still, it is not clear if SFRP2 is contributing to AVS progression, or if SFRP2 is released by resident cells to attenuate Wnt-signaling and valve remodeling. Further research in this area may help clarify these findings.

In summary, the present study demonstrates the increased expression of GSK-3β, DVL2, SFRP2, and β-catenin stenotic aortic valves. We also identified some of the pathways involved in the maladaptive changes in HAVICs associated with GSK-3β activation. These findings may propel research aimed at targeting molecules involved in the canonical Wnt pathway in order to eventually develop potentially propitious pharmacological drugs for AVS. However, future studies are encouraged to investigate changes in downstream Wnt/β-catenin gene expression in patients with AVS to corroborate our findings. Further investigations would be necessary to identify the stage in the Wnt pathway at which inhibition would be most effective in halting the progression of AVS.
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X-linked hypophosphatemia (XLH) is characterized by rickets and osteomalacia, caused by inactivating mutations in the Phosphate-regulating endopeptidase homolog X-linked (PHEX) gene. With aging, adult patients develop paradoxical heterotopic calcifications of tendons and ligaments at their insertion sites (enthesophytes), and joint alterations. Understanding the progression of this structural damage that severely affects patients’ quality of life will help to improve the management of XLH. Here, we characterized the occurrence of enthesophytes and joint alterations through a 12 month in vivo micro-CT follow-up in the Hyp mouse, a murine model of XLH (n = 5 mice per group). Similar to adult patients with XLH, Hyp mice developed calcaneal enthesophytes, hip joint alterations, erosions of the sacroiliac joints and periarticular calcifications. These lesions were already present at month 3 and gradually worsened over time. In sharp contrast, no abnormalities were observed in control mice at early time points. Histological analyses confirmed the presence of bone erosions, calcifications and expansion of mineralizing enthesis fibrocartilage in Hyp mice and their absence in controls and suggested that new bone formation is driven by altered mechanical strain. Interestingly, despite a strong deformation of the curvature, none of the Hyp mice displayed enthesophyte at the spine. Peripheral enthesophytes and joint alterations develop at the early stages of the disease and gradually worsen overtime. Overall, our findings highlight the relevance of this preclinical model to test new therapies aiming to prevent bone and joint complications in XLH.
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INTRODUCTION

Mineralization defects and paradoxical mineralization of entheses are the hallmarks of X-linked hypophosphatemia (XLH) (Polisson et al., 1985; Reid et al., 1989), a rare skeletal disease caused by inactivating mutations in the phosphate-regulating endopeptidase homolog X-linked (PHEX) gene (Sabbagh et al., 2000; Gaucher et al., 2009). Mineralization defects manifest in XLH children as rickets with severe skeletal deformities and short stature (Wharton and Bishop, 2003; Carpenter et al., 2011; Glass et al., 2011; Fuente et al., 2017; Vakharia et al., 2018). In adulthood, the burden of disease is related to musculoskeletal symptoms due to osteomalacia (de Menezes Filho et al., 2006), osteoarthritis, and lower-limb muscle weakness, but also ossification of entheses (enthesophytes), this latter feature being a strong determinant of impairment in quality of life (QoL) in this population (Schott and Wills, 1976; Reid et al., 1989; Sullivan et al., 1992; Amora et al., 2006; Bergwitz and Juppner, 2009; Che et al., 2016; Skrinar et al., 2019). Enthesophytes form on the spine, peripheral joints and Achilles tendons, and are responsible for chronic pain, joint limitations, stiffness and disability (Figure 1; Che et al., 2016).


[image: image]

FIGURE 1. Enthesopathies and osteoarthritis in a 36 year-old female patient with XLH. (A) Spinal enthesophytes (yellow arrow). (B) Enthesophyte (yellow arrow) on the Achille’s tendon. (C) Early osteoarthritis (yellow arrow).


The current medical treatment, which is commonly prescribed from early childhood to the end of growth, seeks to address the deficiencies associated with this disease, i.e., oral phosphorus supplementation with multiple daily intakes to compensate for renal phosphate wasting and active vitamin D analogs (alfacalcidol or calcitriol) to counteract the 1,25-(OH)2-vitamin D deficiency (Glorieux et al., 1980; Friedman et al., 1993; Makitie et al., 2003; Liu et al., 2016). Nonetheless, despite this treatment during growth, musculoskeletal symptoms due to enthesopathies and osteoarthritis remain the main manifestations in the clinical progression of XLH (Carpenter, 2012; Linglart et al., 2014; Connor et al., 2015). It is unclear whether or not enthesophyte formation can be modified by using phosphate and vitamin D analogs. In an observational cross-sectional study in 52 adults with XLH, neither the presence nor the absence of enthesopathies was associated with conventional treatment of XLH, whatever the treatment duration (Connor et al., 2015). The pathogenesis underlying the development and progression of enthesopathies and osteoarthritis in patients with XLH has yet to be investigated.

The hypophosphatemic (Hyp) mouse, a murine model of XLH that harbors a spontaneous Phex mutation, recapitulates biochemical and skeletal features of XLH (Eicher et al., 1976; Strom et al., 1997). Although the expansion of mineralizing enthesis fibrocartilage of the calcaneus and osteoarthropathy of the tibial articular cartilage have been described (Liang et al., 2009; Liu et al., 2018), there are no data on spinal and other peripheral features in this model. Thus, in this study, we sought to describe the natural history of enthesopathies and joint alterations in XLH, using a 12 month (M) longitudinal follow-up of Hyp mice.



MATERIALS AND METHODS


Mouse Model

The Hyp mouse model B6.Cg-Phex Hyp/J was obtained from the Jackson Laboratory (# 000528). Heterozygous breeding was carried out and tail snips were collected for genotyping. DNA was extracted from the snips using a DNeasy Blood and Tissue Kit (Qiagen, France) and the genotype was determined by PCR using primers for Phex (Sheen et al., 2012). Male wild-type (WT) and Hyp littermates were used for this study. Chemical methods were used for mice sacrifice according to the ethical protocol approved by the Animal Care Committee of French Veterinary Services (DPP Haut de Seine, France: agreement number C-9204901).

All mice were housed under conditions of controlled temperature (23 ± 2°C) and light (12:12 h light/dark cycle), with unlimited access to water and standard pelleted food (1.20% calcium and 0.83% phosphorus, rodent diet 3800PMS10, Provimi Kliba, Kaiseraugst, Switzerland).



X-ray Micro-Computed Tomography (Micro-CT) Acquisition and Analysis

Male WT and Hyp mice (n = 5 per group) were scanned at M3, 6, 9 and 12 using a high-resolution X-ray micro-computer tomography (micro-CT) system (Quantum FX Caliper, Life Sciences, Perkin Elmer, Waltham, MA) at the Life Imaging Platform (PIV), UR 2496, Montrouge, France. Standard acquisition settings were used (90 kV, 160 mA) and scans were performed with a field of view alternately focused on the right hind paw (180 s scan time, 20 μm3 voxel size) or hip (120 s, 50 μm3), or covering the full body (36 s, 236 μm3). Micro-CT data sets were analyzed using the built-in multiplanar reconstruction tool, OsiriX 5.8 (Pixmeo, Switzerland) in order to generate a series of images aligned over time for each anatomical region of each animal. Axial and coronal images of the sacroiliac joints and hip joints, sagittal images of the spine, and axial and sagittal images of the hind paw were reconstructed. The analysis was focused on these areas because they are the most common sites of structural involvement in adult patients with XLH.

Two rheumatologists specialized in the field of rare bone diseases and bone inflammatory diseases assessed hip joint alterations (defined as the presence of osteophytes on joint margins or narrowing of the joint space or altered shape of the bone ends), and enthesopathies (defined as new bone formation from the enthesis) on spine or paw, erosion of the sacroiliac joint and periarticular calcification. Both readers were blind to the status of the mouse (Hyp vs. WT) but were aware of the different analysis time points (M3, M6, M9, and M12). A semi-quantitative score was established, ranging from 0 (normal) to 3 (most severe feature assessed) for spinal enthesophytes and joint evaluation and from 0 (absent) to 2 (present) for peripheral calcifications and enthesophytes (see Table 1). When applicable, both sides were scored and a resulting mean was calculated. In the follow-up score, up to 1 point could be added in cases of a 50% increase in the size of the enthesophyte or calcification between two consecutive time points. A composite score (from 0 to 18) was built based on these parameters for each time point (see reading grid in Table 1). Observers were calibrated during a preliminary 3 h training session on micro-CT reading. In the event of disagreement between the two readers, a third also analyzed the image and a consensus was reached between the three readers.


TABLE 1. Scoring grid of enthesopathies, erosions, ossifications, and narrowing of joint.

[image: Table 1]The angle of dorsolumbar kyphosis was defined for each mouse at M3, M6, M9, and M12. Using sagittal images of mice spines from full body CT scans, endplate orientations of thoracic and lumbar vertebrae were marked using ImageJ (Rasband, W.S., ImageJ, U.S. National Institutes of Health, Bethesda, MD, United States1, 1997–2016). The apical thoracic vertebrae of the rachis were identified and the kyphosis angle defined by the means of (1) the tangent of the cranial endplate of the 4th thoracic vertebra and (2) the tangent to the caudal endplate of the 4th lumbar vertebra, from the apical thoracic vertebra. A MATLAB script (MATLAB R2012b, The MathWorks Inc., Natick, MA, 2000) was used to measure these angles in all mice at each age.



Murine Tissue Preparation

Bones were fixed overnight at 4°C in 70% ethanol solution and dehydrated in a graded ethanol series. Undecalcified samples were embedded in methyl methacrylate (Merck, Rahway, NJ). Serial sections, 4 μm thick, were cut on a microtome (Polycut E microtome, Leica, Wetzlar, Germany). Series of consecutive sections representative of micro-CT images were stained respectively with toluidine blue (pH 3.8), von Kossa reagent (5% silver nitrate solution, Sigma-Aldrich, St Louis, MO), Masson’s trichrome staining (Sigma-Aldrich, St Louis, MO) and safranin O staining (Weigert’s iron hematoxylin, Sigma-Aldrich, St Louis, MO; Fast Green, Prolabo, Paris, France; and Safranin O solution, Sigma-Aldrich, St Louis, MO).



Immunohistochemistry

Sections embedded in methyl methacrylate were deplasticized in methyl glycol acetate and rehydrated in a graded ethanol series to pure distilled water. Sections were incubated in a moist chamber for 12 h at 4°C with goat anti-human osteopontin (OPN) antibody (R&D Systems, Minneapolis, MN, United States) diluted at 5 μg/mL in 10% goat serum/PBS-T, or goat anti-human sclerostin (SOST) primary antibody (R&D Systems, Minneapolis, MN, United States) diluted at 5 μg/mL in 10% donkey serum with 1% BSA/PBS-T. Sections were then incubated with peroxidase-conjugated anti-IgG diluted at 1/200 and Donkey anti Goat IgG secondary antibody Texas red (Thermo Fisher Scientific) diluted at 1/1000, respectively. Control incubations to assess non-specific staining involved the same procedures except that the primary antibody was replaced by non-immune serum.



Statistical Analysis

GraphPad Prism (GraphPad Prism version 6.0 for Mac) was used for statistical analysis using 2-way ANOVA followed by multiple comparison tests. Differences were considered significant at p < 0.05. Data are expressed as mean ± SD.



RESULTS


Enthesopathies and Joint Structural Alterations Increased With Aging in Hyp Mice

A longitudinal follow-up was performed by micro-CT of the skeleton of Hyp and control mice. Hip joint alterations, enthesopathies on spine or hind paw, erosion of the sacroiliac joint and periarticular calcification were assessed following the semi-quantitative score detailed in the reading grid in Table 1. Enthesopathies, erosions and osteophytes were detected in all Hyp mice from M3 whereas no abnormalities were observed in control mice. The total composite score indicates, overall, a clear increase in structural severity over time in the Hyp mice (Figure 2A). On the other hand, the pattern of lesions differed between these mice (Figure 2B). All of them had a high sacroiliac joint score for bone erosion, i.e., a mean score of 2.5 and 2.85 out of 3 at M3 and M12, respectively. Four mice out of five had hip joint osteoarthritis and/or tarsal calcifications with a mean score of 0 and 1 at M3, and 1.8 and 2.1 out of 3 at M12, respectively. Structural damage of sacroiliac and hip joints was strictly symmetrical.


[image: image]

FIGURE 2. Longitudinal changes in the total composite score in Hyp and WT mice. (A) A total composite score was established following the scoring grid (Table 1) for each mouse at each time point (M3, 6, 9, 12). Enthesophytes, erosions and ossifications were observed in each Hyp mouse and no abnormalities were observed in controls. These lesions were already present at M3, the composite score increasing continuously over time. (B) Scores of enthesopathies, erosions, ossifications, and narrowing of joint established following the scoring grid (Table 1) for each Hyp mouse at M12. No spinal enthesophytes were observed. The pattern of lesions differed between Hyp mice.




Hyp Mice Developed Peripheral Enthesophytes and Axial Deformation


Hyp Calcaneal Enthesophytes

Micro-CT follow-up revealed that calcaneal enthesophytes formed early and expanded over time in Hyp mice (Figure 3A). Two out of five already had visible calcaneal enthesophytes at M3. Histological sections showed mineralizing fibrochondrocytes expanding into both Achilles tendon and plantar fascia ligament insertions of calcaneal tuberosity in all Hyp mice at M12 (Figure 3B).


[image: image]

FIGURE 3. Calcaneal enthesophytes in Hyp mice. (A) Achilles (red arrowheads) and plantar fascia enthesophytes (red arrows) developed from M3 to M12 in Hyp mice (representative micro-CT sections from Hyp#4 mouse). In contrast, no enthesis ossification was found in WT littermates (scale bars, 500 μm). (B) Masson’s trichrome and Von Kossa staining of undecalcified sections of calcaneal area at M3 and M12 in WT and Hyp mice. Von Kossa staining confirmed the cellular expansion of mineralizing fibrochondrocytes into Achilles tendon (red arrowhead) and plantar fascia ligament (red arrow) insertions of the calcaneal tuberosity in Hyp mice (scale bars, 100 μm).




Spine Features

Hyp mice developed a significantly larger kyphosis angle from M9 compared to that in WT mice (Figure 4). Although no spine ossifications were observed, we highlighted hypertrophy of the vertebral body on histological staining of Hyp mouse vertebrae (Supplementary Figure 1).


[image: image]

FIGURE 4. Angle of dorsolumbar kyphosis of mice at M3, 6, 9, and 12. The kyphosis angle was significantly larger from M9 in Hyp mice than WT mice (*p < 0.05) (representative micro-CT sections from Hyp#2 mouse).




Hip Joint Features

Ossification delay at the femoral head was observed at M3 and M6 (Figure 5A) and confirmed by histological analyses at M3 (Figure 5B). Safranin O staining showed an abnormal thick layer of hypertrophic chondrocytes at M3 in Hyp mice, whereas complete ossification of femoral heads was observed in WT mice as confirmed by Von Kossa staining. Micro-CT analyses and Von Kossa staining showed bony outgrowths at the margin of the hip joint in Hyp mice at M12 (Figure 5).


[image: image]

FIGURE 5. Features of coxofemoral joint of Hyp and WT mice. (A) Delayed ossification was observed in Hyp mice on micro-CT (red arrows). New bone formation was noticeable at M12 in Hyp mice (red arrowhead) (representative micro-CT sections from Hyp#2 mouse) (scale bars, 500 μm). (B) Histological staining confirmed micro-CT observations. High thickness of the non-mineralized cartilage at M3 on Von Kossa staining was evident in Hyp mice which is confirmed by safranin O staining. At M12, the new bone formation was also observable on Von Kossa staining in Hyp mice (red arrowhead) (scale bars, 200 μm).




Hyp Mice Presented Early Osteoarthritis Features


Sacroiliac Joint Features

Micro-CT follow-up showed a progressive erosion of the sacroiliac joint with irregular articular surfaces reflecting progressive structural damage in Hyp mice compared to controls (Figure 6). These types of damage were present in all the Hyp mice as soon as M3 and worsened up to M12. Detailed images obtained from this in vivo imaging approach provided a valuable tool to study sacroiliac joint alterations (Figure 6A). Both Masson’s trichrome and Von Kossa staining showed severe osteomalacia at Hyp sacroiliac bone and revealed that Hyp bone is mainly composed of osteoid matrix at M3 and M12. Safranin O staining showed joint surface damage in Hyp mice, characterized by an altered staining of articular cartilage appearing discontinuous along joint surface from M3 and M12 samples (Figure 6B).
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FIGURE 6. Features of sacroiliac joint of Hyp and WT mice. (A) Micro-CT analysis showed bone erosion of the sacroiliac joint in Hyp mice which appears at early stages and progressed up to M12 (representative micro-CT sections from Hyp#2 mouse) (scale bars, 500 μm). (B) Masson’s trichrome staining displayed that sacroiliac bone of Hyp mice presented a large amount of collagen matrix compared to WT mice. Von Kossa staining showed a weak mineralization (in dark) of the Hyp collagen matrix revealing an enlarged osteoid characteristic of features of osteomalacia bone. Safranin O staining revealed high wear of cartilage at M3 in Hyp mice (scale bars, 200 μm).




Periarticular Calcifications

Micro-CT follow up revealed abundant new bone formation on the anterior-inferior side of the tibia in Hyp mice, already detectable at M3 and worsening over time up to M12 (Supplementary Figure 2A). This bone formation was confirmed by Masson’s trichrome and Von Kossa staining revealing mineralized collagenous matrix at M3 and M12 (Supplementary Figure 2B).

Periarticular calcifications were also observed in various regions such as the tarsus in the hind paw (Supplementary Figure 3). In contrast, no ectopic bone formation was observed in WT mice even at the end of follow-up.



Bone Markers Associated With Pathogenic Processes

In order to investigate the mechanisms underlying abnormal bone formation in XLH, proteins involved in the mineralization process, namely, osteopontin (OPN) and sclerostin, were analyzed in the calcaneus and the sacroiliac joints in control and Hyp mice (Moester et al., 2010; Boukpessi et al., 2017). Faint expression of OPN was observed in the Hyp calcaneal enthesis, likely associated with the ossification of the enthesis, whereas in WT mice the calcaneum displayed strong OPN labeling (Figure 7A). In the sacroiliac joint, OPN immunostaining appeared stronger than that in WT mice and was associated with the mineralized matrix rather than the enlarged osteoid matrix (Figure 7B). In Hyp mice, a very faint expression of sclerostin was observed in osteocytes and fibrochondrocytes in the calcaneum and in osteocytes in the cortical bone of the sacroiliac joint, whereas a strong staining of both cells was seen in WT mice (Figure 8).
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FIGURE 7. OPN expression in osteoarticular lesions in WT and Hyp mice. (A) WT calcaneal enthesis showed a strong OPN expression at tidemark (red arrows) between uncalcified and calcified fibrocartilage compared to Hyp mice at M12. Cellular expansion of mineralizing fibrochondrocytes of both Achilles tendon and plantar fascia ligament insertions into the calcaneal tuberosity showed faint OPN expression in Hyp mice. pf, plantar fascia ligament; at, Achilles tendon; mt, mineralized fibrochondrocytes of Achilles tendon; mp, mineralized fibrochondrocytes of plantar fascia ligament; c, calcaneal tuberosity; t, tendon (scale bars, 100 μm). (B) OPN immunostaining in Hyp mice showed a strong expression in sacroiliac joint compared to that in WT mice at M3. The staining was associated with the mineralized matrix rather than the enlarged osteoid matrix (red arrowheads) (scale bars, 200 μm).



[image: image]

FIGURE 8. Sclerostin expression in osteoarticular lesions in Hyp mice at M3. In WT mice, sclerostin immunolabeled osteocytes and fibrochondrocytes were observed in the calcaneum (A) and in the cortical bone of the sacroiliac joint (B) (both in the bony part and in the transitional zone between bone and enthesis, indicated with blue arrows). In contrast, very weak expression of sclerostin was seen in these cells in the Hyp calcaneal enthesis and sacroiliac joint. c, calcaneus; ce, calcaneal enthesis (scale bars, 50 μm).




DISCUSSION

In the present study, we report that Hyp mice develop enthesopathies, joint ossifications and bone erosions relatively early in life, unlike WT mice. In addition, a progressive worsening of these manifestations was observed over time. These skeletal complications related to early osteoarthritis and enthesopathies phenocopy skeletal features of adult patients with XLH (Figure 1) (Skrinar et al., 2019). Despite their variable severity, these manifestations strongly impair the QoL of adults with XLH similar to the impairment seen in patients with chronic diseases (Che et al., 2016), introducing a novel parameter for the monitoring of therapeutic interventions in XLH. Employing intraindividual follow-up with high-resolution micro-CT and histology on undecalcified bone samples, we documented the natural history of manifestations such as osteoarthritis and enthesopathies in Hyp mice. Detailed images obtained by in vivo imaging provide a valuable tool for studying structural damage of the sacroiliac joints.

Early features of osteoarthritis are found in up to 85.4% of young adult patients with XLH (Che et al., 2016). In our study, degenerative lesions of the sacroiliac joint were common and developed early in Hyp mice. Histological sections revealed that this area was strongly affected in Hyp mice, including osteomalacia with accumulation of osteoid matrix and insufficient mineralized tissue. The joints between the sacrum and the ilium are joined by several ligaments and consist of a lower fibrocartilaginous part and an upper ligamentous part. As such, this region is prone to mechanical stress. In the underlying bone under normal conditions, osteocytes are entrapped within the mineralized bone matrix showing a specific morphology and molecular signature. These features allow them to serve as a bone response mechanism for mechanical stress in their microenvironment. Sclerostin, a primarily osteocyte product, is widely considered a key mechanotransduction molecule, whose expression is suppressed by mechanical loading (Moester et al., 2010). Interestingly, we detected a weak expression of sclerostin in Hyp mouse sacroiliac joints. This finding could be associated with (1) altered transduction of the mechanical loading due to osteomalacia, or (2) an immature osteocyte phenotype due to the inhibition of the extracellular matrix mineralization. Similar mechanisms have been described when mineralization of osteoid is inhibited by administration of bisphosphonate etidronate (Irie et al., 2008). It is worth noting that a recent study suggests a key role of sclerostin in FGF23 regulation, phosphate metabolism and XLH pathobiology (Carpenter and Ross, 2020).

OPN is an acidic, phosphorylated, calcium-binding, extracellular matrix protein from the small integrin-binding ligand, N-linked glycoprotein (SIBLING) family (Fisher and Fedarko, 2003; Qin et al., 2004), and has been proposed as a key player in XLH pathobiology. OPN mineralization-inhibiting functions are regulated through its degradation by the endopeptidase PHEX for which it is a substrate (Addison et al., 2010; Barros et al., 2013). Indeed, OPN and its mineralization-inhibiting peptides have been shown to accumulate in XLH/Hyp bone matrix, including in periosteocytic lesions (Barros et al., 2013; Boukpessi et al., 2016), and in interglobular dentin (Boukpessi et al., 2010; Salmon et al., 2014), contributing locally to the matrix mineralization defect independent of systemic Pi−regulating factors (Hoac et al., 2020). In the present study, the investigation of the sacroiliac joint showed that, in addition to this abnormal accumulation of OPN in hypomineralized bone regions, this protein was also strongly expressed within the mineralized matrix (Salmon et al., 2014; Boukpessi et al., 2016). Taken together, this might suggest a differential regulation of OPN depending on the mechanical constraints the tissue studied is under.

Enthesophytes are diagnosed in up to 85% of adults with XLH on X-ray and are usually associated with a poor QoL (Che et al., 2016). Here, we performed for the first time a follow-up of enthesopathies by micro-CT in Hyp mice over 12 months. Our study allowed the identification of severe calcaneal enthesopathies in 2/5 mice, consistent with the considerable variability observed in clinical manifestations in humans (Martos Moreno et al., 2016). Histological sections showed mineralizing fibrochondrocytes of the calcaneum in Hyp mice (Liang et al., 2009; Liu et al., 2018). Interestingly, sclerostin, which is a potent inhibitor of bone formation down-regulated by mechanical loading, was weakly expressed in Hyp calcaneal enthesis. Moreover, OPN localization also appeared to be altered in Hyp calcaneal enthesis compared to that in WT mice. Our results support the view that enthesis in XLH patients present an abnormal balance of mineralization factors. Enthesis lesions might develop because of additional stimulation such as biomechanical stress (Jacques et al., 2014).

In contrast, we did not observe axial enthesophytes at the spine in Hyp mice, although there was spinal curvature deformation. In humans, however, spinal enthesophytes are a major concern in relation to adult manifestations and QoL, being present in ∼64% of adults with XLH (Che et al., 2016). This specific feature of the Hyp spine might be explained by the quadruped locomotion, which strongly modifies spinal constraints compared to those in humans, suggesting that axial enthesophyte formation is probably associated with impaired mechanical loading in humans.

Our study widens the prospects of XLH treatments. Specifically, the conventional medical treatment (phosphorus supplementation and active vitamin D analogs) is commonly prescribed from early childhood to the end of growth and seeks to counteract consequences of FGF23 excess (Linglart et al., 2014). Although biological tests to monitor XLH are performed to avoid complications such as hypercalciuria or hyperparathyroidism, to date, there is no consensus on the indications and duration of treatment in adults (Carpenter et al., 2011). This murine model of XLH appears to be a suitable preclinical model for assessing the long-term effect of therapies on adult skeletal manifestations and developing effective preventive strategies.

A recent therapeutic strategy was developed to neutralize FGF23 action using monoclonal anti-FGF23 antibodies in children and adults with XLH (Carpenter et al., 2014; Imel et al., 2019). In Hyp mice, repeated s.c. administration of FGF23 antibody rescues the bone and mineral phenotype, including circulating phosphate levels. The effect of anti-FGF23 antibodies on severe XLH manifestations that strongly impact patient QoL remains to be explored. In particular, the Hyp mouse model will make it possible to study the local effect of the new drugs on extracellular matrix mineralization defects due to PHEX deficiency (Coyac et al., 2018). In this context, the study of FGF23 involvement in mineralization defect at the tissue level through the Klotho/FGF-R pathway will be all the more important.

In conclusion, we report early and progressive axial deformation and peripheral enthesophytes in Hyp mice. This appears to be a relevant model (i) to investigate pathobiological mechanisms underlying development and severity of enthesopathies and joint structural damage, and (ii) for preclinical studies seeking to test the impact of conventional and new therapies on the development of such manifestations. Further, these findings suggest a new paradigm in which mechanical constraints contribute to the development of enthesophytes and bone structural alterations in XLH. This opens avenues for a new field of mechanotransduction-associated pathways in XLH and improves knowledge of the natural history of this disease that ranks alongside causal understanding in importance for prevention and control.
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Inflammation is well-established in cardiovascular disease, including valvular heart disease. Inflammation is a key process in the fibrosis and calcification of the aortic valve leaflets, which ultimately clinically manifest as aortic valve stenosis characterized by valve dysfunction and cardiac obstruction. In the absence of pharmacological treatment, either surgical or transcatheter aortic valve replacement is currently the only available therapeutic strategy for patients with severe aortic valve stenosis. Omega-3 polyunsaturated fatty acids, which exert beneficial effects in several cardiovascular diseases, serve as the substrate for several bioactive lipid mediators that regulate inflammation. Recent findings point to the beneficial effects of omega-3 fatty acids in cardiac valves, being inversely associated with aortic valve calcification and contributing to the resolution of valvular inflammation by means of the pro-resolving mediator resolvin E1 and downstream signaling through its receptor ChemR23.
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INTRODUCTION

Aortic valve stenosis (AVS) is the most common cause of interventional treatment of the cardiac valves (Nkomo et al., 2006), affecting over 10% of the population above 80 years (Eveborn et al., 2013). AVS is characterized by fibrocalcific aortic valve leaflets with reduced valve opening (Bäck et al., 2013). When AVS becomes severe, significant cardiac outflow obstruction develops, culminating in heart failure and, if untreated, death. Currently, there is no pharmacological treatment for AVS, leaving aortic valve replacement as the only available and effective treatment option.

The aortic valve opens and closes in a coordinated movement, allowing the blood flow from the left ventricle toward the aorta (Bäck et al., 2013). AVS is characterized by an increased inflammation, fibrosis, and calcification of the aortic valve leaflets, which together alter the valvular function. Increased mechanical stress on the aortic valve leads to endothelial injury and subsequent activation (Bäck et al., 2013), which, together with inflammatory cell infiltration (New and Aikawa, 2011), lipids and lipoproteins (Smith et al., 2014; Mathieu et al., 2017), extracellular matrix (ECM) remodeling (Aikawa et al., 2007), and oxidative stress (Miller et al., 2010; Mercier et al., 2020), are the key elements for the initiation of the valvular interstitial cell (VIC) calcification characteristic of the disease.

AVS has been associated with inflammation in several studies, manifested systemically by increased levels of C-reactive protein (CRP) (Galante et al., 2001). Calcified regions of stenotic human aortic valves contain infiltration of inflammatory cells (Aikawa et al., 2007), increased levels of inflammatory mediators (Nagy et al., 2011), and decreased levels of anti-inflammatory mediators (Artiach et al., 2020a). The central role of inflammation in AVS has received further support from animal models of aortic valve disease, which have demonstrated an increased lipoprotein infiltration accompanied by endothelial damage, inflammatory cell infiltration, and calcification of the aortic valve (Weiss et al., 2013). Macrophages and other inflammatory cells increase pro-inflammatory cytokines and ECM-degrading enzymes (Aikawa et al., 2007) that may lead to aortic valve thickening and, as a consequence, impaired valvular function. The ECM remodeling as a consequence of proteases and alterations in ECM synthesis will induce the generation of nidus for dystrophic calcification, characteristic in the development of the disease (Rodriguez and Masters, 2009). At later stages, VICs undergo an osteogenic differentiation and contribute to a heterotopic ossification process.



THE RESOLUTION OF INFLAMMATION

The chronic inflammation in AVS, characterized by lipids, lipoproteins, inflammatory cell infiltration, and pro-inflammatory mediators, resembles that observed in atherosclerotic lesions. Importantly, atherosclerotic inflammation is characterized by a failure in the resolution of inflammation (Bäck et al., 2019). Challenging the concept of inflammation as a process that originally was thought to be resolved in a passive manner, the resolution of inflammation has emerged as an active process of limiting inflammatory cell infiltration and favoring phagocytosis for the removal of debris and apoptotic cells from the site of inflammation (Serhan, 2014). Macrophages, predominantly of the M2 subtype, play a key role in these processes (Ariel and Serhan, 2012), but also structural cells actively participate in the resolution of inflammation (Carracedo et al., 2019).

A group of bioactive lipids derived from polyunsaturated fatty acids (PUFAs) and coined specialized pro-resolving mediators (SPMs) are crucial for the resolution of inflammation to take place (Serhan, 2014). In addition to omega-6 PUFA-derived lipoxins, omega-3 PUFAs serve as the substrate for several families of SPMs (Serhan, 2014). Specifically, the D-series resolvins, maresins, and protectins are derived from docosahexaenoic acid (DHA), whereas eicosapentaenoic acid (EPA) gives rise to the E-series resolvins (Serhan and Levy, 2018).

SPMs exert their effects through specific G protein-coupled receptors (Pirault and Back, 2018). For example, resolvin E1 (RvE1) signaling through its receptor ChemR23 limits leukocyte activation (Arita et al., 2005) and enhances phagocytosis in atherosclerosis (Laguna-Fernandez et al., 2018). In addition, RvE1 promotes the anti-inflammatory M2-type macrophage polarization in heart tissue and spleen, shifting the LPS-induced pro-inflammatory M1-type phenotype, observed by increased expression of the M2 macrophage markers arginase 1, CD206, CD163, and CD36 (Zhang et al., 2020).

Stimulating SPMs and their receptors have beneficial effects in several animal models of intimal hyperplasia (Artiach et al., 2018; Liu et al., 2018), atherosclerosis (Petri et al., 2017), and vascular calcification (Carracedo et al., 2018). Recently, studies on SPM pathways (Artiach et al., 2020a) and M2 macrophages (Karadimou et al., 2020) pointed toward a failure in the resolution of inflammation as part of the pathophysiological processes underlying the chronic inflammation in AVS.

SPMs derived from omega-3 PUFA in addition have an important implication from a therapeutic point of view, in terms of omega-3 PUFA supplementation as a potential means of resolving cardiovascular inflammation. Indeed, the levels of CRP in coronary artery disease increase with lower dietary intake of omega-3 PUFA, in particular at an omega-6-to-omega-3 PUFA ratio above 4:1 (Artiach et al., 2020a,b; Sut et al., 2020). This has been further supported by studies in healthy volunteers where a high omega-6-to-omega-3 PUFA ratio is associated with increased levels of inflammatory biomarkers and CRP (Kalogeropoulos et al., 2010). Furthermore, the REDUCE-IT trial recently showed that treatment with EPA ethyl ester formulation in elevated doses conferred a 25% relative risk reduction in major cardiovascular events, including cardiovascular death, non-fatal myocardial infarction, non-fatal stroke, coronary revascularization, and hospitalization for unstable angina (Bhatt et al., 2019). Whether these beneficial effects of EPA were a result of a modulation of inflammation or/and other cardiovascular risk factors has not been established (Innes and Calder, 2020).

In addition to dietary intake and pharmacological supplementation, the omega-3 and omega-6 PUFA levels are also enzymatically regulated. In particular, the elongation of the very long chain fatty acids protein (ELOVL) together with the fatty acid desaturase (FADS) 1 and 2 catalyze the Δ5 and Δ6 desaturase activities necessary for the conversion of linoleic acid to arachidonic acid (AA) and the conversion of alpha-linolenic acid into EPA and DHA (Plunde et al., 2020).



OMEGA-3 PUFAs IN AVS

Genome-wide association and Mendelian randomization studies have identified a genetic variant in the FADS1/2 loci associated with AVS (Yuan et al., 2019), where each copy of the minor-C allele reduced more than 10% the odds of the disease (Chen et al., 2020). Since this variant genotype has been shown to alter both omega-3 and omega-6 PUFA metabolism and to lower AA generation from linoleic acid (Sasaki et al., 2019; Chen et al., 2020), those findings provide a potential link between PUFA and AVS. This is further reinforced by the finding that higher systemic levels of AA furthermore are associated with aortic valve calcification (Chen et al., 2020). However, the local valve levels rather than systemic levels of PUFA may be decisive for their availabilities as substrates for the biosynthesis of lipid mediators. Therefore, it is of importance that the protective minor allele of the FADS1/2 variant, in addition, confers an increased valvular FADS desaturase activity in the omega-3 PUFA pathway, increasing the amount of DHA in the aortic valve (Plunde et al., 2020). The latter study also showed that DHA levels were lower in calcified compared with non-calcified regions of human stenotic valves, recently extended to an overall decrease in omega-3 PUFA with aortic valve calcification (Artiach et al., 2020a). In addition, subjects with lower valvular omega-3 PUFA index have faster AVS progression prior to aortic valve replacement (Artiach et al., 2020a). Taken together, these studies support the idea that AVS progression and valve calcification are tightly linked to PUFA metabolism in general and to omega-3 PUFA in particular.



LIPID MEDIATORS AND SPECIALIZED PRO-RESOLVING LIPID MEDIATORS IN AVS

Several pro-inflammatory lipid mediators derived from the omega-6 PUFA metabolome are locally generated in aortic valves. The expression of PUFA-metabolizing enzymes in, and the release of lipid mediators from, human aortic valves and VICs is shown in Table 1. For example, an upregulation of the 5-lipoxygenase pathway in calcified compared with non-calcified aortic valve regions induces a local release of pro-inflammatory leukotriene and correlates with calcification and infiltration of pro-inflammatory cells such as macrophages and T-lymphocytes (Nagy et al., 2011; Kochtebane et al., 2013; Artiach et al., 2020a; Table 1). Furthermore, the cyclooxygenase (COX) 1 and 2 enzymes that are essential for the generation of prostaglandins and thromboxanes from AA are expressed in human aortic valves (Suzuki et al., 2014; Sakaue et al., 2020). Interestingly, COX2 is upregulated in human calcified valves, and its inhibition reduces aortic valve calcification in a klotho-deficient mouse model of cardiovascular calcification via downregulation of osteogenic gene induction (Wirrig et al., 2015). However, the COX2 inhibitor celecoxib has also been associated with increased VIC calcification and AVS (Bowler et al., 2019; Vaidya et al., 2020).


TABLE 1. Fatty acid metabolizing enzymes and lipid mediator in human aortic valves.

[image: Table 1]Omega-3 PUFA supplementation decreases the generation of AA-derived lipid mediators generated through the lipoxygenase and COX activities (Ishihara et al., 2019), hence decreasing the inflammatory response. In addition, cytochrome P450-generated epoxygenation products from omega-3 PUFAs may contribute to these anti-inflammatory effects (Ishihara et al., 2019). Preventing subsequent epoxide metabolism through the inhibition of soluble epoxide hydrolase has been shown to sustain the anti-inflammatory actions of the omega-3 PUFA epoxygenation pathway (Zhang et al., 2014). As stated above, lipid mediators, which are enzymatically synthesized from omega-3 PUFAs, may in addition act to actively stop the chronic inflammatory process locally in the aortic valve by promoting the resolution of the inflammation. Indeed, the omega-3 PUFA-derived SPMs RvE1 and RvD3 have been detected using targeted mass spectrometry lipidomic analysis of human valves. RvE1, which is derived from EPA, is furthermore lower in calcified compared with non-calcified regions of aortic valves coming from aortic valve replacement (Artiach et al., 2020a).

These findings indicate that the balance between pro-inflammatory lipid mediators derived from omega-6 PUFA and anti-inflammatory as well as pro-resolving lipid mediators derived from omega-3 PUFA may be decisive whether the PUFA metabolism acts to increase or resolve chronic valvular inflammation. Similar leukotriene-to-resolvin ratios have been proposed as biomarkers in atherosclerosis to detect non-resolving chronic inflammation (Fredman et al., 2016; Thul et al., 2017). The use of SPMs as biomarkers for cardiovascular disease, however, needs further investigation (Calder, 2020).



OMEGA-3 PUFAs DECREASE AORTIC VALVE DISEASE

Increased systemic omega-3 PUFA as a result of introducing the Fat-1 transgene to hyperlipidemic mice is also reflected in an EPA and DHA enrichment in the aortic valve. The increased systemic and valvular omega-3 PUFA manifested as a hemodynamically reduced cardiac obstruction on echocardiography as well as reduced aortic valve leaflet thickness and calcification on histology (Artiach et al., 2020a). These observations hence provided the proof of concept for beneficial effects of omega-3 PUFA in AVS. The murine mouse model of aortic valve disease used in the latter study is characterized by valvular macrophage infiltration (Tanaka et al., 2005), endothelial activation, calcification, and upregulation of calcification-related proteins (Aikawa et al., 2007). Consistent with a potential stimulation of the resolution of inflammation by means of omega-3 PUFA, mice expressing the Fat-1 transgene in addition exhibit a polarization of the infiltrated valvular macrophages toward an M2 type, observed by increased expression of arginase 1, and a trend towards increased CD206 (Artiach et al., 2020a).

Moreover, deletion of the RvE1 receptor ChemR23 exacerbated aortic valve disease and abolished the beneficial effects of omega-3 PUFA mediated by the transgenic Fat-1 expression, hence reinforcing the idea that the beneficial effects of omega-3 PUFA in aortic valve disease were mediated specifically by the RvE1 and ChemR23 signaling axis, as illustrated in Figure 1 (Artiach et al., 2020a).
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FIGURE 1. The beneficial effects of the omega-3 PUFA/RvE1/ChemR23 signaling axis in aortic valve stenosis. AA, arachidonic acid; Arg1, arginase 1; CD, cluster of differentiation; EPA, eicosapentaenoic acid; LT, leukotrienes; PG, prostaglandins; PUFA, polyunsaturated fatty acids; RvE1, resolvin E1; VIC, valvular interstitial cell.




MOLECULAR MECHANISMS OF OMEGA-3-DERIVED RvE1 IN AVS

In support of RvE1 signaling affecting the valvular macrophage subtype, the mRNA levels of its receptor ChemR23 are significantly correlated with the expression of markers of M2-type macrophages in human stenotic valves (Artiach et al., 2020a). Similar associations have been reported also for Toll-like receptor (TLR) 7 in stenotic aortic valves and stimulation of macrophages with a TLR7 agonist induced release of the anti-inflammatory cytokine IL-10 (Karadimou et al., 2020), hence reinforcing the role of M2 macrophages in the resolution of valvular inflammation. Moreover, exogenous administration of RvE1 to cultured VIC reduced in vitro calcification, suggesting that omega-3 PUFA-derived SPMs in addition to altering the valvular immune response also directly act on the structural cells of the valve to counteract calcification. Similar findings are observed after RvE1 administration to vascular smooth muscle cells, where the reduced calcification by RvE1 is associated to lower expression levels of bone morphogenetic protein 2 (Carracedo et al., 2018).

The in vivo situation may however be more complex. ChemR23 has been identified as a transducer of opposing effects in different cell types in terms of, for example, blocking inflammatory activation of macrophages, leading to a reduced smooth muscle cell proliferation in a mouse model of intimal hyperplasia, but stimulating vascular smooth muscle cell proliferation in vitro when inflammatory cells are not present (Artiach et al., 2018). Furthermore, in contrast to the exacerbated aortic valve calcification after ChemR23 knockout in hyperlipidemic mice, a non-inflammation-dependent mouse model of vascular calcification induced by vitamin D3 displayed reduced vascular calcification after genetic deletion of ChemR23 (Carracedo et al., 2018). These observations hence indicate a close interplay between immune cells and structural cells in the cardiovascular system where the phenotype favored by SPM receptors may depend on the degree of inflammation (Carracedo et al., 2019).



DISCUSSION

Omega-3 PUFA exert a plethora of beneficial effects. One of the potential underlying mechanisms is by severing as substrate for SPM biosynthesis and mediating the resolution of inflammation (Serhan and Levy, 2018). Stimulating the resolution of inflammation to target chronic inflammation is an emerging concept as an alternative to anti-inflammatory treatment with the advantage to avoid immunosuppression. The applicability of the concept has been explored in atherosclerosis (Bäck et al., 2019) and is supported by recent clinical trials showing decreased cardiovascular risk by EPA ethyl ester treatment (Bhatt et al., 2019). Here, we provide arguments from recent studies that these beneficial effects of omega-3 PUFA extend to also AVS.

Increased systemic and valvular inflammation in patients with AVS may be a key pathophysiological process leading to increased calcification of the aortic valve and ultimately clinically manifested AVS. Omega-3 PUFA accumulates in both human and murine aortic valves (Artiach et al., 2020a; Plunde et al., 2020) and contributes to the formation of the SPM RvE1, which signals through its receptor ChemR23 to transduce the resolution of valvular inflammation. In this process RvE1-induced M2 macrophage polarization and direct anti-calcifying effects result in decreased hemodynamic and morphological signs of aortic valve disease (Artiach et al., 2020a).

Taken together, the preclinical and clinical findings on FADS/FADS 2 genotype, omega-3 PUFA, the EPA-derived SPM RvE1, and its receptor ChemR23 on aortic valve function and structure described in this review may open up novel clinical opportunities toward a medical therapy to prevent AVS and valvular calcification. In particular, the potential beneficial effects of omega-3 PUFA supplementation in AVS warrant further investigation in clinical trials.
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Objective: Vascular calcification (VC) is an active process during which vascular smooth muscle cells (VSMCs) undergo an osteogenic switch and release extracellular vesicles (EVs). In turn, the EVs serve as calcification foci via interaction with type 1 collagen (COL1). We recently showed that a specific, six-amino-acid repeat (GFOGER) in the sequence of COL1 was involved in the latter’s interaction with integrins expressed on EVs. Our main objective was to test the GFOGER ability to inhibit VC.

Approach: We synthesized the GFOGER peptide and tested its ability to inhibit the inorganic phosphate (Pi)-induced calcification of VSMCs and aortic rings. Using mass spectrometry, we studied GFOGER’s effect on the protein composition of EVs released from Pi-treated VSMCs.

Results: Calcification of mouse VSMCs (MOVAS-1 cells), primary human VSMCs, and rat aortic rings was lower in the presence of GFOGER than with Pi alone (with relative decreases of 66, 58, and 91%, respectively; p < 0.001 for all) (no effect was observed with the scramble peptide GOERFG). A comparative proteomic analysis of EVs released from MOVAS-1 cells in the presence or absence of Pi highlighted significant differences in EVs’ protein content. Interestingly, the expression of some of the EVs’ proteins involved in the calcification process (such as osteogenic markers, TANK-binding kinase 1, and casein kinase II) was diminished in the presence of GFOGER peptide (data are available via ProteomeXchange with identifier PXD018169∗). The decrease of osteogenic marker expression observed in the presence of GFOGER was confirmed by q-RT-PCR analysis.

Conclusion: GFOGER peptide reduces vascular calcification by modifying the protein content of the subsequently released EVs, in particular by decreasing osteogenicswitching in VSMCs.

Keywords: vascular calcification, type I collagen, extracellular vesicle, oligogalacturonic acid, GFOGER sequence, osteogenic switch


HIGHLIGHTS

– Incubation with synthetic GFOGER peptide was associated with significantly lower Pi-induced calcification in vascular smooth muscle cells and aortic rings.

– GFOGER peptide reduces vascular calcification by modifying the protein content of VSMCs-derived EVs.

– GFOGER peptide decreases the osteogenic switching in VSMCs.



INTRODUCTION

Vascular calcification (VC) is a life-threatening cardiovascular complication associated with a high mortality rate—especially in a context of diabetes, atherosclerosis, or chronic kidney disease (CKD) (Adeney et al., 2009; Wu et al., 2013; Russo et al., 2014; Schlieper et al., 2016). This calcification is characterized by the deposition of hydroxyapatite crystals in the intimal and medial layers of coronary and/or peripheral arteries (i.e., intimal and medial calcification), leading to cardiovascular consequences such as congestive heart failure, left ventricular hypertrophy, aortic stenosis, and hypertension (Demer and Tintut, 2008; Nicoll and Henein, 2014; Chow and Rabkin, 2015; Durham et al., 2018). Over the last 10 years, extensive research has improved our understanding of the pathophysiology of VC. It is now well established that VC is an active process, with features of bone physiology and metabolism (Demer and Tintut, 2008; Thompson and Towler, 2012; Voelkl et al., 2019). For example, the calcium and phosphate mineral imbalances in CKD lead to the reprogramming of vascular smooth muscle cells (VSMCs), which become osteoblast-like cells. This osteogenic switching is driven by the expression of several bone markers, such as Runt-related transcription factor 2 (Runx2), alkaline phosphatase (ALP), osteopontin (OPN), matrix-Gla protein (MGP), osteocalcin (OCN), type 1 collagen (COL1), and bone sialoproteins (Xiao et al., 2005; Speer Mei et al., 2009; Durham et al., 2018).

Recent research has shown that VSMCs secrete heterogeneous populations of extracellular vesicles (EVs) (New Sophie, 2013). Under physiological conditions, EVs contain high levels of calcification inhibitors, such as fetuin-A and MGP (Reynolds et al., 2004, 2005; Kapustin et al., 2011). Under pathological conditions, however, the secreted EVs acquire a procalcifying profile and thereby act as nucleating foci for hydroxyapatite crystallization and propagation (New Sophie, 2013; Kapustin et al., 2015). Electron microscopy-based studies have revealed that these EVs are embedded between the collagen and elastin fibrils of arterial walls—suggesting that calcification can be initiated by direct physical interaction with EVs (Chen et al., 2008; Kapustin et al., 2011).

We previously reported that a specific oligogalacturonic acid with a degree of polymerization of 8 (DP8) was able to inhibit VC by diminishing osteogenic marker expression, masking a consensus amino acid repeat found in COL1 (sequence: GFOGER), and thus preventing EVs from binding. Although the in vivo use of DP8 appears to be compromised (probably due to enzymatic digestion), our results suggested that the osteogenic switching of VSMCs and the prevention of EV–COL1 interactions were therapeutic targets for inhibiting VC (Hodroge et al., 2017). Because we have already shown that the triple-helical GFOGER consensus sequence forms a preferential binding site for EVs (Hodroge et al., 2017), we decided to chemically synthesize a GFOGER peptide and determine its ability to inhibit VC on VSMCs in vitro and in an ex vivo aortic ring model. We also sought to characterize the mechanism of VC inhibition by investigating EVs’ protein content in the presence of the GFOGER peptide.



MATERIALS AND METHODS


Cell Culture, Molecular and Biochemical Reagents

Dulbecco’s modified Eagle’s minimal essential medium (DMEM 6546), fetal calf serum (FCS), and Dulbecco’s phosphate buffered saline solution were obtained from Eurobio (Paris, France). Exosome-free fetal bovine serum (FBS) and trypsin were obtained from Dominique Dutcher (Brumath, France) and PAN Biotech (Aidenbach, Germany), respectively. RNase-free water, the Maxima First Strand cDNA kit, and Power SYBR green PCR Master Mix were bought from ThermoFisher Scientific (Warrington, United Kingdom). All other chemicals and biologicals were purchased from Sigma–Aldrich (St. Louis, MO, United States).



Peptide Synthesis

The GFOGER and GOERFG peptides were synthesized using a standard, automated, continuous-flow, solid-phase method with double coupling (Liberty1, CEM), as described previously (Pêcher et al., 2009; Hodroge et al., 2017). The completed peptides were cleaved from the resin and side-chain unprotected by treatment with the scavengers water/triisopropylsilane/trifluoroacetic acid (2.5:2.5:95 v/v/v) for 30 min under microwave radiation (Discover, temperature: 38°C, power: 20 W). The corresponding peptides were purified by reverse-phase HPLC using a Shimadzu preparative HPLC system on an RP-HPLC C12 column (Phenomenex C12 Jupiter proteo, 90 Å, 21.2 × 250 mm) with a mixture of aqueous 0.1% (v/v) trifluoroacetic acid (A) and 0.1% (v/v) trifluoroacetic acid in acetonitrile (B) as the mobile phase (flow rate of 15 ml/min) and employing UV detection at 220 nm. Characterization of the peptides were performed by mass spectrometry on a LC-HRMS, and analyses were performed on an ACQUITY UPLC H-Class system (Waters-Micromass, Manchester, United Kingdom) coupled with a SYNAPT G2-Si Q-TOF hybrid quadrupole time-of-flight instrument (Waters-Micromass), equipped with an electrospray (ESI) ionization source (Z-spray) and an additional sprayer for the reference compound (Lock Spray, Torrance, CA, United States) heated at 50°C. The source and dissolving temperatures were 120 and 450°C, respectively. Nitrogen was used as a drying and nebulizing gas at flow rates of 50 and 900 L/h, respectively. Typically, the capillary voltage was 3 kV, the sampling cone voltage was 40 V, and the source offset was 40 V. Lock mass corrections using [M + H]+, 120.0813 m/z, and 556.2771 m/z of a leucine-enkephalin solution (50 pg μl–1 in 50:50 acetonitrile/water + 0.1% formic acid) were applied for accurate mass measurements (elemental composition determination). The mass range was 50–2000 Da and spectra were recorded at 0.2 s/scan in the centroid mode at a resolution of 20,000 (FWHM) in the resolution mode. Data acquisition and processing were performed with MassLynx 4.1 software.

The predicted and observed high resolution masses for GFOGER [C29H44N9O10: (M + H)+] were 678.3211 and 678.3246, respectively (Hodroge et al., 2017) and GOERFG [C29H43N9O10: (M + H)+] were 678.3209 and 678.3211, respectively.



Culture and Treatment of Cells and Aortic Rings


Murine Vascular Smooth Muscle Cell Culture

Murine aortic VSMCs (MOVAS-1 CRL-2797, ATCC, Manassas, VA, United States) were maintained in DMEM 6546 medium supplemented with 10% FCS, 100 IU/ml penicillin, 100 μg/ml streptomycin, 4 mM glutamine, and 200 μg/ml geneticin (G418) at 37°C in a humidified 5% CO2 atmosphere. The MOVAS-1 cells were first seeded in 48-well plates at a density of 4,500 cells/well. At 80% confluence, cells were treated in DMEM 6546 containing 1% FCS with serial dilutions of the GFOGER peptide (5, 25, 50, 100, 150, 250, and 500 μM) in the presence or absence of 4 mM inorganic phosphate (Pi) for 10 days. The medium was renewed twice a week.



Human Vascular Smooth Muscle Cell Culture

Aortic explants were obtained from patients having undergone various types of surgery at Amiens University Medical Center (Amiens, France). The study was approved by the Comité de Protection des Personnes Nord-Ouest II (Amiens, France; reference: 2009/19). The investigations were performed according to the principles outlined in the Declaration of Helsinki for the use of human tissues or subjects. Endothelium was removed from the aortic explants and the medial tissue was separated from the aortic segment. Next, small pieces (1–2 mm2) of the medial tissue were cultured in Petri dishes containing DMEM 6546 with 15% FBS, allowing cells to migrate out of the explant. At confluence, cells were harvested and cultured in T75 flasks. The VSMCs were then cultured in DMEM 6546 supplemented with 15% FBS, 100 IU/ml penicillin, 100 μg/ml streptomycin, and 4 mM GlutaMax at 37°C in a humidified 5% CO2 atmosphere. Primary human VSMCs from three different donors were seeded into 48-well plates at a density of 6,000 cells/well. When 80% confluence was achieved, the cells were treated with GFOGER (500 μM) in the presence or absence of 4 mM Pi in DMEM 6546 with 1% FBS for 14 days. The medium was renewed twice a week.



Preparation and Culture of Aortic Rings

Wild-type male Wistar rats were handled in accordance with French and European legislation (Directive 2010/63/EU), as previously described (Hodroge et al., 2017). After sacrifice, thoracic aortas were isolated and then directly placed in DMEM 6546 with 10% FCS (Baker et al., 2011). Aortic rings (3–5 mm) were incubated in DMEM 6546 supplemented with 10% FCS, 50 IU/ml penicillin, 50 μg/ml streptomycin, and 2 mM GlutaMax at 37°C in a humidified 5% CO2 atmosphere. In the treatment experiments (500 μM GFOGER peptide), aortic rings were incubated in DMEM 6546 with 10% FCS in the absence or presence of 4 mM Pi. After 10 days of culture (with renewal of the medium every 2 days), aortic rings were washed twice with Ca2+- and Mg2+-free PBS before measurement of the intracellular calcium content using the O-cresolphtalein (OCP) method (Sarkar and Chauhan, 1967).



Biochemical Assays


WST-1 Cell Viability Assay

MOVAS-1 cells were seeded in 96-well plates at a density of 3,200 cells/well, cultured for 2 days (reaching 80% confluence), and then treated for 72 h with either medium alone, 4 mM Pi, 500 μM GFOGER or Pi + 500 μM GFOGER. One hundred microliters of diluted WST-1 reagent (1/10 in DMEM medium) was added per well. After a 1-h incubation at 37°C, optical densities (ODs) were spectrophotometrically measured at 450 nm.



Calcification Assays


Intracellular calcium content

The intracellular calcium content was assessed using the OCP assay as previously described (Sarkar and Chauhan, 1967). Furthermore, 50 μl of 0.1 N NaOH was added per well, to determine the cell protein content using Peterson’s method; the intracellular calcium concentration was normalized against this value (Peterson, 1977).



Alizarin Red staining

Aortic calcification was assessed using Alizarin Red staining (Issa et al., 2019). Briefly, aortas were embedded in OCT compound and then frozen in cold (−80°C) isopentane. The frozen aortas were then cut (using a Leica cryostat) to obtain thin aortic rings (thickness: 7 μm), which were placed on slides. For staining, a few drops of Alizarin Red solution (pH 4.1) were placed on the slides for 2 min at room temperature. After removal of the Alizarin Red solution, the slides were immersed successively in three different baths: acetone (100%, 1 min), acetone–toluene (1:1, 1 min), and toluene (100%, 5 min). Lastly, slides were dried at room temperature overnight. The Alizarin Red staining was visualized using an AxioImager D2 microscope (Zeiss, New York, NY, United States) and analyzed using HistoLab software (Stansfield, United Kingdom).



Extracellular Vesicles’ Extraction

MOVAS-1 cells were seeded in 10-cm Petri plates (600,000 cells/Petri plate), cultured in DMEM 6546 medium supplemented with 10% FCS for 2 days and then treated with 1% exosome-free FBS (ThermoFisher Scientific, New York, NY, United States) for 10 days. EVs were extracted from culture supernatants by sequential centrifugations as described previously by Théry et al. (2006). Briefly, cells and dead cells were first removed by 10-min centrifugations at 300 × g and 2,000 × g. Then, the collected supernatant was centrifuged at 10,000 × g for 30 min to get rid of large cellular debris. After centrifugation, the supernatant was recovered and centrifuged at 100,000 × g for 70 min. The pellet was then resuspended in cold PBS and centrifuged at 100,000 × g for another 70 min. The obtained pellet which contains EVs was resuspended in PBS then immediately stored at -80°C for future analysis. The pellets’ protein concentrations were determined with a BCA Protein Assay Reagent Kit (ThermoFisher Scientific, Rockford, IL, United States).



Mass Spectrometry Proteomic Analysis


Suspension Trapping

A suspension trapping S-Trap micro spin column (ProtiFI, Huntington, VI, United States) digestion was performed on 10 μg of exosome lysate, according to the manufacturer’s instructions. Briefly, 5% SDS and tris (2-carboxyethyl) phosphine hydrochloride were added to the samples and thus reducing and alkylating, respectively, giving a final protein concentration of 20 mM and a final chloroacetamide concentration of 40 mM. Next, 1.2% aqueous phosphoric acid was added to the final solution. A colloidal protein particulate was formed by the addition of six times the sample volume of S-Trap binding buffer (90% aqueous methanol, 100 mM triethylammonium bicarbonate, pH 7.1). The mixtures were added to S-Trap micro 1.7-ml columns and centrifuged at 4,000 × g for 30 s. The columns were washed four times with 150 μl S-Trap binding buffer and centrifuged at 4,000 × g for 30 s, with 180° rotation of the columns between washes. Samples were digested with 0.5 μg trypsin (Promega, Madison, WI, United States) at 47°C for 90 min. Peptides were eluted with 40 μl of 50 mM triethylammonium bicarbonate buffer (Sigma–Aldrich), followed by 40 μl of 0.2% aqueous formic acid and then 35 μl of 50% acetonitrile containing 0.2% formic acid. Lastly, the peptides were vacuum dried.



Protein Identification and Quantification Using Nano-Liquid Chromatography–Mass Spectrometry

Samples were resuspended in 20 μl of 10% acetonitrile/0.1% trifluoroacetic acid in HPLC-grade water. For each sample, three runs (injection volume: 1 μl) were performed on a nanoRSLC-Q Exactive PLUS system (RSLC Ultimate 3000; ThermoFisher Scientific, Waltham, MA, United States). Peptides were loaded on a micro pre-column (Acclaim PepMap 100 C18, cartridge, 300 μm i.d. × 5 mm, 5 μm) (ThermoFisher Scientific, Waltham MA, United States) and separated on a 50-cm reverse-phase liquid chromatographic column (0.075 mm ID, Acclaim PepMap 100, C18, 2 μm; ThermoFisher Scientific, Waltham MA, United States). The chromatography solvents were 0.1% formic acid in water (A) and 0.08% formic acid in 80% acetonitrile (B). The peptides were eluted from the column with the following gradient: 5–40% B (120 min) and 40–80% B (1 min). At 121 min, the gradient was held at 80% B for 5 min. At 127 min, the gradient returned to 5% B for 20 min, to re-equilibrate the column before the next injection. Two blanks were run between each series, and one blank was run between each sample to prevent sample carryover. Peptides eluted from the column were analyzed using data-dependent MS/MS (the top-10 acquisition method) and fragmented using higher-energy collisional dissociation. The instrument settings were as follows: resolution, 70,000 for MS scans and 17,500 for the data-dependent MS/MS scans (to increase the speed); MS AGC target, 3 × 106 counts with a maximum injection time of 60 ms; MS/MS AGC target, 1 × 105 counts with a maximum injection time of 120 ms; MS scan range, 400–2000 m/z; dynamic exclusion, 30 s.



Data Processing After the LC-MS/MS Acquisition

Raw MS data files were processed with MaxQuant software (version 1.5.3.30) and searched with the Andromeda search engine against the Mus musculus Uniprot KB/Swiss-Prot database (version 06/2016). To search for parent mass and fragment ions, the initial mass deviation was set to 4.5 and 20 ppm, respectively. The minimum peptide length was set to seven amino acids. Strict specificity for trypsin cleavage was required, allowing for up to two missed cleavage sites. Cysteine carbamidomethylation was set as a fixed modification, whereas methionine oxidation and N-terminal acetylation were set as variable modifications. The false discovery rate (FDR) was set to 1% for proteins and peptides. Scores were calculated using MaxQuant, as described previously (Cox and Mann, 2008). The reverse and common contaminant hits were removed from MaxQuant’s output. Proteins were quantified according to MaxQuant’s label-free algorithm, using label-free quantification intensities (Cox and Mann, 2008; Luber et al., 2010). Protein quantification was obtained using at least two peptides per protein.

Three independent isolations of EVs from MOVAS-1 cells treated (or not) with Pi were analyzed with Perseus software (version 1.6.2.31). The label-free quantification data were log2-transformed, and proteins identified in the three replicates were retained for statistical testing. To simulate the distribution of low signal values, the missing values were imputed using a Gaussian distribution of random numbers with a standard deviation of 30% (relative to the SD of the measured values) and a 1.8-SD downshift of the mean. Four groups of samples were defined: non-treated (controls), Pi-treated, GFOGER-treated, and Pi- and GFOGER-treated. A t-test was used to compare treatment groups with the control (FDR: 0.05; S0: 0.1), and the data are represented as volcano plots. Lastly, the MS proteomics data were deposited with the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019) partner repository (dataset identifier: PXD018169).



RNA Extraction and Quantitative Real-Time PCR

Total RNA was extracted from MOVAS-1 cells using a mixture of Trizol/CHCl3 (1/0.2; v/v). Total RNA was extracted from MOVAS-1 cells using TRIZOL reagent, separated into a distinct phase by the addition of chloroform, and then collected in a new tube. The RNA was precipitated with isopropanol and then washed with 75% ethanol to remove organic and protein contaminants. Lastly, dry RNA extracts were resuspended in 30 μl of RNase-free water. The RNA concentration was measured in a NanoVue Plus spectrophotometer (Holliston, MA, United States). cDNA was synthesized using a Maxima First Strand cDNA kit. For gene expression analysis, cDNA was amplified in a quantitative real-time (qRT) PCR thermocycler (BIO-RAD, Hercules, CA, United States) using Power SYBR Green PCR Master Mix and specific primers for the genes of interest (Table 1). The housekeeping gene ARP0 was used to normalize gene expression levels.


TABLE 1. Forward and reverse primers used to quantify transcription of the genes of interest.

[image: Table 1]


Statistical Analysis

Quantitative data were expressed as the mean ± SEM and were analyzed using GraphPad Prism software (version 7.0, San Diego, CA, United States). In a one-way ANOVA or a t-test, the threshold for statistical significance was set to p < 0.05.



RESULTS

Different concentrations of GFOGER peptide (5–500 μM) were tested on the MOVAS-1 cell line in the presence of 4 mM Pi, to determine the optimal concentration range for testing calcification inhibition. Only the concentrations of 250 and 500 μM inhibited calcification (data not shown).


GFOGER Peptide Does Not Affect the Viability of MOVAS-1 Cells

Cell viability was assessed after a 72-h incubation in the presence or absence of the highest inhibitory concentration of GFOGER peptide (i.e., 500 μM). No cytotoxicity was observed—even when 4 mM Pi was added (vs. medium alone; Figure 1). We therefore decided to study both concentrations (250 and 500 μM GFOGER) in our subsequent experiments.
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FIGURE 1. Effect of GFOGER peptide on MOVAS-1 cells’ viability. MOVAS-1 cells were incubated with 500 μM GFOGER peptide for 72 h in presence or absence of 4 mM Pi. Cell viability was measured using the WST-1 assay. Cell viability of untreated control cells was taken as 100%. Data are expressed as mean ± SEM of three independent experiments done in triplicate (n = 3). Parametric one-way ANOVA test.




GFOGER Peptide Inhibits the Pi-Induced Calcification on Smooth Muscle Cells

At concentrations of 250 and 500 μM, GFOGER peptide was associated with a lower level of Pi-induced calcification in MOVAS-1 cells; however, only the difference at 500 μM was statistically significant (∗∗∗p < 0.001 vs. 4 mM Pi; Figure 2A). In contrast, GOERFG peptide (used as scramble peptide) was not able to inhibit calcification and was equivalent to basic condition (Figure 2A). This result was confirmed on primary human VSMCs, in which Pi-induced calcification was significantly lower (by up to 58%) in the presence of 500 μM GFOGER peptide (∗∗∗p < 0.001 vs. 4 mM Pi; Figure 2B).
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FIGURE 2. GFOGER peptide inhibits Pi-induced calcification: (A,B) in smooth muscle cells. Calcification in smooth muscle cells was induced by incubation with 4 mM Pi in absence or presence of GFOGER peptide or GOERFG peptide. (A) MOVAS cells were incubated with two concentrations of GFOGER peptide (250 and 500 μM) or with 500 μM of GOERFG peptide for 10 days. (B) Primary human vascular smooth muscle cells were incubated with 500 μM of GFOGER peptide for 14 days. Calcification was then measured using the OCP method. (C,D) In rat aortic rings. Rat aortic rings were incubated with 4 mM Pi in presence or absence of 500 μM GFOGER peptide for 10 days. (C) Images of one representative Alizarin Red staining experiment are shown. (D) Intracellular calcium content was quantified by OCP colorimetric method. Data are expressed as mean ± SEM of three independent experiments done in triplicate (n = 3). ***p < 0.001 vs. 4 mM Pi. Parametric one-way ANOVA test.




GFOGER Peptide Inhibits the Calcification of Aortic Rings

We next investigated the GFOGER peptide’s effect in an ex vivo rat aortic ring model. Pi-induced mineralization of the aortic rings, as revealed by the Alizarin Red staining, was drastically lower in the presence of GFOGER compared with the Pi alone condition (Figure 2C). The calcium level in the aortic rings (according to an OCP assay) was significantly lower (by up to 91%) in the presence of 500 μM GFOGER peptide (∗∗∗p < 0.001 vs. 4 mM Pi, Figure 2D).

Taken as a whole, these results confirm that the GFOGER peptide specifically inhibits Pi-induced calcification.



GFOGER Peptide Does Not Normalize SMPD3 Expression

A hallmark of the calcification process is the upregulated expression of the gene coding for sphinogomyelin phosphodiesterase (SMPD3), an enzyme that mediates the release of EVs into the extracellular matrix (ECM) (Kapustin et al., 2015). In MOVAS-1 cells, as expected, SMPD3 mRNA expression was greater after 24 h of treatment with 4 mM Pi. Interestingly, this mRNA expression was not only normalized but was even significantly elevated after 24 h of treatment with 500 μM GFOGER peptide. This finding suggested that the presence of GFOGER peptide might not normalize the upregulation of EVs’ biogenesis induced by the calcification process (Figure 3A). After 8 days of treatment, SMPD3 transcription was normalized under all conditions—indicating that EVs’ biogenesis is no longer affected after several days of Pi and/or GFOGER peptide exposures (Figure 3B).


[image: image]

FIGURE 3. Effects of GFOGER on EVs’ biogenesis. MOVAS-1 cells were incubated with 500 μM GFOGER peptide in the presence or absence of 4 mM Pi for 24 h (A) and 8 days (B). Gene expression of EVs’ biogenesis marker (SMPD3) was then quantified by RT-qPCR and normalized to the housekeeping gene ARP0. Data are expressed as mean ± SEM of four independent experiments done in triplicate (n = 4). *p < 0.05 vs. 4 mM Pi; Mann–Whitney test.




GFOGER Peptide Modifies the EVs’ Protein Content

We next used MS-based proteomics to determine variations in the EVs’ protein composition under various conditions. Similar numbers of proteins (about 2,000) were identified in EVs under all conditions, with an FDR of 1% (Supplementary Figure 1A). The enrichment of EVs’ samples under all conditions was also confirmed by the presence of various markers, including tetraspanins (CD9 and CD81), various Rab GTPases (Rab7a, Rab9a, and Rab27b), and components of the endosomal sorting complex required for transport (ESCRT, such as TSG-101, Alix, and flotillin-1) (Supplementary Table 1). A Gene Ontology analysis of cellular component showed that membrane-bound vesicles and EVs contained high levels of EV proteins. In contrast, levels of ribosomal, cytoplasmic, and organelle proteins were low (Supplementary Figure 1B)—confirming the efficiency of our EVs’ extraction protocol. We also detected several proteins involved in VC, such as annexins 2, 5, and 6, ALP, inorganic pyrophosphatase, and metalloproteases (Supplementary Table 1).

To investigate the effect of GFOGER peptide on the EVs’ protein cargo, the EVs’ protein profile under different experimental conditions was compared with the control (non-treated) condition. The results of each comparison were represented as volcano plot in which different colors (blue, black, and green) were assigned to sets of proteins modified by the various treatments. All labeled proteins in green were altered upon Pi treatment. Three proteins (in black) were also altered by treatment with GFOGER peptide alone, and so were not directly related to Pi treatment. It is noteworthy that all of the proteins altered by Pi (except antithrombin III, encoded by the SERPINC1 gene, in blue) were normalized by the addition of GFOGER peptide (in green) (Figure 4).
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FIGURE 4. Volcano plots indicating significant GFOGER effects on expression of EVs’ proteins. EVs were prepared from MOVAS-1 cells’ culture media after a 10-day treatment with 4 mM Pi in the presence or absence of 500 μM GFOGER peptide. EVs were prepared from culture media of three independent experiments. Log-transformed p-values associated with individual protein against log-transformed fold change in abundance between (A) control vs. 4 mM Pi conditions, (B) control vs. Pi + GFOGER conditions, and (C) control vs. GFOGER conditions. Green: proteins altered after Pi and rescued by GFOGER; black: proteins non-specifically altered after Pi; blue: proteins altered after Pi and not rescued by GFOGER.




GFOGER Peptide Inhibits Osteogenic Marker Expression

We wanted to investigate whether the GFOGER peptide had any effect on the Pi-induced osteogenic switch of smooth muscle cells. Therefore, we assessed mRNA expression of several osteogenic markers known to play a role in the Pi-induced calcification, i.e., Runx-2, MGP, OCN, and TNAP. The mRNA expression of each osteogenic marker [Runx2, MGP, OCN, and tissue non-specific ALP (TNAP)] was upregulated upon Pi treatment, whereas levels were similar to control values in the presence of Pi and 500 μM GFOGER peptide (∗p < 0.05 vs. 4 mM Pi; Figure 5); this indicated that GFOGER peptide impairs osteogenic switching in MOVAS-1 cells.
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FIGURE 5. GFOGER peptide decreases the expression of osteogenic markers such as Runx2, MGP, OCN, and TNAP. MOVAS-1 cells were incubated with 500 μM GFOGER peptide in the presence or absence of 4 mM Pi for 8 days. Gene expression of different osteogenic markers was then quantified by RT-qPCR and normalized to the housekeeping gene ARP0. (A) Runx2, (B) MGP, (C) OCN, and (D) TNAP. Data are expressed as mean ± SEM of four independent experiments done in triplicate (n = 4). *p < 0.05 vs. 4 mM Pi; Mann–Whitney test.




DISCUSSION

Vascular calcification is an active, multifaceted process with features of bone physiology and metabolism. Like bone formation, VC is characterized by the extensive precipitation of hydroxyapatite crystals within the ECM of blood vessels (Demer and Tintut, 2008; Shanahan Catherine and Crouthamel Matthew, 2011; Durham et al., 2018). VC is also associated with the transformation of VSMCs into osteoblast-like cells. This “osteogenic switching” is characterized by the release of EVs into the ECM and the expression of several bone markers (Steitz Susie and Speer Mei, 2001). EVs are nanoparticles produced under both calcifying and physiological conditions; however, the EVs’ protein content differs according to the condition. For instance, under normal conditions, EVs contain high levels of the calcification inhibitors carboxylated MGP and fetuin-A; under procalcifying conditions, expression of these inhibitors is reduced (Reynolds et al., 2004, 2005; Kapustin et al., 2011; Kapustin and Shanahan, 2016). In a previous work, we showed that VC could be partially inhibited by preventing the interaction between EVs and COL1 (Hodroge et al., 2017). We also showed that a specific six-amino-acid repeat (GFOGER) in COL1 sequence is involved in the interaction with integrins expressed on EVs. In the present study, we hypothesized that synthetic GFOGER peptide would prevent the EV–COL1 interaction and thereby inhibit the calcification process. To test our hypothesis, we studied the GFOGER peptide’s effect on the EVs’ protein content, and calcification and the expression levels of osteogenic markers.

Using the MOVAS-1 cell-based model, we demonstrated that the GFOGER peptide (at 250 and 500 μM) was able to inhibit Pi-induced calcification in vitro. We also showed that this inhibition was not due to cytotoxicity because cell proliferation was maintained under all our experimental conditions. The specificity of GFOGER peptide was demonstrated by the use of a modified peptide sequence (GOERFG) which did not inhibit the Pi-induced calcification. Furthermore, we confirmed GFOGER peptide’s inhibitory activity in primary human VSMCs and in an ex vivo aortic ring model—both of which mimic VC in the vessel wall in vivo. The GFOGER peptide’s inhibitory effect was greater in the aortic ring model (91%) than on isolated cells (58%), suggesting that cells other than VSMCs might be affected by this peptide. Indeed, the aortic ring is a three-dimensional model with a well-structured ECM and that involves many cell types.

As foci for crystal nucleation, calcifying VSMC-derived exosomes are newly recognized key players in the progression of VC (Kapustin et al., 2015; Blaser and Aikawa, 2018). Several researchers have reported on the presence of calcifying EVs in various in vitro and in vivo models and in the vasculature of patients with CKD or atherosclerotic lesions (Shroff et al., 2010; Kapustin et al., 2011; New Sophie, 2013). Moreover, various studies have indicated that calcification-competent exosomes are enriched by a repertoire of membrane proteins. Along with other proteins that can interfere with and alter the general physiology of recipient cells, these membrane proteins facilitate ECM interaction and mineral nucleation (Kapustin et al., 2011; New Sophie, 2013). Having previously confirmed that direct interaction between EVs and COL1 via the GFOGER sequence is a key event in the calcification process, we sought to determine whether or not EV biogenesis and EV protein content were modified in the presence of GFOGER peptide. The first step was to confirm the purity of our isolated EVs’ fraction. Previous proteomic studies had revealed that the quality of EV samples depends on the presence of different markers; this was confirmed by our detection of several markers (such as ESCRT) in an MS-based analysis. In functional terms, the presence of proteins directly associated with calcium ion transport, pyrophosphate degradation, ECM interaction/remodeling, apoptosis, and oxidative stress confirmed that Pi induces the release of EVs equipped with the machinery required for mineralization. For instance, we showed that high-Pi medium modified the expression of proteins involved in several essential processes, such as kinase activity (controlling the cell cycle and inflammatory responses), mRNA binding and histone modification (altering gene expression), phosphatase activity, and calcium ion binding. Our results in this respect are in line with the literature data (Kapustin et al., 2015; Chaudhary et al., 2018).

Furthermore, our proteomic analysis showed that the expression of some Pi-modified EVs’ proteins was normalized upon GFOGER treatment, which therefore appears to counteract the effect of Pi. Strikingly, only one protein (antithrombin III) downregulated by Pi treatment was not normalized by GFOGER peptide. Antithrombin III is a serpin family protease inhibitor involved in the coagulation process. Thrombin exerts effects on vascular cells (including VSMCs) by interacting with members of the protease-activated receptor family. It also has a role in the inflammatory response (via IL-6 and MCP1) and stimulates VSMCs to synthesize collagen and therefore promotes ECM accumulation (Chambers et al., 1998). The link between calcification and coagulation has not yet been clarified. However, previous research has demonstrated that a hypercoagulation state is present in several cardiovascular diseases (Ilcheff et al., 2010). Moreover, a recent study showed that levels of antithrombin III were lower in patients with calcified aortic stenosis than in patients with aortic regurgitation, which suggested the presence of a link between the anticoagulation state and calcification (Mourino-Alvarez et al., 2016). Kapustin et al. also showed that VSMC-derived exosomes simultaneously activate coagulation and induce calcification (Kapustin et al., 2017).

In contrast, most of the normalized proteins in the presence of GFOGER peptide are kinases or phosphatases that control calcification-related intracellular signal pathways through a subtle balance between phosphorylation and dephosphorylation. For example, Ppm1f is a serine/threonine protein phosphatase that regulates multifunctional Ca++/calmodulin-dependent protein kinase (CAMKII) (Ishida et al., 2003). It was recently shown that the inhibition of CAMKII is associated with lower calcification in the apolipoprotein E–/– mouse model (Ebenebe et al., 2017). Remarkably, we showed that the level of Ppm1f was low in the presence of Pi; this might lead to the persistent presence of activated, phosphorylated CAMKII and thus an increase of calcification. The addition of GFOGER normalized Ppm1f expression; the likely inhibition of CAMKII might explain (at least in part) the observed lower degree of calcification. Ppm1f and actin-histidine N-methyltransferase (Setd3) reportedly interfere with histone de-phosphorylation and methylation, respectively. This type of interference usually changes gene expression and prompts smooth muscle cells to differentiate (Eom et al., 2011).

Our proteomic analysis highlighted another interesting protein: casein kinase II (CKII, encoded by the Csnk2a2 gene). This highly conserved serine/threonine kinase catalyzes the phosphorylation of proteins involved in the cell cycle and in apoptosis (Singh and Ramji, 2008; Volodina and Shtil, 2012). It is also involved in the phosphorylation of OPN, which inhibits VC (Lasa et al., 1997; Jono et al., 2000; Ohri et al., 2005). Here, we showed that CKII expression was lower in the presence of Pi, suggesting a decline in OPN phosphorylation. However, the presence of GFOGER peptide was able to normalize the expression of CKII, which would probably lead to the phosphorylation of OPN and the inhibition of calcification.

The observed normalization of TANK-binding kinase 1 expression constitutes additional evidence for the GFOGER peptide’s effect on calcification. This serine/threonine protein kinase is involved in the regulation of cell proliferation and apoptosis and in the activation of interferon regulatory factors and NF-κB-mediated signaling pathways; in turn, this triggers inflammation that reportedly favors the osteogenic conversion of VSMCs (Pomerantz and Baltimore, 1999; Voelkl et al., 2018). Indeed, researchers have found that in atherosclerotic lesions, the inflammatory niche constitutes a mixture of cytokines (TNF-α and IL-6) secreted by infiltrated macrophages, and C-reactive proteins, both of which act on VSMCs in a paracrine manner to induce a phenotypic switch and an acceleration of calcification (Tintut et al., 2002; Shao et al., 2010; Voelkl et al., 2019). Here, we showed that Pi exposure was associated with greater TANK-binding kinase 1 expression and thus probably induced inflammation, whereas GFOGER rescued the expression of this protein—suggesting that the peptide inhibits inflammation and thus calcification. The expression levels of several other proteins (see Figure 4) were normalized in the presence of GFOGER peptide, although their relationships with calcification and/or inflammation have not been clearly established. These proteins warrant further investigation.

Interestingly, our proteomic results highlighted a specific role of GFOGER peptide in the normalization of several proteins involved in bone formation indicating that this peptide was able to normalize the expression of various bone-related genes induced by Pi. Our qRT-PCR results confirmed that GFOGER peptide is able to block the osteogenic switching of VSMCs in a direct or indirect manner by normalizing the mRNA expression of Runx2, MGP, OCN, and TNAP. This molecular effect suggests the GFOGER peptide might interact directly with a cell surface receptor that activates signaling pathways and thus modifies gene expression. Another hypothesis could be that GFOGER peptide’s physical–chemical properties and functional groups might interact and complex with Pi ions—thus preventing the latter from entering cells and thus diminishing their effect on gene expression (Itoh et al., 2002; Demer and Tintut, 2008; Farbod et al., 2013). The latter hypothesis seems unlikely, however, because the presence of GFOGER did not counteract Pi-induced upregulation of SMPD3.

Taken as a whole, our results suggest that the GFOGER peptide is a novel and promising therapeutic approach for decreasing VC by (1) inhibiting osteogenic switching of VSMCs and (2) modifying the protein content of VSMC-derived EVs. Our results also open up new research perspectives for assessing the GFOGER peptide’s efficacy in animal and human models.
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Alkaline Phosphatases Account for Low Plasma Levels of Inorganic Pyrophosphate in Chronic Kidney Disease
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Introduction: Patients on dialysis and kidney transplant recipients (KTR) present the syndrome of mineral and bone disorders (MBD), which share common traits with monogenic calcifying diseases related to disturbances of the purinergic system. Low plasma levels of inorganic pyrophosphate (PPi) and ectopic vascular calcifications belong to these two conditions. This suggests that the purinergic system may be altered in chronic kidney disease with MBD. Therefore, we perform a transversal pilot study in order to compare the determinants of PPi homeostasis and the plasma levels of PPi in patients on dialysis, in KTR and in healthy people.

Patients and Methods: We included 10 controls, 10 patients on maintenance dialysis, 10 early KTR 3 ± 1 months after transplantation and nine late KTR 24 ± 3 months after transplantation. We measured aortic calcifications, plasma and urine levels of PPi, the renal fractional excretion of PPi (FePPi), nucleoside triphosphate hydrolase (NPP) and ALP activities in plasma. Correlations and comparisons were assessed with non-parametric tests.

Results: Low PPi was found in patients on dialysis [1.11 (0.88–1.35), p = 0.004], in early KTR [0.91 (0.66–0.98), p = 0.0003] and in late KTR [1.16 (1.07–1.45), p = 0.02] compared to controls [1.66 (1.31–1.72) μmol/L]. Arterial calcifications were higher in patients on dialysis than in controls [9 (1–75) vs. 399 (25–526) calcium score/cm2, p < 0.05]. ALP activity was augmented in patients on dialysis [113 (74–160), p = 0.01] and in early KTR [120 (84–142), p = 0.002] compared to controls [64 (56–70) UI/L]. The activity of NPP and FePPi were not different between groups. ALP activity was negatively correlated with PPi (r = −0.49, p = 0.001).

Discussion: Patients on dialysis and KTR have low plasma levels of PPi, which are partly related to high ALP activity, but neither to low NPP activity, nor to increased renal excretion of PPi. Further work is necessary to explore comprehensively the purinergic system in chronic kidney disease.

Keywords: alkaline phosphatase activity, hemodialysis, kidney transplant, pyrophosphate, purinergic mechanisms, mineral and bone disorder (CKD-MBD)


INTRODUCTION

Patients with chronic kidney disease (CKD) and those receiving renal replacement therapy exhibit various traits of the syndrome of mineral and bone disorders (MBD) during their lifetime (Ketteler et al., 2017). This syndrome is characterized by ectopic calcifications located in the intimal or medial arterial layers (Vervloet and Cozzolino, 2017) increasing the risk of cardiovascular-related events and mortality (Chiu et al., 2010). It is also characterized by low plasma levels of calcium, high plasma levels of inorganic phosphates (Pi) and of parathyroid hormone (PTH), and by an increased alkaline phosphatase (ALP) plasma activity (Stevens et al., 2006). Bone turn-over ranges from high to low (Kurz et al., 1994) in relation to decreased bone mineral density observed in approximately 50% of patients, resulting in a higher risk of bone fracture (Miller et al., 2005). Any combination of the aforementioned abnormalities depends on the course and management of the renal disease (Miller et al., 2005; Stevens et al., 2006; Mazzaferro et al., 2009; Chiu et al., 2010; Wolf et al., 2016).

Here, we consider inorganic pyrophosphate (PPi) in patients with end stage CKD on renal replacement therapies as a new player in the syndrome of MBD. Indeed, PPi is one of the main circulating endogenous calcification inhibitors (Back et al., 2018). Micromoles of PPi appear sufficient to inhibit the deposition of hydroxyapatite crystal on collagen activating sites in the presence of millimoles of Ca and Pi (Fleisch et al., 1966). In patients on maintenance dialysis [PPi]pl is low for unknown reasons (Lomashvili et al., 2005; O’Neill et al., 2010). Since PPi is hydrolyzed by ALP, this might be due to high ALP, because a 30% decrease of [PPi]pl is observed at the end of the dialysis session in conjunction with significantly increased plasma ALP activity (Azpiazu et al., 2018) and because high plasma ALP activity belongs to the syndrome of MBD in end stage CKD (Kurz et al., 1994; Wallace et al., 1996; Wolf et al., 2016; Haarhaus et al., 2017; Ketteler et al., 2017; Bover et al., 2018). Inorganic pyrophosphate is a key compound in the purinergic system. Actually, PPi homeostasis has been shown to primarily depend on adenosine triphosphate (ATP) metabolism. Levels of extracellular PPi are partly regulated by the ATP-binding cassette transporter, subfamily C, member 6 (ABCC6) (Le Saux et al., 2000) and by ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) (Rutsch et al., 2003). The liver is the main source of ABCC6-mediated and ENPP1-mediated extracellular PPi (Jansen et al., 2014). Another source of PPi is the secretion from its intracellular pool into the extracellular fluid by inorganic pyrophosphate transport regulator (ANKH) (Netter et al., 2004; Mitton-Fitzgerald et al., 2016). The influence of the diet on plasma PPi levels is very limited (Dedinszki et al., 2017; Pomozi et al., 2017). Finally, circulating PPi is hydrolyzed by ALP and eliminated in urine (Letavernier et al., 2019).

A disruption in the balance between PPi production and degradation results in disturbed mineralization process and low [PPi]pl in human with disorders of the purinergic system (Fish et al., 2013) and very likely in CKD. Therefore, we explored the relationship between [PPi]pl and the main compounds of the purinergic system in patients with CKD and MBD.



PATIENTS AND METHODS


Patient Recruitment

For this cross-sectional pilot study, we included patients with well-defined phenotypes and controls (Figure 1). We selected 10 controls with no renal impairment, i.e., eGFR > 60 ml/min/1.73 m2, no albuminuria, normal red and white urinary cell counts and normal renal ultrasonography. We selected patients on maintenance therapy for end-stage chronic kidney disease: 10 patients on maintenance hemodialysis (HD) and on a waiting list for KT; 10 KT recipients at 2 ± 1 months post-transplantation or early KTR (EKTR); nine KT recipients at 24 ± 3 months post-transplantation or late KTR (LKTR). All patients and controls gave informed consent for the study and underwent routine medical examination and fasting blood and urine analysis. Computer tomogram (CT) scans were collected when available but were not performed for the purpose of the study. The study was approved by the institutional Ethics Committee.
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FIGURE 1. Workflow (selection of healthy people and patients).




Biochemical and Hormonal Assays


PPi

Pyrophosphate was measured in plasma and urine using an enzyme assay. Patient blood samples were collected in the morning after an overnight fasting period (venous punction) directly in a tube containing citrate, theophyllin, adenosine and dypiridamole (CTAD). Plasmas were ultra-filtrated at 4°C using centrisart filtration units (300 KDa cut-off, Sartorius) according to Tolouian et al. (2012). Urine samples were collected in the morning concomitantly to the blood samples. PPi quantifications were performed using a modified method based on the enzyme assay described by Jansen et al. (2014).

Briefly, this method is based on the conversion of PPi into ATP with ATP sulfurylase (Perkin Elmer, Boston MA, United States) and ATP concentrations are measured using a luminescent ATP detection kit (ATPlite®, PerkinElmer). The values were corrected using the basal ATP levels measured in each sample. Dosage accuracy was 10% with 0.12 μmol/L absolute uncertainty.



Nucleoside Triphosphate Hydrolase (NPP) Activity

Enzyme activity was measured in heparinized plasma, buffered 1:2 in 0.2 M Tris, 1.6 mM MgCl2, pH 8.1 by a previously described colorimetric assay using the synthetic substrate p-nitrophenylthymidine 5’-monophosphate (PNTM) (Rutsch et al., 2003). Protein concentration was determined using PierceTM BCATM Protein-Assay (Thermo Fisher Scientific). NPP activity was defined as 1 μmol substrate hydrolyzed per μg protein per hour.

Serum creatinine was assessed with Jaffe’s kinetic methods (IDMS standardized), serum calcium was measured by absorption spectrophotometry, serum Pi was measured with UV methods on Cobas 8000 (RocheDiagnostics, Mannheim, Germany). 25-hydroxy vitamin D (25-OH vit D) was assessed by immunologic luminescence (Diasorin®, Fallugia, Italy). Plasma ALP activity was assessed by absorbance at 450 nm of paranitrophenol at alkaline pH. Bone ALP isoform was measured using an 125I-labeled sandwich radioimmunoassay (Immunotech, Beckman-Coulter Society, Marseille, France). Bio-intact parathyroid hormone (PTH) was measured by luminescence immunoassay (Advia Centaur Intact PTH, Siemens healthcare, Tarrytown, United States). Osteocalcin was assessed by immunoassay (ECLIA, RocheDiagnostics, Mannheim, Germany) and luminescence was determined with an automated device (Liaison XL, Diasorin®, Fallugia, Italy).



Measurement of Arterial Calcification

Arterial calcification was measured on CT scans. Data were reconstructed with Aquarius© software (Tera Recon, San Mateo, CA, United States) to obtain 3-mm-thick consecutive slices. Calcification was measured with the open source Horos Software 2.0 between the right renal artery and the distal abdominal aorta according to the method described by Agatston et al. (1990). Arterial surface was computed from the length (L) and the mean value of three diameters (D) according to the following formula: L × D ×π (in cm2). Results were expressed as calcium score divided by the surface of this segment of the abdominal aorta (calcium score/cm2).


Calculations

GFR was estimated (eGFR) using the CKD-EPI formula according to the plasma creatinine level. Body mass index was calculated as weight in kg divided by height in meters squared (kg/m2). Fractional excretion of PPi (FePPi) was calculated as a percentage according to the following formula: [PPi]u × [creat]pl/[PPi]pl × [creat]u × 100.



Statistics

Data are presented as medians with interquartile ranges [25th–75th percentiles]. All statistics were conducted with GraphPad Prism 6® software. Data were compared using non-parametric tests: Kruskal Wallis test, followed by a Mann Whitney test in case of a statistically significant difference. Correlations were evaluated with Spearman’s test. A p < 0.05 was considered statistically significant.



RESULTS

Overall, 39 patients were included in our study (Table 1). Age range and BMI were comparable in all groups. Hypertension was present in 40% of controls, 60% of HD, 40% of EKTR and 22% of LKTR. Type 2 diabetes (DT2) was present in 10% of controls, 30% of HD, 30% of EKTR whereas LKTR did not have DT2. Dyslipidemia was present in 30% of controls, 70% of HD, 60% of EKTR and 44% of LKTR. The syndrome of MBD was reflected by the degree of arterial calcification, which was significantly higher in HD than in controls; by significantly higher levels of parathyroid hormone (PTH) and osteocalcin in HD and KTR than in controls; by significantly higher bone ALP isoforms (Table 1) and higher ALP activity (Figure 2A) in HD or EKTR than in controls. Of note, two patients had very high ALP activity due to their poor compliance with treatment. All HD but one received phosphate binders and eight took 1-alpha 25-OH Vit D while most patients received cholecalciferol. Plasma levels of PPi were significantly lower in all patient groups than in controls (Figure 2B). In contrast, renal elimination of PPi was similar in all groups according to the FePPi (Table 1). Plasma NPP activity was the same in all groups (Figure 2C). Plasma ALP activity was strongly and negatively correlated to [PPi]pl (Figure 3A) and [PPi]pl was positively correlated to [Pi]pl (Figure 3B). In contrast, there was no significant correlation between plasma ALP activity and [Pi]pl (Figure 3C) nor between plasma ALP activity and CRP levels (r = 0.28, p = 0.09), nor between bone ALP isoforms and CRP levels (r = 0.18; p = 0.27).


TABLE 1. Patient and mineral and bone disorder characteristics.
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FIGURE 2. (A) Plasma ALP activity (Median, IQR, and highest and lowest values). (B) Plasma levels of PPi (Median, IQR, and highest and lowest values). (C) Plasma activities of NPP (Median, IQR, and highest and lowest values). There were no statistically significant differences.
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FIGURE 3. (A) Relationship between plasma ALP activity and [PPi]pl. Negative correlation between plasma ALP activity and [PPi]pl (r = −0.49, p = 0.001). Empty circles = controls; dark circles = HD; empty triangle = EKTR; dark triangle = LKTR. (B) Relationship between PPi and Pi. Positive correlation between [PPi]pl and [Pi]pl (r = 0.43, p = 0.006). Empty circles = controls; dark circles = HD; empty triangle = EKTR; dark triangle = LKTR. (C) Relationship between plasma ALP activity and [Pi]pl. There was no correlation between [Pi]pl and ALP activity (r = −0.23, p = 0.16). Empty circles = controls; dark circles = HD; empty triangle = EKTR; dark triangle = LKTR.


All incident or prevalent patients were asked to take part to the study unless they had an acute co-existing pathology, were below 18 years old or were incapable of giving informed consent. The inclusion of 10 patients in each group was anticipated and the patients could withdraw their consent anytime.

Patients without kidney disease after comprehensive examination were called controls. Early kidney transplant recipients (EKTR) were included at 2 ± 1 months post-transplantation. Late kidney transplant recipients (LKTR) were included at 24 ± 3 months post-transplantation. Routine medical examination and fasting blood and urine analysis were performed on a dedicated consultation for the purpose of the study.



DISCUSSION

In the present study, we observed that [PPi]pl levels were negatively correlated to plasma ALP activity and that [PPi]pl was low in HD and remained low in KTR despite normalization of ALP activity, indicating that several mechanisms were controlling PPi homeostasis in addition to ALP.

High plasma ALP activity was a major determinant for low [PPi]pl in our study (Figure 2A). This was expected for the following reasons: 1/the elimination of PPi depends on its hydrolysis by tissue non-specific alkaline phosphatase (TNAP), encoded by the ALPL gene (Favre et al., 2017; Whyte, 2017), 2/ALP activity increases at the end of a dialysis session as compared to its baseline level and this results in 30% decrease of [PPi]pl (Azpiazu et al., 2018), 3/pharmacological blockade of ALP activity restored [PPi]pl in uremic mice (Tani et al., 2020). Plasma ALP activity and plasma levels of bone ALP isoforms followed the same pattern in our patients, in accordance with the overproduction of TNAP in CKD (Bover et al., 2018; Nizet et al., 2020). In contrast to our findings, Lomashvili et al. observed no correlation between plasma ALP activity and [PPi]pl among 38 patients on maintenance dialysis (Lomashvili et al., 2005). This discrepancy might result from the broader range of plasma ALP activity in our cohort, including values both within and above normal limits. Since we found no statistically significant relationship between ALP activity and CRP, in contrast to published reports (Haarhaus et al., 2017), the degree of inflammation did not appear to influence ALP activity nor bone ALP isoforms in our patients. Here, high ALP activity belonged to the syndrome of MBD because high plasma ALP activity matched elevated bone ALP isoforms, was associated with high levels of osteocalcin and PTH (Table 1), as already described (Kurz et al., 1994; Wolf et al., 2016), and with the presence of arterial calcifications, in line with the literature (London et al., 2005).

We observed a positive correlation between [PPi]pl and [Pi]pl (Figure 2C), which is consistent with other reports from three independent cohorts of patients on maintenance dialysis (Lomashvili et al., 2005; O’Neill et al., 2010; Villa-Bellosta et al., 2016). This led to the hypothesis that [Pi]pl could exert a negative feedback on ALP activity according to data observed ex vivo (Fernley and Walker, 1967; Coburn et al., 1998). However, our data were not in favor of such a negative feedback of [Pi]pl on ALP activity, as the latter was not correlated to [Pi]pl (Figure 2B). Consequently, we suggest that this balance may depend on undetermined cellular processes.

We observed that KT did not result in normal levels of [PPi]pl 2 years after renal graft, despite recovery of a normal glomerular filtration rate and restoration of ALP activity to normal levels. Indeed, shortly after KT (2 ± 1 months), the low [PPi]pl was in line with enhanced hydrolysis of PPi due to raised plasma ALP activity. However, 2 years after KT, plasma ALP activity was normal and could not explain low [PPi]pl levels. In light of the knowledge derived from studies of generalized arterial calcification of infancy (GACI), a rare disease characterized by low [PPi]pl due to an inactivating mutation of ENPP1 (Rutsch et al., 2003), we measured NPP plasma activity which was within normal values (Figure 1). Since PPi is excreted in urine, we measured its renal elimination as reflected by FePPi and found no increased PPi excretion (Table 1). According to the mechanisms involved in pseudoxanthoma elasticum, due to mutations in ABCC6 accounting for low [PPi]pl (Le Saux et al., 2000) and vascular calcification (Leftheriotis et al., 2013), it could be that the production of PPi related to ABCC6 was decreased in our patients. Indeed, experimental data from uremic rats showed that low [PPi]pl resulted from low ABCC6 protein expression in the kidneys and in the liver (Lau et al., 2014). Furthermore, ANKH controls [PPi]pl levels in uremic rats (Zhao et al., 2012; Chen et al., 2019). However, in humans, mutations of ANKH account for craniometaphyseal dysplasia and, to the best of our knowledge, [PPi]pl levels was not yet measured in this condition (Chen et al., 2011).

This study is the first one, to the best of our knowledge, exploring the crosstalk between the purinergic system and mineral and bone disorder in CKD. The low [PPi]pl in KTR and the inverse relationship between ALP activity and [PPi]pl are new observations. However, this study is limited by the low number of patients and by the lack of association between biological and clinical data. Larger studies are needed to confirm our observations.



CONCLUSION

In conclusion, low [PPi]pl is partly related to its high level of hydrolysis due to elevated plasma ALP activity in patients with MBD induced by CKD. This is not the only mechanism because [PPi]pl remains low although plasma ALP activity is restored to normal levels after kidney transplantation. In addition to many experimental data, our pilot clinical study suggests that the purinergic system should be comprehensively explored in CKD in order to shed light on the complex pathogenesis of MBD (Back et al., 2018).
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Heterotopic ossification (HO) is a pathological condition involved in tendinopathy. Adipokines are known to play a key role in HO of tendinopathy. Nesfatin-1, an 82-amino acid adipokine is closely reportedly associated with diabetes mellitus (DM), which, in turn, is closely related to tendinopathy. In the present study, we aimed to investigate the effects of nesfatin-1 on the osteogenic differentiation of tendon-derived stem cells (TDSCs) and the pathogenesis of tendinopathy in rats. In vitro, TDSCs were incubated in osteogenic induction medium for 14 days with different nesfatin-1 concentration. In vivo, Sprague Dawley rats underwent Achilles tenotomy to evaluate the effect of nesfatin-1 on tendinopathy. Our results showed that the expression of nesfatin-1 expression in tendinopathy patients was significantly higher than that in healthy subjects. Nesfatin-1 affected the cytoskeleton and reduced the migration ability of TDSCs in vitro. Furthermore, nesfatin-1 inhibited the expression of Scx, Mkx, and Tnmd and promoted the expression of osteogenic genes, such as COL1a1, ALP, and RUNX2; these results suggested that nesfatin-1 inhibits cell migration, adversely impacts tendon phenotype, promotes osteogenic differentiation of TDSCs and the pathogenesis of HO in rat tendons. Moreover, we observed that nesfatin-1 suppressed autophagy and activated the mammalian target of rapamycin (mTOR) pathway both in vitro and in vivo. The suppression of the mTOR pathway alleviated nesfatin-1-induced HO development in rat tendons. Thus, nesfatin-1 promotes the osteogenic differentiation of TDSC and the pathogenesis of HO in rat tendons via the mTOR pathway; these findings highlight a new potential therapeutic target for tendinopathy.

Keywords: nesfatin-1, tendinopathy, tendon-derived stem cells, osteogenic tendon differentiation, mTOR pathway


INTRODUCTION

Tendinopathy is a progressive disorder of the tendon, accounting for over 30% of all musculoskeletal consultations (Andarawis-Puri et al., 2015). Tendinopathy is characterized by an increase in tendon thickness, stiffness, and tendon reinjury and a decrease in motor function (Burner et al., 2012; Rothan et al., 2013). Heterotopic ossification (HO) is a pathological condition that involves the formation of ectopic bone and often occurs during tendinopathy (Longo et al., 2018). Several risk factors are known to result in heterotopic tendon ossification, including obesity, age, sex, tendon vascularity, and gastrocnemius or soleus dysfunction (Longo et al., 2018). However, the mechanism underlying HO in tendinopathy remains unknown.

Tendon-derived stem cells (TDSCs) are isolated from tendon tissues and can self-renew, undergo multipotential differentiation, and maintain tendon homeostasis (Zhang et al., 2014; Jiang et al., 2018; Xu et al., 2020). Additionally, the osteogenic differentiation of TDSCs may account for tendon dysfunction and exacerbate the pathogenesis of tendinopathy.

Recently, numerous studies have shown that adipokines play a role in the pathogenesis of tendinopathy (Rothan et al., 2013; Jiang et al., 2018; Bauer et al., 2019). Adipokines, such as leptin accelerate the pathogenesis of HO in tendons. Nesfatin-1, an 82-amino acid adipokine derived from the prohormone nucleobindin-2 (NUCB2), was first identified in hypothalamic nuclei and is considered a key integrator in the regulation of food intake and energy balance (Li et al., 2012; Wu et al., 2014). Various studies have demonstrated that nesfatin-1 is closely related to diabetes mellitus (DM), during which the incidence of heterotopic tendon ossification is significantly higher than that in non-DM subjects of the same age (Aydeniz et al., 2008; Li et al., 2010; de Oliveira et al., 2011; Aslan et al., 2012). In early stage type 2 diabetes patients, the plasma nesfatin-1 levels were increased when compared with those in healthy controls, and reportedly decreased in type 2 diabetes patients receiving antidiabetic treatment (Zhai et al., 2017). However, few studies have focused on the effects of nesfatin-1 on the osteogenic differentiation of TDSCs and the pathogenesis of HO in tendons. Furthermore, the underlying intracellular molecular mechanisms downstream of nesfatin-1 have not been examined.

In the present study, we evaluated the expression of NUCB2 in human TDSCs and investigated the effects of nesfatin-1 on osteogenic TDSCs differentiation and pathogenesis of HO in rat tendons. Additionally, we investigated the potential mechanisms involved in these processes.



MATERIALS AND METHODS


Reagents

Recombinant human nesfatin-1 and rapamycin (autophagy agonist) were purchased from Sigma-Aldrich (St Louis, MO, United States). Dulbecco’s modified Eagle’s medium (DMEM), penicillin/streptomycin, fetal bovine serum (FBS), and 0.25% trypsin were obtained from Gibco BRL (Grand Island, NY, United States).



Patients

All patients were recruited by the Department of Orthopedic Surgery, the Second Affiliated Hospital, and signed informed consent forms approved by the Ethics Committee of the Second Affiliated Hospital, School of Medicine, Zhejiang University, Hangzhou, China. The tendons in the tendinopathy group (TD) were obtained from 17 patients (7 females and 10 males; aged 34 to 57 years old) with torn rotator cuffs who underwent reparative surgery, with a mean tear size of 2.1 cm2. Patients were only included if clinically detectable evidence of tendinopathy was detected on the preoperative MRI scan. An independent negative control group (NC) was composed of 17 patients (6 females and 11 males; aged 31 to 63 years old) who underwent anterior cruciate ligament autografts with no clinically detectable evidence of tendinopathy on a preoperative MRI scan. There was no difference between clinical characteristics, including age, body mass index, sex, diabetes, hypertension, and peripheral artery disease. All the tendon tissues were treated were frozen using liquid nitrogen and then ground. Total RNA was extracted using the TRIzolTM Plus RNA Purification Kit (Invitrogen, Carlsbad, CA, United States). Nesfatin-1 expression in the human tendon tissue was evaluated by quantitative real-time PCR analysis.



Cell Culture and Osteogenic Differentiation

This study was approved by the Institutional Animal Care and Use Committee of Zhejiang University (Hangzhou, China). After euthanasia, Achilles tendons were obtained from 3-week-old Sprague Dawley rats (Zhejiang Academy of Medical Sciences Hangzhou, China). The tissue was minced and incubated with type I collagenase (3 mg/mL) on a horizontal shaker at 37°C for 3 h to isolate the tenocytes. The tendon-derived cells were resuspended into single-cell suspensions and plated in DMEM supplemented with 10% FBS, 100 units/mL penicillin, and 100 μg/mL streptomycin for 7 days. The colonies were collected at passage 0 (P0). The cells were used at P3 (Xu et al., 2020). For osteogenic differentiation, the cells were incubated in osteogenic induction medium (Cyagen Biosciences, Suzhou, China) for 14 days. Nesfatin-1 (0.1, 1, or 10 ng/mL) was added to the osteogenic medium in the presence or absence of rapamycin (10 nM) (Jiang et al., 2018), the controls were cultured with an equal volume of DMSO in the osteogenic medium.



Identification of Surface Markers

TDSCs were incubated with fluorescent primary antibodies on ice for 60 min, washed three times with phosphate-buffered saline (PBS), and analyzed by flow cytometry. The following fluorescent primary antibodies were used: FITC anti-rat CD29, FITC anti-rat CD44, PE anti-rat CD45, and PE anti-rat CD90 (BioLegend, San Diego, CA, United States). FITC isotype control and PE iso control were added to the NC samples (BioLegend, San Diego, CA, United States).



Multipotency Analysis

TDSCs were incubated with specific differentiation media to analyze the cell multipotency. For osteogenic differentiation, TDSCs were incubated with osteogenic induction medium (Cyagen Biosciences, Suzhou, China) for 14 days, and Alizarin Red staining was performed to confirm osteogenic differentiation. For chondrogenic differentiation, chondrogenesis was performed in pellet culture with chondrogenic induction medium (Cyagen Biosciences, Suzhou, China) for 21 days, and Safranin O staining was used to confirm chondrogenic differentiation. For adipogenic differentiation, TDSCs were incubated in adipogenic induction and maintenance medium (Cyagen Biosciences, Suzhou, China) for 14 days, and Oil Red staining was performed to confirm the adipogenic differentiation.



Cell Viability Analysis

The cytotoxicity of nesfatin-1 on TDSCs was assessed via the CCK-8 assay. TDSCs (1 × 104 cells per well) were seeded in 96-well plates and treated with different concentrations of nesfatin-1 for 48 h (Lu et al., 2018). Cell viability was determined using the CCK-8 assay according to the manufacturer’s instructions.



Scratch Assay

A scratch assay was used to evaluate the ability of TDSCs to migrate after treatment. TDSCs (1 × 105 cells per well) were seeded in 6-well plates for 24 h. A straight line was cut into the cell layer with the tip of a P200 pipette. After washing with PBS, TDSCs were cultured with the corresponding treatment medium without serum. The gap between the two sides of the scratch was photographed after 0, 12, 24, and 48 h of incubation. The ratio of the open wounds was measured to evaluate the migration ability of TDSCs.



Quantitative Real-time PCR (qRT-PCR) Analysis

The TRIzolTM Plus RNA Purification Kit (Invitrogen) was used to extract the total RNA from TDSCs. After measuring and adjusting RNA concentrations using a nucleic acid detector, the total RNA was reverse transcribed into cDNA with the PrimeScriptTM RT Master Mix (TAKARA). Then, cDNA samples were amplified with SYBRTM Premix Ex TaqTM II (TAKARA) using an ABI StepOnePlus System. The primers used are shown in Table 1, and the expression of scleraxis (Scx), mohawk homeobox (Mkx), tenomodulin (Tnmd), Collagen Type I Alpha 1 Chain (Col1a1), alkaline phosphatase (Alp), and runt-related transcription factor 2 (RUNX2) was detected. GAPDH was used as an endogenous control. All the assays were performed in triplicate, and data were calculated using the 2(−ΔΔCT) method.


TABLE 1. Primer sequences used in this study.
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Western Blot Analysis

After the different treatments, TDSCs were washed twice and resuspended in PBS. Then, all samples were immediately lysed in RIPA lysis buffer containing protease and phosphatase inhibitors for 30 min to extract the proteins. A BCA protein assay kit (Beyotime Biotechnology, Shanghai, China) was obtained to quantify the protein concentrations. The samples were separated using sodium dodecyl sulfate-polyacrylamide gels and transferred into nitrocellulose membranes. After blocking with 5% BSA for 1 h, the membranes were cut into sections based on the different protein molecular weights. The different sections were incubated with the following monoclonal antibodies: Col1a1, Alp, GAPDH, LC3A/B, p62, p-mTOR, mTOR (Abcam, Cambridge, United Kingdom), RUNX2, p-S6, and S6 (Cell Signaling Technology, Danvers, MA, United States), at 4°C overnight. These sections were incubated with secondary antibodies for 2 h, luminesced by the PierceTM ECL western blotting substrate, and detected using the Bio-Rad ChemiDoc System. The ImageJ software was used to measure the gray values for all the western blot bands. All the assays were performed in triplicate.



Phalloidin Staining and Quantitative Analysis of Fluorescent Images

Phalloidin staining (Yeasen Biotechnology, Shanghai, China) was used to detect the actin cytoskeleton in TDSCs. The cells (5 × 104 cells per well) were seeded in 12-well plates and treated with different concentrations of nesfatin-1. After fixation with 4% paraformaldehyde for 10 min, the cells were incubated with a phalloidin solution according to the manufacturer’s instructions, and the fluorescence was visualized by confocal microscopy (Carl Zeiss, Oberkochen, Germany).

For TDSCs morphology, changes were assessed using the average cell surface area and aspect ratio (major cell axis/minor cell axis) with the ImageJ software. The anisotropy of actin fibers was measured using OrientationJ plug-in for ImageJ to evaluate the arrangement of stress fibers.



Alkaline Phosphatase (ALP) Staining

TDSCs were differentiated into osteoblasts with osteogenic induction medium. Briefly, 5 × 104 TDSCs were seeded in 12-well plates. After reaching 80% confluence, the cells were cultured with osteogenic induction medium with different nesfatin-1 concentrations for 6 days. The cells were fixed with 4% paraformaldehyde for 30 min. Then, the cells were stained using the Alkaline Phosphatase Color Development Kit (Beyotime).



Alizarin Red Staining

Alizarin Red staining was used to evaluate the mineral deposition induced by osteogenic differentiation in TDSCs. Briefly, 5 × 104 TDSCs were seeded in 12-well plates. After reaching 80% confluence, the cells were cultured with osteogenic induction medium with different nesfatin-1 concentrations for 2 weeks. Then, the cells were fixed with 4% paraformaldehyde for 30 min. Finally, the cells were stained with a 0.1% solution of Alizarin Red (Sigma-Aldrich) for 10 min.



Animal Model

Six-week-old male Sprague Dawley rats (n = 60, 200–250 g) were purchased from Zhejiang Academy of Medical Sciences (Hangzhou, Zhejiang, China). The rats were randomly divided into four groups: HO, HO + RA, HO + NES, and HO + NES + RA. All rats underwent Achilles tenotomy (Xu et al., 2020). The rats were anesthetized using pentobarbital (40 mg/kg), and a bilateral midpoint Achilles tenotomy was performed through a posterior approach under aseptic conditions. A week after the Achilles tenotomy, all groups were treated differently. In the HO + RA + NES group (n = 15) and HO + NES group (n = 15), the rats were injected with 0.1 mL of 10 ng/mL nesfatin-1 (NES) once per week in the region surrounding the Achilles tendon. The other two groups were injected with 0.1 mL PBS once per week as a control. In the HO + RA group (n = 15) and HO + NES + RA group (n = 15), the rats were intraperitoneally administered rapamycin (RA) (1 mg/kg/day) daily. The other two groups were intraperitoneally administered the saline vehicle as a control daily. During the treatment period, all rats were allowed free cage activities. Eight weeks after Achilles tenotomy, the rats were euthanized, and their Achilles tendon tissues were harvested for further study. This study was conducted in accordance with the NIH guidelines (NIH Pub No 85-23, revised 1996), and the protocol was approved by the Ethics Committee of the Second Affiliated Hospital, School of Medicine, Zhejiang University, Hangzhou, China.



Micro-CT Analyses

Following the animal experiment, all rats were euthanized, and their right hind legs were collected for micro-computed tomography analyses (μCT 100, SCANCO Medical AG, Wangen-Brüttisellen, Zurich, Switzerland). The parameter settings were as follows: 90 kV, 200 μA, and 30-μm slice thickness. The newly formed bone volume (BV, mm3) following HO remodeling of the Achilles tendons was calculated and quantified using SCANCO Medical software.



Histological Analysis

Tendon samples were embedded in paraffin and continuously cut into 5-μm sections. These sections were stained with HE staining, Safranin O staining, and modified Masson staining according to the manufacturer’s instructions.



Immunofluorescence

Tendon sections were incubated with the primary antibody at 4°C overnight. Then, the sections were incubated with a secondary antibody conjugated to fluorescein isothiocyanate (FITC). The nuclei were stained with DAPI according to the manufacturer’s instructions. The results were visualized by fluorescence microscopy.



Immunohistochemistry

Tendon sections were rehydrated and incubated with 3% hydrogen peroxide for 30 min at room temperature. Then, 5% BSA was used to block these sections for 2 h. Then, the sections were incubated with primary antibodies against nesfatin-1 (USCN, Wuhan, China) and Tnmd (USCN, Wuhan, China) at 4°C overnight. After interaction with the HRP-conjugated secondary antibodies, the sections were visualized with DAB, and nuclei were stained with hematoxylin. The results were visualized using optical microscopy.



Statistical Analyses

All the assays were performed in triplicate. Data are presented as means ± standard deviation (SD). The Student’s t-test was performed to assess statistically significant differences between the results of two experimental groups. For multiple comparisons, one-way analysis of variance (ANOVA) with Tukey’s post hoc test was performed. A p-value < 0.05 was considered to indicate statically significant differences.




RESULTS


Isolation and Identification of TDSCs

Single-cell suspensions of tendon-derived cells were cultured in DMEM. These round cells were able to form small colonies (Figure 1A). Cell surface marker analysis was used to identify the stem status of these clonogenic cells. The results showed that these cells expressed high levels of stem cell markers (CD29, CD44, and CD90) and undetectable levels of a leucocyte marker (CD45) (Figure 1B; Ogata et al., 2018). In addition, the multipotency analysis of TDSCs revealed that these cells exhibited stem cell properties. Alizarin Red staining of osteogenic cultures showed calcium deposits within the cell monolayer (Figure 1C); Safranin O staining of chondrogenic pellet cultures presented the potency of trans-differentiation into chondro-lineage (Figure 1D); Oil Red staining confirmed the potency of adipogenic differentiation (Figure 1E).
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FIGURE 1. Isolation and identification of TDSCs. (A) A single-cell suspension of 1 cell/μL was prepared and cultured in a 12-well plate at 37°C with 5% CO2. These TDSCs were able to form small colonies and were photographed at 4 day. Scale bar, 200 μm. (B) Representative flow cytometric profiles of TDSCs stained for the surface markers CD29, CD44, CD45, and CD90 (red: control; blue: fluorescent antibody). Scale bar, 500 μm. (C) Alizarin Red staining of TDSCs osteogenic differentiation. Scale bar, 50 μm. (D) Safranin O staining of TDSCs chondrogenic differentiation. Scale bar, 500 μm. (E) Oil Red staining of TDSCs adipogenic differentiation. Scale bar, 50 μm.




Cell Viability Assay

qRT-PCR was used to investigate the expression of NUCB2 in human tendon tissues. The results showed that the NUCB2 levels were higher in tendinopathy patients than in healthy controls (Figure 2A). To investigate the effect of nesfatin-1 on TDSC viability, a CCK-8 assay was used. The results revealed that nesfatin-1 had no adverse effect on TDSC viability, within the range from 0 to 10 ng/mL at 48 h (Figure 2B). The scratch assay showed that 10 ng/mL nesfatin-1 reduced TDSC migration (Figures 2C,D). These findings indicated that nesfatin-1 may influence the migration of TDSCs.
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FIGURE 2. Cell viability assay. The expression of NUCB in human tendon tissues was detected by qRT-PCR. (A) The TDSCs were treated with increasing concentrations of Nesfatin-1 (0, 0.1, 0.5, 1.5, or 10 ng/mL) for 48 h. (B) The effects of Nesfatin-1 on rat TDSCs viability were evaluated by the CCK-8 assay. (C,D) a scratch assay was used to evaluate the effects of Nesfatin-1 on the ability of TDSCs to migrate. Scale bar, 500 μm. *p < 0.05.




Effect of Nesfatin-1 on TDSCs Phenotype Maintenance and Cytoskeleton

The effect of nesfatin-1 on TDSC phenotype maintenance was detected using tenogenic markers, such as Scx, Mkx, and Tnmd. The expression of these markers was detected via qRT-PCR. The results showed that nesfatin-1 significantly inhibited the expression of SCX, Mkx, and Tnmd (Figures 3A–C), which demonstrated that nesfatin-1 may affect TDSC phenotype maintenance. The cytoskeleton is linked to cell migration and the TDSC phenotype (Wang et al., 2015; Tang and Gerlach, 2017). To study the effects of nesfatin-1 on the in TDSC cytoskeleton, filamentous actin (F-actin) was visualized by phalloidin staining (Figure 3D). The F-actin arrangement was mainly organized into parallel stress fibers that stretched normally along the major axis. The results showed that exposure to nesfatin-1 revealed no major changes in cell area (Figure 3E). However, a significant decrease in the aspect ratio was observed for TDSCs cultured in 10 ng/mL nesfatin-1, when compared with other concentrations (Figure 3F). As shown in Figure 3, the morphology of the TDSCs, which usually exhibits a fibroblast-like shape, changed into a polygon-like shape following nesfatin-1 stimulation. OrientationJ plug-in for ImageJ was used to analyze the arrangement of stress fibers. The result showed that compared with lower concentration groups (0 and 0.1 ng/mL), higher concentration groups (1.0 and 10 ng/mL) performed random disposition, which translated into the absence of a peak in the corresponding orientation plot. These results revealed that nesfatin-1 increased the anisotropy of F-actin, changed the cellular cytoskeleton of TDSCs, and might influence the migration of TDSCs.
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FIGURE 3. Effect of Nesfatin-1 on TDSCs phenotype maintenance and cytoskeleton. (A–C) TDSCs were treated with different concentrations of Nesfatin-1 for 48 h. The mRNA levels of SCX, Mkx, and Tnmd were evaluated via qRT-PCR. (D) The TDSCs were treated with different concentrations of Nesfatin-1 for 24 h. The actin cytoskeleton organization was analyzed by phalloidin staining. F-actin stained in red and cell nuclei in blue. (E,F) Quantitative analysis of cell surface area and aspect ratio (major cell axis/minor cell axis) with ImageJ software. (G,H) OrientationJ plug-in for ImageJ was used to analysis the arrangement of stress fibers. The values are expressed as the mean ± standard deviation (SD). *p < 0.05, **p < 0.01 vs. control group. Scale bar, 100 μm.




Nesfatin-1 Promotes the Osteogenic Differentiation of TDSCs in vitro

HO is a pathologic condition in tendinopathy. To investigate the effect of nesfatin-1 on HO in tendinopathy, we detected the expression of osteogenic markers such as COL1A1 (Valles et al., 2020), ALP (Gong et al., 2016), and RUNX2 (Berendsen and Olsen, 2015), under nesfatin-1 stimulation in vitro. The qRT-PCR results showed that the expression of COL1A1, ALP, and RUNX2 significantly increased as the nesfatin-1 concentration increased (Figures 4A–C). The protein expression levels of COL1A1 and RUNX2, as measured by western blotting, were similar to the mRNA expression levels measured by qRT-PCR (Figures 4D–F). Furthermore, ALP staining and Alizarin Red staining were performed and revealed that nesfatin-1 accelerated the osteogenic differentiation of TDSCs in a dose-dependent manner (Figure 4G).


[image: image]

FIGURE 4. Nesfatin-1 promotes the osteogenic differentiation of TDSCs in vitro. The TDSCs were cultured in osteogenic induction medium and treated with different concentrations of Nesfatin-1. (A–C) The expression of col1a1, ALP, and RUNX2 was evaluated via qRT-PCR after the cells were cultured for 14 days. (D–F) The expression of col1a1 and RUNX2 was evaluated via Western blot after the cells were cultured for 14 days. (G) ALP staining was performed in cells cultured for 6 days. Alizarin Red staining was performed in cells cultured for 14 days. The values are expressed as the mean ± standard deviation (SD). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. control group. Scale bar, 500 μm.




The Effect of Nesfatin-1 on Osteogenic Differentiation and Autophagy via the Mammalian Target of Rapamycin (mTOR) Pathway

Recent studies have observed that the autophagic response participated in the pathogenesis of HO (Dai et al., 2013; Liu et al., 2013). In this study, we using western blotting, we observed that nesfatin-1 significantly reduced the ratio of LC3B/LC3A, which is a biomarker of autophagy (Mizushima and Yoshimori, 2007), and increased the expression of p62, which is associated with autophagic degradation (Lee et al., 2011), in TDSCs (Figures 5A–C). These results suggested that nesfatin-1 inhibited autophagy in TDSCs. Then, we investigated the mTOR pathway to explore the underlying mechanism of nesfatin-1. After nesfatin-1 treatment in the presence of osteogenic induction medium for 14 days, western blot results demonstrated that nesfatin-1 significantly increased the phosphorylation of mTOR and S6 in a dose-dependent manner (Figures 5D–F). These results suggested that nesfatin-1 activated the mTOR pathway during osteogenic differentiation of TDSCs. Furthermore, we inhibited the activation of the mTOR pathway by rapamycin (10 nmol/mL) and activated autophagy by increasing the ratio of LC3B/LC3A and ATG5 (Figures 5G–I). We observed that the nesfatin-1-induced enhancement of col1a1 and RUNX2 was significantly decreased (Figures 5J–L). These experimental results suggested that nesfatin-1 induced mTOR pathway activation and inhibited autophagy, which accelerated the osteogenic differentiation of TDSCs.
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FIGURE 5. The effect of Nesfatin-1 on osteogenic differentiation and autophagy via the mTOR pathway. (A–C) The TDSCs were treated with different concentrations of Nesfatin-1 for 6 h. The expression levels of LC3A, LC3B, and p62 were evaluated via Western blot. (D–F) The TDSCs were treated with different concentrations of Nesfatin-1 in osteogenic induction medium for 14 days. The expression levels of p-mTOR, mTOR, p-S6, and S6 were evaluated via Western blot. (G–I) Rapamycin (10 nmol/mL) was used to inhibit the activation of the mTOR pathway and activate the autophagy. (J–L) The Nesfatin-1-induced osteogenic response can be inhibited by rapamycin. *p < 0.05, **p < 0.01, ***p < 0.001.




Nesfatin-1 Accelerates the Pathogenesis of Heterotopic Ossification Through the mTOR Pathway in vivo

Micro-CT analyses were performed to measure the heterotopic bone formation of rat tendons induced by nesfatin-1. The results showed that new bone in the Achilles tendon was found in all rats. However, the size of these heterotopic bones differed. In the HO + NES group, the heterotopic bone was significantly larger than that in the HO group. In the HO + NES + RA group, the heterotopic bone was smaller than that in the HO + NES group but larger than that in the HO + RA group (Figures 6A,E). HE staining, Safranin O staining, and modified Masson staining were performed for histological analysis. The results showed that the arrangement of fibroblasts and collagen fibers was visibly disordered following nesfatin-1 treatment. In the HO + NES group, the calcified area was larger than in the HO group. Rapamycin reversed the increase in the calcified area induced by nesfatin-1 (Figures 6B–D). Based on immunohistochemistry, nesfatin-1 was increased in the HO group when compared with the normal control group (Figure 7A). Additionally, Tnmd was a key indicator of tendon healing and was detected by immunohistochemistry. The results showed that the Tnmd expression was low in the HO group and can be significantly rescued by rapamycin. Nesfatin-1 decreased the protein expression of Tnmd, which can also be significantly rescued by rapamycin (Figures 7B–D). Furthermore, we assessed the effect of nesfatin-1 on HO in vivo by evaluating RUNX2 expression. The immunofluorescence analysis showed that nesfatin-1 increased the protein expression of RUNX2, which could be rescued by rapamycin in vivo (Figure 7E).
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FIGURE 6. Nesfatin-1 accelerates the pathogenesis of heterotopic ossification in vivo. Sixty rats underwent Achilles tenotomy and were treated with Nesfatin-1 (10 ng/mL) and rapamycin (10 nmol/mL) for 8 weeks. Heterotopic bone formation was measured by micro-CT (A,E). HE staining (B), Safranin O staining (C) and modified Masson staining (D) were performed for histological analysis. The values are expressed as the mean ± standard deviation (SD). *p < 0.05, **p < 0.01 vs. the control group. Scale bar, 200 μm. ***p < 0.001.
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FIGURE 7. The effect of Nesfatin-1 on tendon healing in vivo. (A–D) The expression of Nesfatin-1 and Tnmd in the animal model was examined by IHC (red arrows indicated the positive cells of Nesfatin-1; yellow arrows indicated the positive cells of Tnmd), and the quantitative analysis of these proteins, Scale bar, 100 μm. (E) RUNX2 was a key indicator in HO and was detected by immunofluorescence, Scale bar, 200 μm. The values are expressed as the mean ± standard deviation (SD). *p < 0.05, **p < 0.01 vs. the control group. ***p < 0.001.


As autophagy is deemed to play vital roles in tendon HO, we examined the effect of nesfatin-1 on tendon autophagy in vivo. As expected, rapamycin activated the expression of ATG5, a key indicator in autophagy. Nesfatin-1 suppressed ATG5 and this inhibition could be rescued by rapamycin (Figure 8A). Furthermore, we evaluated the activation of mTOR signaling by detecting the downstream marker of this pathway, namely p-S6, in vivo. We observed that nesfatin-1 could activate the expression of p-S6, and rapamycin undoubtedly reversed the activation of mTOR signaling (Figure 8B). The results described above suggested that nesfatin-1 accelerated the pathogenesis of HO through the mTOR pathway in vivo.
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FIGURE 8. Nesfatin-1 promotes activation of the mTOR pathway in vivo. (A) The expression of ATG5 was evaluated as an indicator of autophagy by immunofluorescence, Scale bar, 100 μm. (B) p-S6 protein in the tissue sections was evaluated as an indicator of mTOR signaling by immunofluorescence, Scale bar, 200 μm. The values are expressed as the mean ± standard deviation (SD). *p < 0.05, **p < 0.01 vs. the control group.





DISCUSSION

Chronic tendinopathy refers to a common, pathological condition in tendons, which often leads to chronic pain and tendon disability. The underlying pathogenesis of chronic tendinopathy remains poorly understood, and the main treatment involves symptom control. It is increasingly apparent that metabolic features play a significant role in tendinopathy (Castro et al., 2016). Furthermore, it is well-known that there are several different adipokines, including leptin, adiponectin, chemerin, and visfatin (Kershaw and Flier, 2004). Previous studies have suggested that adipokines are involved in the pathogenesis of tendinopathy. Rothan has reported that adiponectin, as an adipokine, improves TDSC proliferation and differentiation, suggesting that adiponectin is a potential therapeutic agent in diabetic tendinopathy (Rothan et al., 2013). Jiang has demonstrated that leptin, which is also an adipokine, promotes TDSC osteogenic differentiation and heterotopic bone formation (Jiang et al., 2018).

Nesfatin-1 is a secreted adipokine involved in feeding behaviors and body weight control. Reportedly, nesfatin-1 plays a regulatory role in patients with DM (Tekin and Cicek, 2019). DM has long been recognized as a well-known risk factor for the pathogenesis of tendinopathy (Abate et al., 2012). Nevertheless, no study has focused on the expression and effects of nesfatin-1 in tendinopathy. Our study first demonstrated that the NUCB2 levels in tendon tissues from tendinopathy patients were increased when compared with those from healthy controls. In the animal model of tendinopathy, the expression of nesfatin-1 was increased when compared with the NC. Furthermore, we investigated the mechanism of nesfatin-1 in the pathogenesis of tendinopathy.

In the present study, we observed that nesfatin-1 demonstrated no adverse effect on the TDSC viability, but reduced TDSC migration. Currently, evidence supports that TDSC migration is indispensable for tendon wound healing. During the tendon repair and regeneration process, TDSCs can migrate to the site of injury, differentiate into tenocytes, and replace the dysfunctional tenocytes involved in the pathophysiological process (Kohler et al., 2013). We observed that nesfatin-1 reduced the migration of TDSCs at 48h significantly when compared with the control group. Interestingly, previous studies have shown that the cytoskeleton plays an important role during cell migration (Hohmann and Dehghani, 2019). The regulation of the cytoskeleton is mediated by monomeric G-actin, filamentous F-actin, and actin-associated proteins (Rotty and Bear, 2014). To explore the mechanism of adverse effects on migration, we investigated the effects of nesfatin-1 on the cytoskeleton of TDSCs via phalloidin staining. The results showed that the anisotropy of F-actin induced by nesfatin-1 may change the cellular cytoskeleton. Base on alterations in the cellular cytoskeleton induced by nesfatin-1, we predicted that the ability of the cells to migrate was inhibited.

Besides self-renewal and migration, TDSCs can differentiate and maintain tendon homeostasis (Bi et al., 2007; Ni et al., 2012). In the pathological process of chronic tendinopathy, some abnormal matrix components (e.g., hypervascularity, acquisition of chondrocyte phenotypes, and calcification) are produced. Previous studies have suggested that the erroneous differentiation of TDSCs might result in depletion of the TDSC pool and ectopic chondro-ossification (Zhang and Wang, 2010). We observed that under the effect of nesfatin-1, TDSCs express lower tenogenic markers, including Scx, Mkx, and Tnmd. Notably, Scx, Mkx, and Tnmd are necessary for the maturation of collagen fibrils, and thus, these proteins are tenogenic markers. Scx, a basic helix-loop-helix (bHLH) transcription factor, is highly expressed in TDSCs (Yoshimoto et al., 2017). Murchison has reported that Scx−/− mutant mice suffer from severe tendon defects (Murchison et al., 2007). Mkx regulates type I collagen production and dramatically upregulates Scx by binding to the Tgfb2 promoter (Murchison et al., 2007). Liu observed that Mkx−/− mutant mice exhibited ectopic ossification in their Achilles tendons (Liu et al., 2019). Tnmd, a type II transmembrane glycoprotein, is predominantly expressed in tendon tissues (Dex et al., 2016). Docheva reported that Tnmd−/− mutant mice exhibit delayed maturation of collagen fibrils (Docheva et al., 2005). Our study revealed that nesfatin-1 significantly reduced the expression of the tenogenic markers, Scx, Mkx, and Tnmd, in a dose-dependent manner. Furthermore, our animal experiment verified that nesfatin-1 reduced the expression of Tnmd in vivo. These results suggested that nesfatin-1 may inhibit the production and maturation of collagen fibrils in TDSCs.

HO is widely considered a pathological characteristic of tendinopathy. Recent investigations have revealed that the osteogenic differentiation of TDSCs participates in the pathological process of tendon HO (Rothan et al., 2013; Jiang et al., 2018; Han et al., 2019). In the present study, we observed that nesfatin-1 increased osteogenic gene (COL1A1, RUNX2, and ALP) expression in TDSCs in vitro and promoted heterotopic bone formation in Achilles tendinitis in vivo. These results suggest that nesfatin-1 promotes the osteogenic differentiation of TDSCs and the pathogenesis of HO in rat tendons.

It has been reported that autophagy plays a crucial role in maintaining the self-renewal and stemness of TDSCs (Wu et al., 2011; Hudgens et al., 2016; Xu et al., 2020). In our study, we observed that nesfatin-1 reduced the ratio of LC3B/LC3A and increased the expression of p62, which suggested that Nesfatin-1 inhibited autophagy in TDSCs. In our previous study, we have reported that the mTOR pathway is involved in the pathological process of HO in TDSCs (Xu et al., 2020). Our data showed that nesfatin-1 significantly increased the phosphorylation of mTOR and S6 in a dose-dependent manner, indicating the role of mTOR pathway activation during osteogenic differentiation in TDSCs. To inhibit mTOR, we treated TDSCs with rapamycin, which inhibits mTORC1 (Cong et al., 2018). The western blot results showed that the nesfatin-1-induced osteogenic differentiation of TDSCs was significantly suppressed by rapamycin. In vivo, as expected, rapamycin suppressed heterotopic bone formation when compared with the HO group, which has been previously reported (Hino et al., 2018; Valer et al., 2019). Nesfatin-1 increased heterotopic bone formation and activation of mTOR signaling in the tendon, both decreased by rapamycin. Immunofluorescence and histological analysis both confirmed the consistent results described above. Therefore, the underlying mechanism of nesfatin-1 in the acceleration of TDSCs osteogenic differentiation and HO in rat tendons is associated with the activation of the mTOR pathway. Based on these result findings, we propose the therapeutic potential of targeting nesfatin-1 to combat tendinopathy in the future.



CONCLUSION

Collectively, our data showed that nesfatin-1 inhibits cell migration, adversely affects tendon phenotypic maintenance, and promotes the osteogenic differentiation of TDSCs. Nesfatin-1 promotes the pathogenesis of HO in tendons via the mTOR pathway. These findings offer a potential therapeutic target for tendinopathy.
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Fibrodysplasia ossificans progressiva (FOP) is a rare genetic disorder in which extensive heterotopic ossification (HO) begins to form during early childhood and progresses throughout life. Although HO does not occur during embryonic development, children who carry the ACVR1R206H mutation that causes most cases of FOP characteristically exhibit malformation of their great toes at birth, indicating that the mutation acts during embryonic development to alter skeletal formation. Despite the high prevalence of the great toe malformation in the FOP population, it has received relatively little attention due to its clinically benign nature. In this study, we examined radiographs from a cohort of 41 FOP patients ranging from 2 months to 48 years of age to provide a detailed analysis of the developmental features, progression, and variability of the great toe malformation of FOP, which include absent skeletal structures, malformed epiphyses, ectopic ossification centers, malformed first metatarsals and phalangeal fusion.
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INTRODUCTION

Fibrodysplasia ossificans progressiva (FOP) is an ultra-rare genetic disorder in which extensive bone ectopically forms in soft connective tissues, such as skeletal muscle, in a process known as heterotopic ossification (HO) (Shore and Kaplan, 2010). The ACVR1 gene mutation that causes FOP and HO also alters the normal development of the skeleton (Cohen et al., 1993; Harrison et al., 2005; Schaffer et al., 2005; Mishima et al., 2014; Pignolo et al., 2019). The most frequently occurring mutation (∼97%) among FOP patients is ACVR1R206H (Shore et al., 2006; Kaplan et al., 2008). This and other ACVR1 mutations associated with FOP enhance signaling from this bone morphogenetic protein (BMP) type I receptor to increase activation of the downstream BMP signaling pathway (Kaplan et al., 2008; Shen et al., 2009; Allen et al., 2019).

The congenital skeletal malformation most commonly associated with FOP affects the first digit of the foot (also called the great toe or hallux), with this toe angled inward (hallux valgus) (Kaplan et al., 2008). Previous reports identified reduced first digit length, altered first metatarsal morphology, and distal phalangeal coalition (fusion) in multiple post-axial digits (i.e., digits 2–5) in patients diagnosed with FOP (Schroeder and Zasloff, 1980; Harrison et al., 2005); however, these studies examined only small cohorts (16 and 15 patients, respectively). While other case report series have been conducted, none have focused extensively on the forefoot malformations (Rosenstirn, 1918; Cohen et al., 1993). To investigate the frequency and types of malformations in all the digits of the foot, we conducted a detailed analysis of radiographs from 41 FOP patients with the ACVR1R206H mutation.



MATERIALS AND METHODS

In this retrospective analysis, we reviewed radiographic images of the forefeet of 44 individuals with classic FOP. All individuals were established patients of one of the authors (FSK). Inclusion criteria were as follows: a clinical diagnosis of FOP made by the presence of congenital malformations of the great toes and by progressive HO in characteristic anatomic patterns; confirmation of the diagnosis by molecular genetic analysis that identified the presence of the recurrent ACVR1 c617G>A;R206H FOP mutation (Shore et al., 2006); plain anterior-posterior (A-P) radiographs of the feet that had been obtained as part of routine clinical care. Exclusion criteria were the following: uncertainty of the patient’s age at the time the radiograph was acquired (2 subjects); and overexposure, underexposure, or degradation of the radiograph to the point analysis of the forefoot could not reasonably be completed (1 subject). This study was non-interventional and all patient data were deidentified prior to analyses through approval by the Institutional Review Board at the University of Pennsylvania.

Eight subjects (4M, 4F), including unaffected family members, served as age-matched controls for the purposes of comparing FOP-affected forefeet to normal development. These controls were not used for any statistical analyses. For cases without age-matched controls, radiographs were compared against anatomical sketches of foot development and clinical descriptions (Sarrafian, 2011). Patients with radiographs from multiple ages were not double-counted for any analyses. For any given feature that was absent at one age but present at another (e.g., ectopic ossification centers), patients were counted as having that feature.

The timing, presence, and morphology of skeletal elements of the forefoot (metatarsals and phalanges) were compared against radiographs of control subjects and anatomical texts (Sarrafian, 2011). Phalanges were counted as dysmorphic if we observed clear deviations from the normal, rectangular “chess piece” morphology of all proximal and medial phalanges, or from the triangular morphology of the distal phalanges. Metatarsals were evaluated to be dysmorphic primarily on the basis of the shape of the metatarsal head, which should be smooth, rounded, and approximately symmetrical on its primary axis. Secondary ossification centers were considered dysmorphic if they were more cuboidal or hourglass-like in shape as opposed to the typical curved, linear shape (Figures 1A,B,F). Ectopic ossification refers to the appearance of superfluous radio-positive tissue either independent of or associated with the normal skeletal elements. Phalanges were counted as having coalition (AKA symphalangism) if no clear boundary line could be established between two phalanges within a single digit. The clinical definition of hallux valgus is that of an angle between the long axes of the metatarsal and proximal phalanx of the first digit greater than 15°. Hallucal sesamoids were counted as deviated if more than 50% of the fibular (lateral) sesamoid was visible beyond the lateral edge of the metatarsal.
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FIGURE 1. The FOP great toe malformation with monophalangeal or biphalangeal hallux. (A,B) Representative control radiographs at 2 months and 8 years of age. Note the presence of three phalanges (p) in each digit except the first, which has two. (C–E) Radiographs from three FOP subjects at different ages illustrate the two major presentations of the great toe malformation: monophalangeal hallux (p2 only; C,E) and biphalangeal hallux (p1 and p2; D,E). (C) Radiograph of a subject at 4 years of age shows bilateral monophalangism, with p1 being absent in both feet. Severe hallux valgus is evident (hallux valgus angle > 15°, illustrated). By this age, ectopic ossification centers (EOC; arrowheads) have fused to the metatarsal heads. (C’) At age 14, the same subject shows large epiphyses (e) associated with the remaining phalanx, medially deviated metatarsals with malformed heads (asterisk), and laterally deviated hallucal sesamoids (s); the fibular sesamoid is clearly visible, whereas the tibial sesamoid is masked by the metatarsal. (D) Radiographs of a subject at 10 years of age showing biphalangism, with both phalanges of the first digit present in both feet. Hallux valgus is minor, consistent with other subjects with this morphological progression. This subject additionally presents with biphalangeal digits 4 and 5, though this is not considered a hallmark of FOP. (D’) At age 16, the phalanges of the first digit have completely fused, which is characteristic of biphalangeal hallux in FOP (detailed in Supplementary Figure 1). (E) One subject, imaged at 9 months of age, presents with both a proximal and distal phalanx in the left foot and only the distal phalanx in the right foot. Note the asymmetric, amorphous shape of the proximal phalanx as contrasted with the rectangular, symmetrical morphology of the proximal phalanges in A. The right foot shows more severe hallux valgus than the left, but both feet have EOCs distal and medial to the first metatarsal (arrowheads). (E’) Two years later, the EOCs have both fused to the metatarsal head. (F–H) Illustrations of the skeletal elements of the human mid- and forefoot with (F) all usual elements in adulthood (control), (G) the monophalangeal FOP phenotype, and (H) the biphalangeal FOP phenotype. Digits (d) are numbered d1 to d5 from medial to lateral and phalanges (p) are numbered proximal to distal. By X-ray, primary ossification centers (POC) of each element are visible before their respective secondary ossification centers (SOC) can be seen. Midfoot elements, including the tarsals, are included for reference and are numbered according to their respective articulating digits. Sesamoids (s) are normally associated only with the hallux but may arise at the metatarsophalangeal joints of the second and/or fifth digits. The characteristic EOC medial and distal to the metatarsal of the hallux seen in FOP patients is marked in (G,H). In (E’,H), phalanges affected by LEPB or “delta phalanx” (also see Figure 2) are labeled as Δp1.


Statistical analyses were performed using Prism 8 (GraphPad).



RESULTS

Among available FOP case files, the common FOP ACVR1R206H mutation was documented in 41 subjects (22 M, 19 F; aged 0–48 years) with clinically diagnosed FOP and forefoot radiographs.


Digit 1, Primary Ossification Centers

During digit development, ossification centers form and give rise to the individual skeletal elements (metatarsals and phalanges) of the digits (Sarrafian, 2011). The timing of the emergence and the final number of ossification centers and phalanges are the most general means by which to assess skeletal development in the digits of the foot. The expected numbers of phalanges in human feet is 2-3-3-3-3, counting from digits 1 to 5, with the elements of digit 1 being particularly broad (Figures 1A,B,F). Distal phalanges are distinguished by their comparatively triangular shape relative to the rectangular shapes of medial and proximal phalanges. Each phalanx consists of a primary ossification center (POC) connected proximally to a single secondary ossification center (SOC) via a growth plate (Sarrafian, 2011). The first digit metatarsal has only a proximal SOC, whereas each metatarsal of digits 2–5 has only a distal growth plate and SOC (Sarrafian, 2011). SOCs typically emerge as small, circular, radio-positive regions that expand into thickened, curved lines over time before gradually fusing with their associated skeletal element.

Examination of digit 1 in our 41 subjects provided an improved picture of the prevalence of characteristics that were previously recognized in FOP. These features (summarized in Table 1) included nearly fully penetrant hallux valgus (38/41; Figure 1C), metatarsal malformation (41/41; Figure 1C’), loss of the interphalangeal joint associated with loss of the proximal phalanx (21/41; Figures 1C,E), and the presence of an ectopic ossification center (EOC) medio-distal to the head of the first metatarsal (38/41; Figures 1E, 3).


TABLE 1. Major abnormal features of the first digit in FOP patients.

[image: Table 1]We additionally identified two distinct general pathologies for digit 1: one in which the proximal phalanx of digit 1 is absent (monophalangeal hallux; Figures 1C,C’,G), and the other in which this phalanx is present but malformed (biphalangeal hallux; Figures 1D,D’,H). Although the majority of radiographs of the feet showed similar bilateral malformations, one subject of the 41 examined had both phalanges in one foot, but only one in the other (Figures 1E,E’). Of the remaining 40 subjects, 20 were monophalangeal and 20 were biphalangeal for the first digit. Subjects lacking the proximal phalanx (monophalangism) generally showed much more severe hallux valgus, whereas those with both phalanges (biphalangism; p1 and p2, proximal and distal phalanges, respectively) had less severe hallux valgus. At age 15 and older, all subjects who formed both phalanges (biphalangeal) in the first digits (6/6; 95% CI, 61.0–100.0%) showed complete fusion of the two phalanges (Figure 1D’ and Supplementary Figure 1). No subjects with biphalangeal hallux showed such fusion before age 15 (0/15; 95% CI 0.0–20.4%). Malformation of the first metatarsal presented as an asymmetric or jagged metatarsal head and/or a broad diaphysis lacking the characteristic taper from each end to the midshaft (examples shown in Supplementary Figure 1).



Digit 1, Secondary Ossification Centers

Phalangeal SOCs emerge on average between 10 months and 2.3 years of age in digit 1, and between 2.5 and 4.4 years of age in digits 2–5, with males lagging behind females by about 6 to 12 months. SOCs first appear as small, circular, radio-positive regions that expand into thickened, and curved lines over time before gradually fusing with their associated skeletal element (Sarrafian, 2011). In both monophalangeal and biphalangeal cases of FOP, SOCs of first digit phalanges were frequently dysmorphic in a variety of presentations, including expansion on the proximal-distal axis (Figure 1C’), an hourglass-like shape with varying degrees of asymmetry (Figure 1D), and delta phalanx (Figure 1E’; also detailed below and in Figure 2).
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FIGURE 2. Longitudinal epiphyseal bracket in subjects with FOP. (A) Radiograph showing longitudinal epiphyseal bracket (LEPB; ep) of the proximal phalanx (p) of the great toe in a subject with FOP. A phalanx affected by LEPB may be referred to as delta phalanx, here labeled as Δp1. An apparent ectopic ossification center (EOC) distal to the metatarsal (mt) head is present. (B) Radiograph showing compound LEPB of the proximal phalanx, with outlines for clarity in (B’). Dotted lines denote distinct osseous elements occurring in concentric hemi-circles. Age (in years) and sex (F, M) of each subject, bottom right of each panel.


Of note, 16/21 (76%) subjects who have both first digit phalanges also exhibited some degree of longitudinal epiphyseal bracket (LEPB) of the proximal phalanx (Figure 2). LEPB is a rare skeletal malformation in which one epiphysis of a bone extends longitudinally along the diaphysis and is continuous with the opposing epiphysis, often leading to mediolateral deviation of the associated anatomy (Choo and Mubarak, 2013). LEPB is extremely rare in the first digit, with only 9 cases reported outside of FOP (Neil and Conacher, 1984; Low et al., 2013; Verma et al., 2014). In 3 of the 21 FOP subjects (14%), we also identified a novel malformation in which a compound LEPB produces concentric, ossified hemi-circles (Figures 3B,B’).
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FIGURE 3. Progression of the FOP great toe malformation. Radiographs from a single FOP subject with monophalangeal hallux from birth to approximately 4 years of age illustrate the persistence of hallux valgus and the progression of the ectopic ossification center (EOC; black arrowheads). (A) At birth, the EOC is evident as a miniscule, radio-positive region distal and medial to the head of the first metatarsal. (B,C) Over time, the EOC increases in size and proximity to the metatarsal, with little to no growth distally relative to the phalanx. (D) The secondary ossification center of the remaining phalanx (white arrowheads D,E) forms immediately proximal to the phalanx, distinct from the EOC. (E) Finally, bone appears to fully bridge the EOC and the metatarsal (black arrowhead), fusing them together.


Nearly all subjects (39/41; 95%) had an EOC distal and medial to the metatarsal head, as previously described (Harrison et al., 2005). In all seven subjects for whom radiographs at multiple ages were available, including one with a series of five radiographs (Figure 3), the EOC expanded and ultimately fused with the head of the first metatarsal. This fusion occurred regardless of the presence or absence of the proximal phalanx of digit 1 (Figure 1), suggesting the EOC is not a misaligned or vestigial phalanx.



Digits 2–5, Primary and Secondary Ossification Centers

Previous radiographic studies of the post-axial digits (digits 2–5) of patients with FOP noted occasional distal interphalangeal fusion and absence of the fifth digit medial phalanx; however, such malformations are not uncommon in the general population (Ceynowa et al., 2018). To evaluate the effects of the FOP mutation on digits 2–5 of the feet, we assessed absence of phalanges, delayed appearance of epiphyses, and interphalangeal fusion (Table 2). Similar to observations of these features in the general population, phalanges of these digits were never absent in FOP except the middle phalanx of digit 5 (22%). Additionally, distal interphalangeal fusion occurred with increasing frequency from medial to lateral (digits 2–5) and epiphyses were either delayed or absent at increasing frequencies from medial to lateral. Based on reported studies, the frequencies of these digit variations in FOP are within the range of those within the general human population (Le Minor et al., 2016; Ceynowa et al., 2018).


TABLE 2. Frequency of anomalous radiographic features of the forefoot of individuals with FOP.

[image: Table 2]In contrast to metatarsals of the first digit, metatarsal malformations in digits 2–5 of subjects with the FOP ACVR1R206H mutation were extremely rare; however, osseous syndactyly (fusion) is more common in rare cases of FOP with a mutation other than ACVR1R206H (Kaplan et al., 2009; Gucev et al., 2019). Two of the 41 ACVR1R206H subjects examined showed metatarsal syndactyly, one with fusion of digits 3 and 4 (Figure 4A), and the other with fusions between digits 3 and 4 as well as between digits 4 and 5 (Figure 4B). Additionally, the latter subject showed clear extra-articular fusion of the fifth metatarsophalangeal joint (Figure 4B). Although metatarsals normally have distal but not proximal secondary ossification centers, two FOP subjects presented with apparent proximal secondary ossification centers of all metatarsals in digits 2–5 (Figure 4C).
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FIGURE 4. Uncommon forefoot phenotypes in FOP. (A,B) Radiographs from two patients reveal osseous syndactyly (black arrowheads) between metatarsals of digits 3 and 4 (A) and among digits 3, 4, and 5 (B). White arrowheads indicate the dysmorphic metatarsal heads (all panels), corresponding to the position of the ectopic ossification center noted in nearly all subjects with FOP. In B, extra-articular HO bridges the metatarsophalangeal joint of digit 5 (black asterisk) and HO is present in d2. (C) One of two identified patients presenting with atypical proximal metatarsal growth plates in digits 2–5 (white asterisks). Age (in years) and sex (F, M) of each subject, bottom right of each panel.




DISCUSSION

The great toe malformation of FOP has been an enigma since its first association with the disease (Rosenstirn, 1918) but has received little attention due to its benign nature relative to the extensive HO in FOP. Here, we examined the skeletal features of digit malformation in FOP patients with the ACVR1R206H mutation to provide a more detailed description of this skeletal phenotype and thus better determine its etiology and potential implications for the effects of the mutation on other aspects of skeletal and joint biology. The findings presented here identified altered patterns of growth and morphology along the proximal-distal axis of the forefoot including aberrant skeletal elements and ectopic ossification centers consistent with the malformed, short great toes that are a characteristic and diagnostic clinical feature of FOP. We further determined that the great toe malformations result from two distinct phenotypes, monophalangeal and biphalangeal.

Although the radiographic evidence in our cross-sectional study is insufficient to understand the full consequences of the FOP ACVR1 mutation on the skeleton and joints, expression of the common ACVR1-R206H mutation in mouse models induces similar bone and joint malformations in the digits to those observed in patients (Chakkalakal et al., 2016). FOP mouse models have digit 1 joints that are fused and diminished from birth, supporting that ACVR1 is important for the appropriate specification of joint structures in digit 1 and that increased BMP pathway signaling by the ACVR1 mutations in FOP alter the skeletal elements.

Further evidence that ACVR1 is important in specifying joint structures stems from the ectopic ossification center (EOC) in digit 1 that is present in the majority of human subjects with FOP (Table 1). As seen in Figure 3, this EOC appears to expand toward and then fuse with the metatarsal head. This fusion appears visually consistent with normal growth plate closure in other digits of unaffected individuals; that is, a “seam” between the EOC and metatarsal head is evident from childhood to early adolescence (Figures 1D–E; also Figure 3E) that becomes difficult or impossible to detect in late adolescence to adulthood. This progression suggests that the EOC is an ectopic secondary ossification center (SOC) that is connected to the metatarsal head via an ectopic growth plate. Such a phenotype is consistent with the aberrant morphology and growth of endogenous SOCs in subjects with FOP. In the absence of MRI data, which could help differentiate among fibrocartilage, tendon, and epiphyseal cartilage, as well as the absence of additional radiographic viewing planes, we cannot rule out the possibility that the EOC is an ectopic sesamoid that eventually fuses to the metatarsal along its associated tendinous tissue; however, our assessment is that the data better support that the EOC is connected to the metatarsal head by a growth plate, and thus constitutes an ectopic SOC.

As mentioned above, one possible etiology for the malformed great toe in FOP comes from considering sesamoids, which are small, ossified structures that support the mechanical function of certain joints, particularly at the knees, and digits. The sesamoids found in human feet most frequently are the tibial and fibular sesamoids (collectively referred to as the hallucal sesamoids), which articulate with the ventral groove of the first metatarsal head in the metatarsophalangeal joint. Rarely, sesamoids also arise singly in other digits (Bizarro, 1921). Our data concerning digits 2 through 5 are unable to conclusively show whether sesamoid development in the FOP population deviates from that in the general population; however, hallucal sesamoids in FOP subjects were often laterally deviated (possibly as a result of the malformed metatarsal head), a condition that leads to unbalanced mechanical forces resulting in hallux valgus (Boike et al., 2011).

One previously unrecognized finding from this study is the two distinct presentations of the great toe phenotype, one monophalangeal and one biphalangeal. This might at first seem likely to be explained by background genetics of individual subjects; however, one subject having both presentations, one in either foot, suggests that instead, the FOP mutation, and its resulting increased BMP pathway signaling, broadly dysregulates the signaling pathways that determine the proximal-distal pattern of ossification in the first digit. The number and positions of ossification centers is then determined stochastically from those altered parameters. Indeed, digit patterning is not dependent on a prescribed number of skeletal elements, but instead on complex reaction-diffusion gradients that incorporate BMP pathway activity as a major factor, the disruption of which can have a variety of outcomes on digit and phalanx number and growth (Badugu et al., 2012; Raspopovic et al., 2014; Huang et al., 2016).

Each of the phenotypes that we have noted in FOP patient digits—growth plate placement and alignment, sesamoid alignment, and phalanx number—are components of the broader and coordinated processes of embryonic joint development (Grüneberg and Lee, 1973; Ray et al., 2015; Huang et al., 2016), and are consistent with findings of generalized joint dysplasia, malformation, and susceptibility to degenerative arthropathy in the FOP population (Towler et al., 2019). Although causal relationships among the phenotypes reported here cannot yet be conclusively established, these data provide a more comprehensive and detailed view of the developmental phenotype of the great toe in patients with FOP and provide new insight into the roles of ACVR1 and BMP pathway signaling in human skeletal and joint development.
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Supplementary Figure 1 | Symphalangism of biphalangeal hallux in subjects with FOP. (A–D) Radiographs of four patients at various ages with biphalangeal hallux. (A,B) Subjects with both proximal and distal phalanges (p1, p2) appear to show separation of those phalanges throughout childhood and early adolescence. The phalanges are closely juxtaposed prior to age 15 and may already be fused (higher magnification, below), but show a clear demarcation between the two skeletal elements (arrowheads). (C,D) At ages 15 and older, proximal and distal phalanges are fused. The distinct shapes of the proximal extremities of the phalanges (asterisks) suggest that both phalanges were initially present although could not be verified in subjects lacking radiographs from younger ages. (E) An unaffected patient with clear separation of the proximal and distal phalanges of digit 1. ep, epiphysis; gp, growth plate; LEPB, lateral epiphyseal bracket; mt, metatarsal. Age (in years) and sex (F, M) of each subject, bottom right of each panel.
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Lack of FAM20A, Ectopic Gingival Mineralization and Chondro/Osteogenic Modifications in Enamel Renal Syndrome
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Enamel renal syndrome (ERS) is a rare recessive disorder caused by loss-of-function mutations in FAM20A (family with sequence similarity 20 member A, OMIM #611062). Enamel renal syndrome is characterized by amelogenesis imperfecta, delayed or failed tooth eruption, intrapulpal calcifications, gingival overgrowth and nephrocalcinosis. Although gingival overgrowth has consistently been associated with heterotopic calcifications the pathogenesis, structure and interactions of the mineral deposits with the surrounding connective tissue are largely unknown. We here report a novel FAM20A mutation in exon 1 (c.358C > T) introducing a premature stop codon (p.Gln120*) and resulting in a complete loss of FAM20A. In addition to the typical oral findings and nephrocalcinosis, ectopic calcified nodules were also seen in the cervical and thoracic vertebrae regions. Histopathologic analysis of the gingiva showed an enlarged papillary layer associated with aberrant angiogenesis and a lamina propria displaying significant changes in its extracellular matrix composition, including disruption of the collagen I fiber network. Ectopic calcifications were found throughout the connective gingival tissue. Immunomorphological and ultrastructural analyses indicated that the calcification process was associated with epithelial degeneration and transformation of the gingival fibroblasts to chondro/osteoblastic-like cells. Mutant gingival fibroblasts cultures were prone to calcify and abnormally expressed osteoblastic markers such as RUNX2 or PERIOSTIN. Our findings expand the previously reported phenotypes and highlight some aspects of ERS pathogenesis.

Keywords: Fam20A, enamel renal syndrome, calcification, gingiva, fibroblast, osteoblast, cell death


INTRODUCTION

Enamel renal syndrome (ERS, OMIM #204690) or amelogenesis imperfecta type IG (OMIM #614253) is an autosomal recessive disorder characterized by enamel hypoplasia, delayed or failed tooth eruption, intrapulpal calcifications, and gingival overgrowth. Pulmonary calcifications, hearing loss, or vitamin D-deficiency associated hyperparathyroidism and amenorrhea may also be observed (Kantaputra et al., 2014; Pêgo et al., 2017). Nephrocalcinosis is systematically found in ERS patients; it is generally asymptomatic and associated with normal blood chemistry analyses. However, progressive renal dysfunction and failure have previously been reported (MacGibbon, 1972; Lubinsky et al., 1985; de la Dure-Molla et al., 2014).

We and others previously showed that bi-allelic loss of function FAM20A mutations cause ERS (Martelli-Júnior et al., 2008; Jaureguiberry et al., 2012; Wang et al., 2013; de la Dure-Molla et al., 2014; Kantaputra et al., 2014). FAM20A is a member of a small gene family of kinase-encoding genes that also includes FAM20B and FAM20C. FAM20B is a xylosyl kinase regulating proteoglycan synthesis whereas FAM20C is a Golgi casein kinase that phosphorylates most of the secreted proteins, including the enamel matrix ones, within Ser-X-Glu/pSer motifs (Hao et al., 2007; Tagliabracci et al., 2012; Zhang et al., 2018). FAM20A is thought to be a pseudokinase. FAM20A forms a complex with and allosterically activates FAM20C (Zhang et al., 2018) promoting phosphorylation of FAM20C targets. FAM20A displays a restricted expression pattern with high expression in larynx, testes and kidney (Nalbant et al., 2005). A strong FAM20A expression is also reported in the secretory and maturation stage ameloblasts, odontoblasts, dental pulp and gingiva of the mouse (O’Sullivan et al., 2011). Unlike FAM20A, FAM20C is ubiquitously expressed. Mutations in FAM20C cause the frequently lethal Raine syndrome (RNS, #OMIM259775) characterized by bone dysplasia and cerebral calcifications (Whyte et al., 2017). The oral findings of the non-lethal RNS forms are reminiscent of ERS and include gingival overgrowth and enamel hypoplasia (Acevedo et al., 2015).

Gingival overgrowth of variable severity is consistently found in ERS patients. Previously published histological data associate this finding with an increased amount of disorganized collagen fiber bundles, myofibroblasts, remnants of odontogenic epithelium, and psammomatous calcifications (Martelli-Júnior et al., 2008; Wang et al., 2019). However, the pathogenesis of the gingival calcifications, the formation and structure of the ectopic mineral deposits or their interactions with the connective tissue are largely unknown. We now report a novel case of ERS carrying a hitherto unreported null FAM20A mutation. In addition to the typical oral findings and nephrocalcinosis, ectopic calcified nodules are seen in the cervical and thoracic vertebrae regions. Immunomorphological and ultrastructural analyses of the affected gingival tissue indicate that the calcification process is associated with cells displaying a chondrogenic/osteoblastic-like phenotype. In vitro culture of the proband’s gingival fibroblasts confirms the histological data and suggests that the transdifferentiated cells enact cellular programs that mediate aberrant calcification. Our findings expand the previously reported phenotypes and highlight some aspects of the ERS pathogenesis.



MATERIALS AND METHODS


Ethics – Patients Recruitment

An 18-year-old male patient was referred in 2014 for oral rehabilitation at the Reference Center of rare dental diseases (Rothschild Hospital, CRMR O-RARE, Paris, France). Diagnosis of ERS was based on clinical and radiological features (see section “Results”). This patient and healthy age-matched controls (n = 3) were recruited following informed consent in accordance with the principles outlined in the declaration of Helsinki. Written informed consent was obtained from the proband for the publication of any potentially identifiable images or data included in this article. The samples used were considered as operating waste according to the French law. Samples from the proband and controls were harvested during oral rehabilitation and were prepared for histological or cell culture analyses (authorization CODECOH DC-2018-3382).



DNA Sequencing

DNA was purified from blood samples using a Dneasy Blood & Tissue kit (Qiagen, Germany). Exon-specific primers for all exons of FAM20A were designed as described in Jaureguiberry et al. (2012). PCR products bidirectionally sequenced with a Big-Dye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems, CA, United States) and an ABI Prism 3130 Genetic Analyzer (Applied Biosystems).



Immunocytochemistry and Histology


Immunohistochemistry

Approximately, 1 cm3 gingival samples from patients were fixed for 24 h at 4°C in 4% paraformaldehyde and then embedded in paraffin wax. After sectioning, epitope retrieval was achieved by heat. Sections were incubated for 2 h at room temperature or overnight at 4°C with primary antibodies; rabbit anti-Aggrecan (1/200; sc-28532; Santa-Cruz), rabbit anti-Calnexin (1/1000; EPR3632; ab92573; Abcam), rabbit anti-Cytokeratin 14 (1/750; ab15461; Abcam), rabbit anti-Calbindin D-28K (1/1,000; CB38, Swant), rabbit anti-FAM20A (1/250; OACD03385; Aviva), rabbit anti-Fam20C (1/250; OAAB01003; Aviva), rabbit anti-Periostin (1/500; ab14041; Abcam), rabbit anti-S100A9 (1/500; EPR3555; ab227570; Abcam), mouse anti-Alkaline Phosphatase (1/100; B4-78; R&D), mouse anti-alpha Smooth Muscle Actin (1/1000; 1A4; ab7817; Abcam), mouse anti-Keratan Sulfate (1/200; 4B3/D10; sc73518; Santa-Cruz Biotechnology), goat anti-FAM20A (1/200; sc-164308; Santa-Cruz Biotechnology), goat anti-VEGF (1/250; sc-1836; Santa Cruz Biotechnology), and rat anti-Procollagen type I (1/500; M-58; ab64409; Abcam). Secondary antibodies used were Alexa 488- or Cy3-conjugated donkey anti-rabbit (Jackson Immunoresearch Laboratories, West Grove, PA, United States; 1:500), Alexa 488- or Cy3-conjugated donkey anti-mouse (Thermo Fisher Scientific; 1:500), and Alexa 488- or Cy3-conjugated donkey anti-goat (Thermo Fisher Scientific; 1:500). Nuclear staining was achieved by 20 min incubation at room temperature in Hoechst 33342 (Thermo Fisher Scientific). Isotype controls were used as negative controls to help differentiate non-specific background signal from specific antibody signal (1/200; rabbit IgG, 02-6102; goat IgG, 02-6202; rat IgG1, 14-4301-82; mouse IgG1, 14-4714-82; mouse IgG2a, 14-4724-82, and mouse IgG2b, 14-4732-82, Thermo Fisher Scientific). Secondary antibodies were used as previously described. No cellular autofluorescence and no nonspecific labeling were detected in these conditions. Images were collected by confocal microscopy (Zeiss LSM8) and processed using ZEN (Zeiss) and ImageJ softwares.



Histology

Sections were stained with routine protocols for Haematoxylin and Eosin (HE), Picro-Sirius Red, Alcian Blue pH 1 and 2.5, Alizarin Red, von Kossa, and Goldner’s Trichrome stains.



Western Blot

For western blot analysis (30 μg/sample) gingival extracts were used. Extracts were lysed in a PBS buffer (10 mMNaH2PO4, 150 mM Nacl, 6 mM Cacl2) with 1% Triton X-100 (Merck), 1 mM sodium orthovanadate, and Complete mini EDTA-free protease inhibitor cocktail tablets (Roche Diagnostics), pH 7.4. Immunoblotting analyses were performed by standard procedures using ECL reagents as described by the manufacturer (GE Healthcare). To standardize the protein expression across samples, we used an anti-GAPDH goat antibody at a dilution of 1/5,000. Western blot experiments were run in triplicate. Primary antibody was rabbit anti-FAM20A (1/250; OACD03385; Aviva).



Fourier Transform InfraRed Microscopic Imaging

Three-μm-thick sections were collected on low emission slides (mirrir low-E, Kevley Technologies, IN). After de-paraffinization, Fourier transform infrared (FTIR) images were recorded with the commercially available SpotLight 400i FT-IR microscopy system from Perkin Elmer.



Fibroblast Cell Culture

Control and proband gingival fibroblasts were established by plating small pieces of excised gingival on plastic dishes. Cells, particularly gingival fibroblast, migrate out of the explant and colonize the petri dish. The flasks were filled with Dulbecco’s modified Eagle’s medium-low glucose (DMEM) containing 20% fetal calf serum (FCS), 1% non-essential amino acid, penicillin/streptomycin (100 mg/mL) and amphotericin B (2 ng/mL). The flasks are then placed in an incubator programmed at 37°C in a humidity atmosphere at 5% CO2 and the cell culture medium was changed twice a week until the confluence of the cells (90% after about three weeks). Once at confluence, the gingival fibroblasts were trypsinized (Trypsin-EDTA, GIBCO®, 1 mL at 0.05%) and single-cell suspensions were seeded in 25 cm2 flasks containing DMEM 10% of FCS, passaged by splitting when they reached confluence, and frozen in liquid nitrogen until use. All primary cultured cells were used at passage 2. Mineralization assay: Mineralization was induced after 24 hours by addition of DMEM, 10% FCS, 1% non-essential amino acid, 1% penicillin/streptomycim, 0.5% amphotericin B, and 20 mM β-glycerol phosphate (Sigma). All cells in culture were subjected to 7 or 21 days of incubation in order to observe calcifications. Alizarin Red staining (ARS) was used to evaluate the presence or absence of calcifications. Fibroblasts monolayers in six-well plates were washed twice with PBS and fixed in 10% formaldehyde (Sigma) for 15 min at room temperature. Prior to the addition of 1 mL of 40 mM ARS (pH 4.1), distilled water was used to wash twice. Subsequently, plates were incubated for 20 min at room temperature with gentle shaking. Wells were washed four times with distilled water to remove excess of dye. Stained monolayers were visualized under phase contrast microscopy (Axiovert 135, Zeiss). Calcium forms an alizarin red S-complex, which is birefringent and is detected as orange–red precipitations by phase contrast microscopy.



Transmission Electron Microscopy (TEM)

Gingival fibroblast cultures from patients were fixed for 48 h at 4°C in 2.5% glutaraldehyde solution in 0.1 M sodium cacodylate buffer. After washing with 0.1 M sodium cacodylate, samples were transferred to 2% osmium tetroxide for 2 h at 4°C. They are then dehydrated in ethanol at increasing concentrations and in propylene oxide. Then, we carried out an impregnation and the inclusion in resin Epon (Polysciences, Inc.). The resin is then polymerized at 37°C and then at 60°C. Sections were made using a Leica ultra-microtome (UCT). Semi-thin sections were stained with 1% toluidine blue and observed under an optical microscope. The zone of interest was carefully selected and seventy nanometers ultrathin sections were cut and deposited on gilder copper. The grids were stained with 1% uranyl acetate and lead citrate, and observed by TEM (Tecnai 12 electron microscope – CCD detector: SiS 1Kx1K Keen View).



QUANTITATIVE RT-PCR

Gingival fibroblasts (106) were seeded on six-well plates. When they reached early confluency, cells were cultured for three days in DMEM containing 10% FBS. For mineralization induction, the medium was changed to induction and considered day 1.

After 7 or 21 days of induction, total RNA was isolated using commercially available kits according to manufacturer guidelines (RNeasy Mini, Qiagen) and measured (Nanodrop, Peqleb). One microgram was used in a reverse transcription reaction (SuperScript First strand synthesis, Thermo Fisher Scientific). Quantitative-PCR was performed using Quantifast SYBR Green PCR Kit (Qiagen), reactions were performed in triplicate. Transcript levels were calculated using the standard curves generated using serial dilutions of cDNA obtained by reverse transcription of control RNA samples then normalized to HPRT. Primer sequences are for RUNX2, 5′-CCGGAATGCCTCTGCTGTTA and 5′-TGTCTGTGCCTTC TGGGTTC, ALKALINE PHOSPHATASE, 5′-CGTGGCTAAGA ATGTCATCATGTT and 5′-TGGAGCTGACCCTTGAGGAT, PERIOSTIN, 5′-TGCCCAGCAGTTTTGCCCAT and 5′-CGTT GCTCTCCAAACCTCTA, COLLAGEN type 1 alpha1-chain, 5′-AGGGCCAAGACATC-3′ and 5′-AGATCACGTCATCGCAC AACA-3′, and COLLAGEN type 1 alpha2-chain, 5′-CTGGT AGTCGTGGTGCAAGT-3′ and 5′-AATGTTGCCAGGCTCT CCTC-3′. The graphs plot the mean ± SD of the fold expression of three independent experiments performed each with triplicate samples. T-test statistical analysis showed significant differences at p < 0.01 (***), p < 0.05 (**), and p < 0.1 (*). Amplification specificities were assessed by melting curve analyses and amplicons were sequenced.



RESULTS


Clinical and Genetic Diagnosis of Ers

A 25-year-old male patient was referred to the Reference Center of rare oral diseases (Rothschild Hospital) as previously described (de la Dure-Molla et al., 2014). He was born to unrelated parents and family history did not reveal any ERS antecedents. Upon extra-oral examination facial asymmetry and bushy eyebrows were noted (Figures 1A,B). Intraoral examination showed presence of a yellownish-brown permanent mandibular right lateral incisor and generalized gingival enlargement (Figures 1C,D). The panoramic radiograph revealed agenesis of 10 teeth, failed eruption of the remaining ones as well as intrapulpal calcifications (Supplementary Figure 1A). Cone beam computed tomography (CBCT) showed aberrant locations of unerupted teeth, including within the rising branch of the mandible or invading the cortical mandibular bone (Figures 1E,F). Enlarged pericoronal spaces delimited by sclerotic margins, most likely hyperplastic follicles, were observed around several unerupted teeth (Figures 1E,F). Numerous calcified nodules were evidenced by renal CT scans, mainly localized around the cortico-medullary junction of both kidneys (Figure 1G). The presence of bi-lateral medullary nephrocalcinosis was further confirmed by renal ultra-sound (Figures 1H,I). Cone beam computed tomography and CT scans of the cervical and thoracic regions revealed curved, radio-opaque images consistent with calcium depositions at the level of the vertebral foramens (Figures 1J,K and Supplementary Figures 1B–D).
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FIGURE 1. Clinical features of the proband. Front (A) and side (B) photos showing facial asymmetry, ocular hypertelorism and dense, bushy eyebrows. (C,D) Generalized gingival enlargement and a yellow–brown discoloration of the unique erupted tooth. (E) CBCT reconstruction; agenesis of 11, 14, 18, 28, 31, 36, 41, 42, 45, and 46; multiple unerupted teeth; large radiolucent pericoronal areas associated with impacted molars. (F) Mandibular and maxillary CBCT reconstruction. Note the displacement of the premolars into the maxillary sinus and the molars in the mandibular canal. (G) Renal axial CT-scan and (H,I) ultrasound showing bilateral medullary nephrocalcinosis (arrowheads). (J) Sagittal and (K) para-sagittal CBCT scans reveal round bilateral calcifications within the foramens of the cranial vertebrae (arrows). (L,M) Sequencing chromatograms of FAM20A exon 1 of a control (L) and proband (M). The homozygous nonsense mutation, c.358C > T causes a premature termination at p.Gln120*. (N) Vesicular distribution of FAM20A in control gingival fibroblasts. (O) Loss of FAM20A staining in the proband’s gingival fibroblasts. Scale bars: (O), P = 20 μm.


Blood chemistry analysis showed that the calcium level was at the upper limit (102 < 104 mg/mL) and that phosphate and creatinine levels were slightly increased (48 > 46 mg/L and 12.1 > 12 mg/L). Quantification of serum parathyroid hormone (PTH) was in a normal range (6.5 < 16.1 < 38.8 pg/mL). The clinical findings were reminiscent of ERS and this was confirmed by the identification of a novel, homozygous c.358C > T mutation in exon 1 (Figures 1L,M). This mutation introduced a premature stop codon (p.Gln120*), most likely resulting in a rapidly degraded truncated protein. FAM20A was indeed undetectable in gingival fibroblasts of the proband (Figures 1N,O). Gene analysis of his parents was not available.



Fam20A and FAM20C Expression in the Control and Mutant Gingiva

The expression of FAM20A in the keratinocytes and endothelial cells of the human gingiva was previously reported (Wang et al., 2019). We confirmed the dotted/vesicular pattern of FAM20A in the epithelial and vascular cells of the control gingiva (Figures 2A,B). We additionally identified FAM20A co-expression with S100A9 in few cells (Figure 2B), a marker of macrophages and neutrophils (Wang et al., 2018). In the reticular layer of the lamina propria, the FAM20A signal was also seen in fibroblasts (Figure 2C) and vascular cells (Figure 2D).
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FIGURE 2. FAM20A and FAM20C expression in normal gingiva. (A) FAM20A expression is detected in epithelial cells (epi) and vascular cells in the papillary layer (pl). (B) FAM20A (green) is expressed in S100A9 (red) cells (arrowhead). Thin arrows bordered a blood vessel. (C) In fibroblasts, FAM20A is found in vesicles within elongated processes. (D) In the lamina propria, FAM20A is also expressed in endothelial and perivascular cells of blood vessels. (E) FAM20C distribution in epithelial, vascular (arrowheads) and fibroblastic cells of the papillary layer and of the lamina propria (lp). (F) FAM20C is found in vesicles within elongated processes of fibroblasts. (G) FAM20A (green) and FAM20C (red) are co-expressed in epithelial cells. (H) FAM20C expression in S100A9 positive populations (arrowheads). (I,J) Absence of FAM20A expression (green) in the proband’s gingiva; FAM20C (red) is detected in enlarged blood vessels (I) and gingival epithelium (J). Arrows indicated FAM20C expression in fibroblasts. (K) Western-blot of FAM20A and FAM20C in control and proband gingiva. V: vessel. Scale bars: (A–D,G–J) = 100 μm; (E) = 200 μm; (F) = 20 μm.


The FAM20A paralog FAM20C was also detected in the gingival epithelium, vascular cells (Figure 2E) and fibroblasts (Figure 2F). FAM20C was co-expressed with FAM20A (Figure 2G) in epithelial cells. Like FAM20A, FAM20C was also expressed in few S100A9 positive cells (Figure 2H). In the proband’s gingiva, no FAM20A immunoreactivity was seen (Figures 2I,J). Despite the lack of FAM20A the distribution of FAM20C was globally the same and its electrophoretic profile was unmodified (Figures 2I–K).



Histopathological Analysis of Mutant Gingiva

Histological analysis of the proband’s gingival tissue stained with hematoxylin-eosin showed a normally laminated epithelium. However, the epithelium was mildly acanthotic, the papillae appeared relatively large and their vascular network was overdeveloped (Figure 3A). The underlying connective tissue contained numerous randomly distributed ovoid calcifications, disorganized collagen bundles, clusters of presumably epithelial cells, fibroblasts and blood vessels (Figures 3A,B). Signs of inflammation were occasionally observed (Supplementary Figure 2A).
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FIGURE 3. Histologic features of proband gingiva. (A) Hematoxylin-eosin staining shows numerous, tortuous capillary vessels with an abnormally large diameter in the papillary layer (arrowheads). Numerous ovoid calcified particles (ec) of various size are found in the reticular layer (rl) of the lamina propria. Epithelial islands (asterisks) are adjacent to the calcified particles. (B) Inset of A showing ovoid calcified particles in gingiva. (C) Alizarin red staining identifies calcium deposits in the reticular layer of the lamina propria. (D) High power photomicrograph showing that cells between calcified particles are heavily loaded in calcium. (E,F) Von Kossa staining indicates the presence of calcium phosphate. (E) Abnormal calcium deposits were located in the reticular layer of the lamina propria. Arrowheads indicate abnormally large blood vessels in the papillary layer (pl). (F) High power photomicrograph indicates the presence of cells intermixed with calcium deposits of various sizes. (G,H) Goldner Trichrome allows the detection of collagen in green. (G) In the papillary layer the light green coloration indicates a low amount of collagen. In the reticular layer collagen fibers do not assemble in large bundles and surround ectopic calcifications (ec). Arrowheads indicated abnormally large blood vessels and asterisks epithelial islands. (H) High power photomicrograph indicated that mineralized nodules (green) are surrounded by an osteoid-like layer (red/orange) (I,J) Picrosirius red polarizing staining. (I) Arrows indicate thick reddish bundles of collagen fibers in the normal gingiva lamina propria (rl and pl). (J) In the proband’s lamina propria, areas of loosely packed green–yellow disoriented collagen fibers and of yellow–red large collagen bundles were found. Asterisks indicate areas of no birefringence superimposing with calcified particles. Note the great diminution of collagen fibers in proband’s papillary layer. (K,L) F-TIR analysis at 1246 cm–1 indicates the presence of SO[image: image] residues in the extracellular matrix. In control gingiva (K) the IR spectra indicate a moderate to low concentration of SO[image: image] in the matrix. In proband gingiva (L) an increase of SO[image: image] residues is observed within the calcified areas (arrows). bv = blood vessel; epi = epithelium. Scale bars: (A,C,E,G) = 200 μm; (B) = 50 μm; (D,H) = 20 μm; (F) = 15 μm; (I,J) = 300 μm; (K,L) = 500 μm.


Laminated ovoid calcified structures of various sizes, positive for Alizarin Red and Von Kossa stains were observed throughout the connective tissue suggesting that the mineral deposits consisted of calcium phosphate complexes (Figures 3C–F). Interestingly, ovoid calcifications were intermixed with cells (Figures 3D,F). Goldner’s Masson trichrome further showed that the calcified particles were composed of a mineralized center (green) surrounded by an osteoid-like unmineralized extracellular matrix (ECM; red/orange) (Figures 3G,H).

To analyze collagen organization, we used picrosirius red staining of control and mutant gingiva. Picrosirius red polarizing staining showed a strong red birefringence in the normal lamina propria and closely packed thick collagen I fibers running principally from the cervical cementum to the interpapillary space (Figure 3I). Proband’s gingiva showed a different pattern with weakly birefringent, greenish fibers forming a loose network. Disorganized fibers were surrounding the epithelial islands and calcified structures. The greenish coloration also suggested a decrease in the ratio between collagen I and collagen III (Figure 3J and Supplementary Figure 2B,C).

Additional modifications in the gingival connective tissue were evidenced using Alcian blue staining of sulfated (pH 1) or carboxylated proteoglycans (pH 2.5) (Supplementary Figure 2D–I). An abnormally high abundance of both sulfated and carboxylated proteoglycans was observed in the proband’s sample. Fourier Transform infrared spectroscopic imaging analysis at 1246 cm–1 confirmed these observations, identified the presence of SO[image: image]– residues in the ECM and showed high amounts of sulfated proteoglycans at and near the calcifications of proband’s gingiva (Figures 3K,L).



Collagen Modifications in the Mutant Gingiva

Under normal conditions the epithelial and connective tissue layers of the gingiva are separated by a COLLAGEN IV expressing basal lamina. The COLLAGEN IV signal was strong, homogenous and clearly demarcated the epithelial/connective tissue interface in control gingiva (Figure 4A). In the proband’s gingiva the signal of COLLAGEN IV was diffuse, had a punctuate pattern and indicated a disorganization of COLLAGEN IV in the basal lamina (Figure 4B). To detect collagen distribution in the papillary layer, we used Sirius red staining. In control gingiva high amounts of tightly packed, thick collagen fibers arranged in bundles were observed running the reticular layer of the lamina propria (Supplementary Figure 4A). In the papillary layers, thin collagen fibers, scattered or grouped in small bundles underlying gingival basement membrane or surrounding basement membranes of blood vessels (Figure 4C and Supplementary Figure 4A). Sirius red staining indicated a great disorganization of collagen distribution and assembly in proband’s gingiva. In the reticular layer, collagen fibers were not tightly packed in large bundles (Supplementary Figure 4B). Small bundles undulated beneath the papillary layer dispersing in contact with ectopic calcifications (Supplementary Figure 4B). In the papillary layer, collagen fibers did not assemble in small bundles but dispersed in a disheveled network (Figure 4D and Supplementary Figure 4B). These modifications may suggest that FAM20A activity is required for proper distribution and assemblage of collagen in the gingival connective tissue and the epithelial/connective tissue interface.
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FIGURE 4. (A) COLLAGEN IV immunoreactivty in the basement membrane of the papillae (PL). (B) Punctuate patterns of COLLAGEN IV in proband gingiva. (C) Sirius red staining of the collagen network in the normal papillae. (D) Sirius Red staining in proband shows a disheveled network (arrowhead). Asterisks showed the tortuosity and abnormal diameters of vessels. Ep: Epithelium layer. Scale bars: (A,B) = 50 μm; (C) = 40 μm; (D) = 80 μm.




Epithelial Islands in the Mutant Gingiva

FAM20A is strongly expressed in the gingival epithelium. Its function in this site is unclear, but Keratin-14:Cre driven epithelial ablation of FAM20A is sufficient to induce gingival overgrowth in mice (Li et al., 2016).

In proband gingiva, cell islands with epithelial morphology were observed in the subepithelial part close to the calcified nodules (Figures 3A–D). Cytosolic sirius red staining, a hallmark of epithelial cells (Figure 5A) and KERATIN-14 (K14) immunoreactivity confirmed the epithelial nature of these cells (Figures 5B,C). In some of these islands the cells displayed a crescent-shaped nucleus in contact with a large vacuole, in others numerous pyknotic nuclei were observed. It was interesting to note that a decrease in the K14 immunoreactivity was observed in cells with numerous vacuoles and pyknotic nuclei, suggesting an ongoing degenerative process (Figure 5C). This observation was further supported by the selective lack of CALNEXIN, a marker of the endoplasmic reticulum in the vacuolized areas (Figures 5D,E). Pyknotic bodies and various debris were found in a hyaline matrix composed of carboxylated and sulfated proteoglycans (Figure 5F). Finally, these islands were not surrounded by a COLLAGEN IV positive basal lamina, suggesting an odontogenic origin (Figure 5G).
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FIGURE 5. (A) Sirius red staining identifies clusters of cells with a yellowish cytoplasm typical of epithelial cell surrounded by loosely packed collagen fibers. Asterisks indicate large vacuoles associated with a crescent-shaped nucleus. Arrows indicate pyknotic nuclei. (B,C) KERATIN-14 (K14) immunostaining. (B) Little vacuolized islands strongly express K14. Arrows indicate pyknotic nuclei. (C) Increased vacuolization, loss of K14 and presence of numerous pyknotic nuclei (arrows). (D,E) CALNEXIN immunostaining suggests absence of endoplasmic reticulum in the vacuoles. (D) Vacuoles associated with crescent-shaped nuclei. (E) In highly vacuolized clusters, vacuoles fuse and numerous pyknotic nuclei are observed. Arrows indicate pyknotic nuclei. (F) Alcian Blue pH 2.5 staining indicates that epithelial and calcified particles are embedded in sulfated glycoproteins. Arrow indicated calcified nodules. (G) Absence of COLLAGEN IV immunoreactivity surrounding the epithelial islands. C, calcified nodules; e, epithelial island. Scale bars: (A) = 40 μm; (B,D,G) = 50 μm; (C,E) = 80 μm; (F) = 120 μm.




Connective Tissue Modifications in the Mutant Gingiva


Ultrastructural Analysis of the Gingival Nodules

Mineralized nodules were observed throughout the lamina propria. Scanning electron microscopy (SEM) of proband’s gingiva identified heavily mineralized deposits of various sizes; 100 μm scale (Figure 6A), 30–60 μm scale (Figure 6B), and individual spherules/nodules larger than 10 μm (Figure 6C). It is possible that aggregates of the latter may form the mineralized deposits. The nodules formed concentric layers around a granular center (Figure 6C). Electron microscopy identified two major classes of nodules; class I from a 100 nm scale with weakly crystallized, stacked spherical structures (Supplementary Figure 4A) and class II (sphericule) with more mineralized larger nodules most likely resulting from a progressive fusion process (Figure 6D). Selected Area Electron Diffraction (SAED) of class I structures were devoid of rings’ pattern, suggesting a random crystallite arrangement (Supplementary Figure 4B). Selected Area Electron Diffraction showed that class II structures contained crystalline hydroxyapatite at the electron diffraction planes at (1 0 2), (3 0 1), (3 1 1), (401), and (4 1 1) (Figure 6E). The broken nature of the diffraction lines indicated the presence of a few crystallites (Figure 6E).
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FIGURE 6. (A,B) SEM shows heavily mineralized entities in proband gingiva. (C) SEM of a mineralized sphericule displaying clear concentric layers in an inner coat around an amorphous nucleus. The outer coat is thick and displays a granular texture. TEM (D) and SAED pattern (E) of a small calcified sphericule. SAED indicates a hydroxyapathite-like material.




Expression of Pro-osteogenic and Vascular Factors in the ERS Gingiva

The calcified clusters were intermixed with or surrounded by cells having an ellipsoidal nucleus and acidophilic cytoplasm, suggesting that these cells were not fibroblasts. To characterize these cells and further investigate the gingival calcification process, we compared the expression of various chondrogenic/osteogenic-related markers in control and proband gingiva. In control gingiva COLLAGEN I propeptide antibody labeling cell-associated collagen I molecules, was detected solely in fibroblasts (Figure 7A). In proband’s gingiva pro-COLLAGEN I was found in fibroblasts, in round cells with short processes localized in the outer layer of the calcified particles and around cell debris (Figures 7B,C). In control gingival, PERIOSTIN (POSTN), a promoter of osteogenic differentiation was selectively found in the ECM of the papillary layer (Supplementary Figure 5A). In proband’s gingiva POSTN was strongly expressed in cells around the calcified nodules (Figure 7D) and so was FAM20C, a positive regulator of chondro/osteogenic maturation (Figure 7E). AGGRECAN (ACAN) is a large keratin sulfate (KS) substituted proteoglycan which has important properties in cartilage. ACAN and KS were not expressed in the connective tissue of the control gingival (Supplementary Figures 5B,C). In proband’s gingiva ACAN and KS were expressed in cells around calcified nodules (Figures 7F,G). Vascular Endothelium Growth Factor (VEGF), a critical regulator of angiogenesis and osteogenesis was only expressed in vascular cells in normal gingival (Supplementary Figure 5D) whereas in proband’s gingiva VEGF expression was found in cells intermixed with calcified nodules (Figure 7H). CALBINDIN, a calcification-associated anti-apoptotic factor expressed in gingival fibroblasts (Supplementary Figure 5E) was strongly detected in the cytoplasm of cells around calcified nodules (Figure 7I). Alpha-smooth myofibroblast actin (α-SMA) was normally expressed in vascular smooth cells and/or pericytes of lamina propria gingival blood vessels (Supplementary Figure 5F). In the proband’s gingiva α-SMA was also readily detected in cells of the calcified areas (Figure 7J). Finally, the tissue-nonspecific ALKALINE PHOSPHATASE (ALPL) was detected in cells around and intermixed with calcified nodules (Figure 7K and Supplementary Figure 5G). All together the above observations strongly suggest that the lack of FAM20A is associated with de novo expression of chondro/osteogenic characters by cells surrounding and intermixed with calcified nodules.
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FIGURE 7. Immunocytochemical features of gingival calcifications. (A) Pro-COLLAGEN I expression in fibroblasts in normal gingiva. (B,C) In proband gingiva, pro-COLLAGEN I is expressed in cells with a round morphology, in the first external ring of calcified particles and small structures surrounding pyknotic bodies (thin arrows). (D) POSTN is localized in the extracellular matrix surrounding mineralized nodules and cells (thin arrows). (E) FAM20C is localized in the cytoplasm of cells associated with mineralized nodules. (F) ACAN, (G), and Keratan sulfate expressions are associated with the extracellular matrix of gingival calcifications. Thin arrows in F indicated pyknotic body. (H) An abnormal expression of VEGF is seen within mineralized structures. (I) CALBINDIN and (J) α-SMA is strongly expressed in cells between the ectopic calcifications. Thin arrows in panel (I) indicated pyknotic bodies. (K) ALPL staining is also found as dots in cells between the ectopic calcifications. ec, ectopic calcification. Scale bars: (A–D,F,H–K) = 100 μm; (E,G) = 20 μm.




Osteogenic Trans-Differentiation of FAM20A Deficient Gingival Fibroblasts

To investigate the potential implication of FAM20A in the induction of osteogenic characters we isolated control and mutant gingival fibroblasts. After collagenase digestion and dissociation of the epithelial layer, primary control and the proband’s gingival fibroblasts (GFs) were cultured at passage 2 for a total period of 21 days in standard or mineralization-inducing medium.

In standard conditions the control and proband’s GFs formed a homogeneous monolayer. At day 21, both cultures became highly confluent and GFs displayed long spindle shaped morphologies typical of fibroblast-like cells. Alizarin red staining did not reveal any deposits in either culture (Figures 8A–C). Control GFs grown in the mineralization-inducing medium did not modify their morphology. Occasionally small calcium deposits could be seen in these cells after 21 days in culture (Figure 8D). Under the same conditions the FAM20A deficient GFs formed dense deposits of calcium aggregates (Figures 8E,F). Morphometric analysis showed a time dependence trend, with significantly increasing calcium deposition between 7 and 21 days of culture (Figure 8G). Ultrastructural analysis revealed the presence of extracellular vesicles with a diameter of 100–300 nm near the mutant cells (Figures 8H,I). Electron dense bodies and membrane deposition were observed resembling to mineral nucleation (Figure 8H). Mineral nucleation was also observed around cell debris (Figure 8I). The expression of osteogenic genes like RUNX2, ALPL (early osteogenic programming genes), POSTN (later osteogenic programming gene), as well as the α1 and α2 chain of COLLAGEN type I (COL1A1 and COL1A2) was evaluated using qRT/PCR at 7 and 21 days of culture. No statistical differences were observed in standard conditions. In mineralization-inducing conditions statistical differences emerged in ALPL, RUNX2 and POSTN expression as soon as day seven. The upregulation of ALPL, RUNX2 and POSTN mRNA was further amplified until day 21 (Figures 8J–L). The COL1A1-to-COL1A2 mRNA ratio can be used as an indicator of mineralization (Couchourel et al., 2009). Our results showed that proband’s gingival fibroblasts produced a matrix with a decreased mRNA ratio of COL1A1 to COL1A2 (0.8-fold lower by day 7 and 0.45-fold lower by day 21; Supplementary Figure 6), a condition prone to mineralization. These results were also consistent with the immunohistochemical data. They clearly suggest that the lack of FAM20A may trigger osteogenic-like cell modifications by day seven and onward.
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FIGURE 8. An osteogenic-like process is activated in FAM20A deficient gingival fibroblasts (GFs) grown in mineralization-inducing conditions. (A,B) Representative bright field images of normal (A) and FAM20A deficient (B,C) GFs grown for 21 days in standard medium colored with Red Alizarin. (D–F) Representative bright field images of normal (D) and FAM20A deficient (E,F) GFs grown 21 days in a mineralization-inducing medium colored with Red Alizarin. (D) Arrowhead indicates rare and small calcium deposits in control GFs. (E) Calcium deposits of various sizes are visualized in FAM20A deficient cultures. (F) High power photomicrograph of calcium deposits intermixed with cells. (G) Quantitative analysis of Red Alizarin expression by morphometric analysis on the pooled results of three separate experiments; the value represents the means ± SD. *p < 0.05. (H,I) Transmission electron microscopy images showing extracellular matrix vesicles containing electron dense bodies. Initial calcium-phosphate deposition takes place at the interior membrane (arrows). Depositions are also observed around cell debris. (J–L) qRT/PCR of ALPL (J), RUNX2 (K), and POSTN (L) at 7 and 21 days of culture. Data are presented as the mean ± SD of three separate experiments. ***p < 0.001. Scale bars: (A–F) = 150 μm; (H,I) = 2 μm.




DISCUSSION

In this study we reported an ERS patient with extreme oligodontia, tooth agenesis, hypoplastic amelogenesis imperfecta, severe gingival overgrowth and ectopic calcifications including in the gingiva, the dental pulp, the kidney and the proximity of the cervical and thoracic vertebrae. We identified a new homozygous point mutation in exon 1 resulting in a premature stop codon and complete lack of FAM20A protein. We focused on the gingival phenotype and studied the cellular and ultrastructural modifications associated with the absence of FAM20A. The proband’s gingiva was highly vascularized and contained numerous clusters of epithelial cells as well as calcified nodules. In line with the morphological and biochemical modifications, the expression of chondro/osteogenic markers was increased near and within the nodules. In vitro, FAM20A-deficient fibroblasts were prone to calcify under mineralization-inducing conditions. This was associated with the formation of extracellular vesicles and the upregulation of known osteogenic markers including ALPL, RUNX2 or POSTN. Our study highlights some aspects of ERS pathogenesis and suggests that FAM20A acts locally to prevent ectopic calcification in the gingiva.

Gingival overgrowth of variable severity is a typical, macroscopic characteristic of ERS gingiva. Microscopic findings described in previous studies include increased amounts of randomly arranged collagen bundles and calcified nodules in close proximity to odontogenic epithelium cells in the connective tissue (O’Sullivan et al., 2011; Cho et al., 2012; Jaureguiberry et al., 2012; de la Dure-Molla et al., 2014; Kantaputra et al., 2017; Pêgo et al., 2017; Wang et al., 2019). The clinical and histological findings reported here were consistent, albeit more pronounced, with these observations. No clear genotype-phenotype correlations are currently available for ERS patients; it is possible, however, that the lack of FAM20A may explain the severity of the oral phenotype presented here.

FAM20A is a secreted protein that in addition to teeth and kidney is expressed in hematopoietic cells, lung, liver, and chondrocytes (Nalbant et al., 2005; Azuma et al., 2015). In the latter FAM20A was proposed to affect ECM biosynthesis, including of collagen, an effect that may be independent on FAM20C or FAM20B (Azuma et al., 2015). Recent data also indicate that FAM20A would not be an active kinase but an allosteric activator of FAM20C (Cui et al., 2015). Furthermore, FAM20A favors the extracellular secretion of FAM20C in mouse embryonic fibroblasts (Ohyama et al., 2016). It has also been proposed that extracellular FAM20C sustains mineralization sustains mineralization of osteoblast cells (MC3T3) in vitro (Ohyama et al., 2016). This is partly in agreement with the bone osteosclerosis displayed by patients suffering RNS, which is a syndrome caused by the lack or reduced Fam20C activity (Sheth et al., 2018; Mameli et al., 2020). Indeed, bone osteosclerosis could be related to the lack or reduced activity of extracellular FAM20C in the developing osteoid. Surprisingly, ERS patients do not suffer from constitutional bone diseases (Jaureguiberry et al., 2012) such as osteosclerosis indicating that FAM20A does not participate predominantly in the secretion of FAM20C in the developing bone. Importantly, gingival and pulpal ectopic calcifications have been reported in non letal RNS patients (Acevedo et al., 2015). Taken together, this suggests that the lack of FAM20A or the reduced/lack FAM20C activity in the gingiva supports the formation of ectopic calcified nodules. This seems in contradiction with the idea of a mineralization occurring with extracellular FAM20C. However, careful considerations have to be taken since mechanisms that lead to pathological ectopic calcifications, are probably very different from those involved in physiological mineralization. The nature of the FAM20A/FAM20C interactions in fibroblasts and the consequence of the reduced/lack of FAM20C activity on gingival fibroblast behavior (trans-differentiation) under mineralization conditions are open questions that need to be solve.

How FAM20A triggers modifications of ECM biosynthesis/composition is an open question. We showed that in addition to collagen disorganization, the proteoglycan composition of the FAM20A deficient gingiva was dramatically altered. The expression of carboxylated and sulfated proteoglycans, typically ascertained by Alcian blue staining and FTIR analysis, was much more pronounced in the proband compared to controls. This change was accentuated around mineralized nodules. ACAN, the major proteoglycan of the articular cartilage (Kiani et al., 2002), was strongly expressed in the nodules of proband but never observed in control gingiva. ACAN carries numerous KS and chondroitin sulfate chains, an enormous amount of negative charges and regulates cell adhesion. Overexpression of aggrecan may thus be disruptive to ECM integrity and potentially promote retention of mineral. Supporting this hypothesis, ACAN upregulation has been associated with vascular calcification and chronic kidney disease (Neven et al., 2010; Chen and Simmons, 2011).

We also showed that in the ERS gingival lamina propria, epithelial cell islands in the vicinity of growing mineralized nodules progressively degenerated. These cells displayed crescent-shape nuclei with one huge vacuole in the cytoplasm. As the degeneration progressed cells lost K14 expression, nuclei fragmented and cellular debris were found at the periphery. Interestingly, epithelial islands were not surrounded by the principal basal lamina protein COLLAGEN IV.

Our hypothesis is that the absence or dysfunction of FAM20A causes/contributes to the degeneration of gingival epithelial cells. Calcified deposits appeared near degenerating cells, suggesting that early calcification was linked to epithelial cell death, and pointing to these areas as nidus for the process. Near and within calcifications fibroblasts were undetectable but cells with a chondrogenic/osteogenic phenotype were readily found: they expressed a panel of specific markers including α-SMA, a marker of osteoprogenitor cells that have the potential to differentiate into mature osteoblasts (Kalajzic et al., 2008). It is therefore likely that, like in vascular calcification, phosphate and calcium precipitation in the gingiva is the outcome of a complex series of events involving both cell death and trans-differentiation.

Proband’s GFs readily transdifferentiated into an osteogenic phenotype in mineralization-inducing conditions. It is of interest that this process was accompanied by the formation of extracellular, presumably matrix vesicles known to initiate normal and pathological mineralization (Hasegawa et al., 2017). ALPL, RUNX2, and POSTN, genes involved in osteoblast differentiation were upregulated in the mineralization-inducing medium already at day 7, most likely prior to the formation of calcified deposits or the identification of pyknotic profiles, and continued to increase until day 21. These observations might suggest that cell death is not a prerequisite for ectopic mineralization and point to a local effect of FAM20A in the calcification process.

Mineral metabolism is regulated by various factors including vitamin D3 and PTH. In addition, a balance of serum calcium and phosphate is necessary to avoid the formation of calcium phosphate crystals. Whereas the PTH levels were normal, the blood phosphorus was increased in the proband suggesting high intake or renal dysfunction. Additionally, both kidneys showed signs of calcification despite a still normal glomerular filtration rate. It is unclear how FAM20A may cause hyperphosphatemia, a major risk factor for chronic kidney disease, but our data are compatible with ERS-associated renal dysfunction or failure.

We cannot exclude that a local dysregulation of calcium homeostasis leading to oversaturation of calcium phosphate salts and spontaneous hydroxyapatite crystallization may contribute to the gingival calcification. Nevertheless, the results presented here strongly support the idea that, like in other soft tissues, gingival calcification caused by FAM20A dysfunction is an organized biomineralization process involving chondro/osteogenic trans-differentiation of fibroblastic cells. We therefore assume that FAM20A functions, among others, to prevent ectopic calcification in the gingiva and most likely other FAM20A expressing tissues.
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Plasma Inorganic Pyrophosphate Deficiency Links Multiparity to Cardiovascular Disease Risk
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Epidemiological studies indicate that elevated alkaline phosphatase activity is associated with increased cardiovascular disease risk. Other epidemiological data demonstrate that mothers giving multiple childbirths (multipara) are also at increased risk of developing late-onset cardiovascular disease. We hypothesized that these two associations stem from a common cause, the insufficient plasma level of the ectopic mineralization inhibitor inorganic pyrophosphate, which is a substrate of alkaline phosphatase. As alkaline phosphatase activity is elevated in pregnancy, we hypothesized that pyrophosphate concentrations decrease gestationally, potentially leading to increased maternal vascular calcification and cardiovascular disease risk in multipara. We investigated plasma pyrophosphate kinetics pre- and postpartum in sheep and at term in humans and demonstrated its shortage in pregnancy, mirroring alkaline phosphatase activity. Next, we tested whether multiparity is associated with increased vascular calcification in pseudoxanthoma elasticum patients, characterized by low intrinsic plasma pyrophosphate levels. We demonstrated that these patients had increased vascular calcification when they give birth multiple times. We propose that transient shortages of pyrophosphate during repeated pregnancies might contribute to vascular calcification and multiparity-associated cardiovascular disease risk threatening hundreds of millions of healthy women worldwide. Future trials are needed to assess if gestational pyrophosphate supplementation might be a suitable prophylactic treatment to mitigate maternal cardiovascular disease risk in multiparous women.
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INTRODUCTION

Recent epidemiological studies demonstrated that multiparous women have an increased risk for developing cardiovascular disease manifesting decade(s) after their pregnancies (Sanghavi et al., 2016; Kim et al., 2018; Oliver-Williams et al., 2019; Tanigawa et al., 2019). The molecular mechanism underlying this severe health-care problem is still elusive. Interestingly, in independent epidemiological studies high alkaline phosphatase levels were associated with coronary artery calcification (Panh et al., 2017), and future incidence of cardiovascular disease (Kunutsor et al., 2015; Kabootari et al., 2018) especially in young (<55 years of age) patients (Li et al., 2014; Rahmani et al., 2019). Alkaline phosphatase is the major degrading enzyme of inorganic pyrophosphate, a potent inhibitor of vascular calcification. Alkaline phosphatase activity is known to increase during pregnancy (Sussman et al., 1968; Okamoto et al., 1990). Therefore, we hypothesized that inorganic pyrophosphate concentration declines during pregnancy, due to increased alkaline phosphatase activity, contributing to the development of pregnancy-related late-onset maternal cardiovascular disease. According to our hypothesis, cardiovascular disease risk emerging in the two sets of independent epidemiological studies stems from a common cause, insufficient plasma inorganic pyrophosphate concentration.

Circulation provides precursors for the formation and remodeling of bones, a process under tight spatiotemporal regulation. Calcifying agents are present at high concentrations in the circulation, ready to start and propagate mineralization. Meanwhile, a network of active processes prevents the mineralization of arterial walls and other soft tissues (Back et al., 2018). One key anti-mineralization factor is inorganic pyrophosphate (Li et al., 2016a; Favre et al., 2017), present in the plasma at low micromolar concentrations and reduced in rare recessive ectopic mineralization disorders, such as generalized arterial calcification of infancy (GACI) and pseudoxanthoma elasticum (PXE). GACI is mostly caused by loss-of-function mutations of the gene coding for ectonucleotide pyrophosphatase phosphodiesterase 1 (ENPP1), which converts extracellular ATP into AMP and inorganic pyrophosphate. Lack of functional ENPP1 leads to the virtual absence of systemic inorganic pyrophosphate (Rutsch et al., 2003) resulting in severe in utero onset arterial calcification with high mortality. The majority of plasma inorganic pyrophosphate is generated from ATP provided by ABCC6 expressed primarily in hepatocytes (Jansen et al., 2013, 2014; Pomozi et al., 2013). Biallelic inactivating mutations of ABCC6 cause PXE, a disease characterized by reduced plasma inorganic pyrophosphate concentrations and milder vascular calcification compared to GACI.

We previously demonstrated the crucial role of inorganic pyrophosphate in preventing vascular calcification in the mouse models of PXE and GACI (Dedinszki et al., 2017). Interestingly, in the GACI mouse model, treating dams solely during gestation with inorganic pyrophosphate was sufficient to alleviate vascular calcification in their offspring (Dedinszki et al., 2017). Furthermore, ectopic calcification in PXE and GACI mouse models is effectively prevented by an inorganic pyrophosphate analog bisphosphonate (Li et al., 2016b, 2018). In both PXE and GACI, mothers are heterozygous carriers of the mutations without any apparent clinical phenotype. The current treatment for GACI in humans is postnatal bisphosphonates, increasing patient survival. In one case report, bisphosphonate treatment of a pregnant mother led to reduced vascular calcification in the fetus (Bellah et al., 1992). Altogether, the efficiency of maternal treatment during pregnancy to rescue vascular calcification in the offspring has been demonstrated in mice and humans. The efficacy of maternal in utero treatment with inorganic pyrophosphate and bisphosphonates in preventing vascular calcification of the F1 generation is indicative of insufficient maternal gestational inorganic pyrophosphate levels.

Our current work aims to demonstrate that inorganic pyrophosphate levels decline in healthy pregnancy, and low inorganic pyrophosphate concentrations may contribute to increased vascular calcification and thus to elevated cardiovascular disease risk. We propose that inorganic pyrophosphate supplementation during pregnancy could be a potential therapeutic approach to circumvent pregnancy-related late-onset maternal cardiovascular disease.



METHODS


Animal Studies

The study was conducted at the MSU Sheep Teaching and Research Center. Eight sheep (Polypay × Dorset), pregnant with twins, were studied from gestational day (GD) 55 to postpartum day (PD) 40. Blood samples were collected between 8 and 10 am except for postnatal day 1, which was collected at 2.8 ± 3.8 h post-delivery. Eight non-pregnant adult sheep (Polypay × Dorset) were used as control. Pregnant sheep were housed indoors and their total mixed ration adjusted to energy requirements for pregnancy and lactation (National Research Council, 2007) as previously described (Gingrich et al., 2019). Offspring were housed with their mothers. After postnatal day 7, offspring had ad libitum access to grain creep feed. Non-pregnant sheep were kept outdoors on pasture with shade. All animals had ad libitum access to water. One female lamb in trio 4 was euthanized at postnatal day 15 due to an infection.



Healthy Human Subjects

Blood samples were obtained from healthy pregnant women (20–40 years of age) undergoing scheduled Cesarean section at Sparrow Hospital, Lansing, MI, United States. Exclusion criteria included pregnancy complications, such as preterm birth, preeclampsia, and gestational diabetes. Blood samples from healthy non-pregnant women (20–40 years of age) were also collected. Exclusion criteria included calcification, bone or rheumatological disorder, cancer, diabetes or hypertension.



Pseudoxanthoma Elasticum Patients

The study was part of the phenotyping in the French PXE cohort (ClinicalTrials.gov, NCT01446380) from 2008 to October 25, 2019. PXE diagnosis was confirmed on distinctive skin lesions, dermal elastorrhexis, ophthalmological signs and/or two mutations of the ABCC6 gene (Legrand et al., 2017). Lower limb artery calcification was determined using unenhanced computed tomography (CT) as described by Chowdhury et al. (2017). Arterial tree of each lower limb was divided into aortoiliac, femoro-popliteal, and crural segments and scored. Lower limb artery calcification was calculated as the sum of all segmental scores of both legs normalized by the total arterial lengths.



Platelet Free Plasma Preparation and Inorganic Pyrophosphate Determination

Blood was collected in Vacutainer CTAD tubes with 50 μl 15% K3EDTA, as described previously (Dedinszki et al., 2017). Plasma was separated (1,000 × g 4°C, 10-min centrifugation), and platelet-free plasma was prepared (2,200 × g 4°C 30-min centrifugation in Centristart® 300.000 MW filter tubes). First, inorganic pyrophosphate was converted into ATP by ATP sulfurylase (NEB) in the presence of APS, and then ATP was determined using bioluminescence (BacTiter Glo, Promega). inorganic pyrophosphate concentration was calculated using standards and correction for ATP concentrations (Dedinszki et al., 2017). Samples with hemolysis were excluded.



Statistics

Data were analyzed using GraphPad Prism 8.3.0. and, depending on normality, shown with means ± SD or medians and 25th–75th interquartiles. We used unpaired two-tailed t-test with Welch’s correction for healthy women and unpaired non-parametric two-tailed Mann-Whitney test for PXE patients except for age in PXE patients where significance was determined using a two-tailed unpaired t-test. Animal groups were compared using multiple comparisons of the paired data with mixed effect models not assuming sphericity and concomitant Sidak’s multiple comparisons. Significance was accepted at p < 0.05.



Study Approval

All sheep procedures were approved by the Institutional Animal Care and Use Committee of Michigan State University. Euthanasia was conducted on one animal due to an injury-related infection independent of the present study. The euthanasia was performed by a Campus Animal Resource (CAR) veterinarian via a barbiturate overdose as per the American Medical Veterinarian Association (AMVA) guidelines. All procedures on healthy human individuals at Sparrow Hospital and Michigan State University (IRB: 17-1359) was approved by the Institutional Review Board. All procedures on PXE patients were approved by the Institutional Research Committee of the University Hospital of Angers. The study on PXE patients was performed as a part of the protocol of phenotyping of French PXE cohort (ClinicalTrials.gov, Identifier: NCT01446380). All procedures involving human participants were in accordance with the ethical principles of the Helsinki declaration. Written informed consent was obtained from all participants prior to inclusion in the study.



RESULTS


Plasma Inorganic Pyrophosphate Concentration Changes Dynamically During Pre- and Postpartum in Sheep

As alkaline phosphatase activity is known to increase during pregnancy and inorganic pyrophosphate is an established substrate of alkaline phosphatase, we hypothesized that plasma inorganic pyrophosphate concentrations are decreased during pregnancy. Therefore, we sought to study plasma inorganic pyrophosphate kinetics pre- and postpartum in an animal model. Since current inorganic pyrophosphate determinations require high blood volumes relative to rodent size, sheep were chosen for their larger body weight and longer gestation (∼147 days). This allowed multiple samplings in a longitudinal study to follow plasma inorganic pyrophosphate concentrations. Non-pregnant control sheep had a plasma inorganic pyrophosphate level of 1.14 ± 0.26 μM (Figure 1A), similar to that of rodents and humans (Dedinszki et al., 2017). This control group was compared to a cohort of sheep pregnant with twins, monitored throughout gestation and lactation. We observed a progressive decrease of plasma inorganic pyrophosphate concentrations during pregnancy, with a nadir at gestational day 140, shortly before term. Variable maternal inorganic pyrophosphate concentrations were detected on the day of birth and levels gradually increased postpartum, reaching the plasma inorganic pyrophosphate levels of control sheep by postpartum day 30.


[image: image]

FIGURE 1. Plasma inorganic pyrophosphate changes dynamically in sheep pre- and postpartum. (A) Plasma inorganic pyrophosphate concentration of pregnant sheep between gestational day 55 and postpartum day 40 (n = 8, closed circles, white bars) compared to non-pregnant adult females (n = 8, closed squares, gray bar). (B) Plasma inorganic pyrophosphate concentration of lambs born from sheep in panel (A) between postnatal day 1–40 (weaning) (n = 16, open diamonds, white bars) compared to the non-pregnant adult females (n = 8, closed squares, gray bar, from panel A). (C) Plasma inorganic pyrophosphate concentration of male (n = 9, open squares, gray bars) and female (n = 7, open circles, white bars) lambs from panel (B). MA, mother; OS, offspring; GD, gestational day; PD, postpartum/postnatal day. Values for the data depicted were determined in experiments using at least three technical replicates. Data were analyzed using GraphPad Prism 8.3.0. Animal groups were compared using multiple comparisons of the paired data with mixed effect models not assuming sphericity. Concomitant Sidak’s multiple comparison tests were performed to assess significance. A female lamb was euthanized at postnatal day 15, due to a reason unrelated to the study. Samples that showed hemolysis were not processed further and excluded from the evaluation. The exact number of samples determined for each timepoint are presented under the corresponding bars. Data values are represented as means ± SD. Significance was accepted at p < 0.05. PPi, inorganic pyrophosphate.


We also monitored the plasma inorganic pyrophosphate concentration in the 16 newborn lambs on the same postnatal days (Figure 1B). Similar to their mothers, the newborns had variable but low plasma inorganic pyrophosphate concentrations on postnatal day 1. Within 7 days after birth, plasma inorganic pyrophosphate levels increased to concentrations detected in non-pregnant adult sheep. On postnatal day 1, males had lower inorganic pyrophosphate concentrations than females (0.26 ± 0.22 and 0.82 ± 0.27 μM, respectively), but this sex-dependent difference disappeared by postnatal day 7 (Figure 1C). Within sheep families (trios constituted by a mother and its twins), inorganic pyrophosphate kinetics showed a similar pattern, with dams lagging behind their lambs (Supplementary Figure 1).



Plasma Inorganic Pyrophosphate Concentration Is Decreased in Healthy Human Pregnancy

Our results in the sheep suggested that the plasma inorganic pyrophosphate decrease during pregnancy might be a general physiological phenomenon relevant to other species as well. To test this hypothesis in humans, we compared plasma inorganic pyrophosphate concentrations between non-pregnant (n = 18; age = 34.6 ± 4.9 year) and pregnant women (n = 13; age = 30.4 ± 5.6 year) at term before their scheduled Cesarean-section. Healthy pregnant women had significantly lower plasma inorganic pyrophosphate concentrations than non-pregnant women (1.01 ± 0.19 and 1.28 ± 0.33 μM, respectively) (Figure 2).
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FIGURE 2. Plasma inorganic pyrophosphate concentration is significantly decreased in uncomplicated human pregnancy. (A) Plasma inorganic pyrophosphate concentration versus age in pregnant (n = 13, closed circles) and non-pregnant (n = 18, open squares) healthy women. (B) Plasma inorganic pyrophosphate concentration of healthy pregnant women (n = 13, closed circles, gray bar) at term versus non-pregnant healthy women (n = 18, open squares, white bar). Values for the data depicted were determined at least in two independent experiments using at least three technical replicates. Data were analyzed using GraphPad Prism 8.3.0. Data in panel (B) followed normal distribution according to Kolmogorov-Smirnov test. We used unpaired two-tailed t test with Welch’s correction not assuming equal SDs to determine significance. Bars represent means ± SD. Significance was accepted at p < 0.05. PPi, inorganic pyrophosphate.




Cardiovascular Disease Risk Associated Vascular Calcification Is Increased in Pseudoxanthoma Elasticum Patients With Multiple Childbirths

Epidemiological data of thousands of healthy individuals indicate that multiparous women have an elevated risk for cardiovascular disease (Ness et al., 1993; Sanghavi et al., 2016; Kim et al., 2018; Oliver-Williams et al., 2019; Tanigawa et al., 2019) and stroke (Qureshi et al., 1997). Given our findings, we hypothesized that multiple pregnancies increase cardiovascular disease risk due to repeated, yet transitory decrease in the concentration of the mineralization inhibitor, inorganic pyrophosphate.

Pseudoxanthoma elasticum patients have deleterious mutations that lead to non-functional ABCC6 resulting in chronically low plasma inorganic pyrophosphate concentrations and, as a consequence, increased vascular calcification. PXE patients also have higher risk of developing cardiovascular disease and stroke (Trip et al., 2002; Köblös et al., 2010; Kauw et al., 2017; De Vilder et al., 2018), although the latter is debated (Hornstrup et al., 2011). We postulated, therefore, that PXE patients with ab ovo low inorganic pyrophosphate levels, giving birth multiple times, might have even more pronounced vascular calcification, further increasing their risk to develop cardiovascular disease. We tested our hypothesis in a cohort of PXE patients (187 individuals, 122 females), where clinical data, including the cardiovascular disease risk factor lower limb artery calcification (Chowdhury et al., 2017) was studied. To assess the association between number of childbirths to cardiovascular disease risk, we selected women over 40 years of age with available information on parity and lower limb artery calcification score. There was no reported hepatic pathology, gestational diabetes, or chronic kidney disease in any of the study subjects. One nulliparous patient was presented with renal amyloidosis but without any other cardiovascular risk factor. To better distinguish patients with no or low numbers of childbirths from those of higher number of childbirths, we excluded patients with two childbirths, and dichotomized the remaining patients to nulli/uniparous (n = 26; age = 54.8 ± 9.7 year) and multiparous (>2 childbirths, n = 22; age = 59.5 ± 11.6 year) subgroups (age, p = 0.1279). The BMI (kg/m2) values (24.9 ± 5.3 and 24.7 ± 4.2), the incidence of high blood cholesterol (30.8% ± 1.8 and 27.3% ± 2.1) and smoking (23.1% ± 1.7 and 22.8% ± 1.9) did not differ in the nulli/unipara and multipara groups, respectively. Amongst our included patients (Supplementary Table 1), the lower limb artery calcification score normalized for arterial length did not correlate with age in nulli/unipara, and weakly correlated with age in multipara (Figure 3A). Moreover, multiparous PXE patients had a significantly higher normalized lower limb artery calcification score compared to nulli/uniparous patients (p < 0.05) (Figure 3B). Thus, in these PXE patients, parity positively correlated with elevated vascular calcification, which is known to be linked to an increase in cardiovascular disease risk.
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FIGURE 3. Cardiovascular disease risk is increased in pseudoxanthoma elasticum patients giving multiple (>2) childbirths. (A) Normalized lower limb artery calcification (nLLAC) score versus age in nulli/unipara (n = 26, open circles) and in multipara (n = 22, closed circles) with the result of a simple linear regression performed for nLLAC score versus age in multipara. (B) nLLAC score is higher in multiparous PXE patients (n = 22, closed circles, gray bar) compared to nulli/uniparous PXE patients (n = 26, open circles, white bar). The 48 year-old nulliparous subject with renal amyloidosis had an LLAC and nLLAC of 6,955.4 and 4.54, respectively. Data were analyzed using GraphPad Prism 8.3.0. According to Kolmogorov-Smirnov test data for panel (B) did not follow normal distribution. We used unpaired non-parametric two-tailed Mann-Whitney test to analyze significance. Bars represent medians with 25th–75th interquartiles. Significance was accepted at p < 0.05.




DISCUSSION


Inorganic Pyrophosphate Dynamics Correlate to Alkaline Phosphatase Kinetics Reported in the Literature

Inorganic pyrophosphate is an important substrate of tissue non-specific alkaline phosphatase (TNAP) (Whyte et al., 1995), which cleaves inorganic pyrophosphate into inorganic phosphate (Pi). According to the sheep gene expression atlas dataset1, TNAP is highly expressed in the placenta. Moreover, TNAP expression and alkaline phosphatase activity are dramatically elevated in sheep during pregnancy (Healy, 1971; Clark et al., 2017; Zywicki et al., 2018). The gradual gestational inorganic pyrophosphate decline we observed in sheep aligns well with these reports. Similarly, the increase in the maternal plasma inorganic pyrophosphate concentration we observed postpartum corresponds well with the decline of alkaline phosphatase activity after parturition (Bekeova et al., 1993). Additionally, the increase in inorganic pyrophosphate concentration in newborns aligns with the drop in serum alkaline phosphatase activity shown in lambs (Healy, 1971). Collectively, the alkaline phosphatase kinetics reported in the literature provides a plausible explanation for the dynamic plasma inorganic pyrophosphate changes we observed in sheep.

In humans TNAP plays a pivotal role in bone metabolism by degrading the mineralization inhibitor inorganic pyrophosphate. TNAP defects cause hypophosphatasia, a severe skeletal/neural disorder. Three carriers of mutant ALPL alleles coding for TNAP had per se decreased TNAP and consequently increased plasma inorganic pyrophosphate levels, the latter normalized during pregnancy (Whyte et al., 1995). In parallel, the expression of placental alkaline phosphatase (PALP), encoded by a hominid-specific different gene, increased. As PALP also degrades inorganic pyrophosphate (Whyte et al., 1995), the normalization of inorganic pyrophosphate levels in the carriers was likely due to emerging PALP activity. In healthy pregnancies, PALP expression gradually rises and peaks at term (Sussman et al., 1968; Okamoto et al., 1990). As a result, total serum alkaline phosphatase activity increases approximately two-fold (Hirano et al., 1987). Taken together, gestationally elevated PALP activity serves as a plausible explanation for the decreased plasma inorganic pyrophosphate concentrations we observed in healthy pregnant women.

The evolutionary advantage of increased gestational alkaline phosphatase activity is elusive, but it likely promotes fetal development and growth (She et al., 2000; Liu et al., 2018). The resulting decreased concentration of inorganic pyrophosphate is compensated for in the healthy fetus, while elevated maternal cardiovascular disease risk emerges only in the long term and most likely does not affect evolutionary fitness.



Plasma Inorganic Pyrophosphate Deficiency Is the Potential Link Between Alkaline Phosphatase Levels and Multiple Pregnancies, Both Contributing to Cardiovascular Disease Risk

High alkaline phosphatase levels were previously associated with coronary artery calcification in 500 patients (Panh et al., 2017). Moreover, in two prospective studies involving large cohorts of healthy individuals, baseline alkaline phosphatase levels correlated to the future incidence of cardiovascular disease independent of traditional cardiovascular disease risk factors (Kunutsor et al., 2015; Kabootari et al., 2018). Finally, in meta-analyses of ∼20,000 participants from 7 studies and ∼150,000 participants from 24 studies, elevated alkaline phosphatase activity was associated with increased cardiovascular disease mortality, especially in young patients (<55 years of age) (Li et al., 2014; Rahmani et al., 2019). On the other hand, several epidemiological studies established that multiparous women also have increased risk for developing cardiovascular disease decade(s) after their pregnancies (Sanghavi et al., 2016; Kim et al., 2018; Oliver-Williams et al., 2019; Tanigawa et al., 2019).

Our data suggest that recurrent deficiency in maternal plasma inorganic pyrophosphate concentration, likely caused by elevated PALP activity over subsequent pregnancies, is a plausible mechanism for the increased cardiovascular disease risk in multiparous women. In the above epidemiological studies high number of subjects were studied to show the association of cardiovascular disease risk to the number of childbirths and, in an independent set of studies, the cardiovascular disease risk to intrinsically high alkaline phosphatase activity. However, we were able to show the correlation of multiple childbirths to increased lower limb vascular calcification, an established cardiovascular disease risk factor, in our limited set of patients with a rare disease characterized by pathological low plasma inorganic pyrophosphate levels. This suggests that plasma inorganic pyrophosphate concentration is likely to play a pivotal role in the etiology of the parity-dependent cardiovascular disease-risk. As the mineralization inhibitor inorganic pyrophosphate is the substrate of alkaline phosphatase and plasma inorganic pyrophosphate concentrations decline during pregnancy meanwhile alkaline phosphatase increases, it therefore seems justified to conclude, that the low gestational inorganic pyrophosphate level is the consequence of the higher alkaline phosphatase activity, however to establish cause-effect relationship further direct evidence is required. Moreover, it is possible that compensatory mechanisms exist to counteract for the gestational drop in plasma pyrophosphate concentration, a question that further studies need to explore. Our results demonstrate for the first time, that the maternal plasma concentration of the major mineralization inhibitor inorganic pyrophosphate declines during healthy pregnancy, likely due to increased alkaline phosphatase activity. We hypothesize that the low level of inorganic pyrophosphate is the common denominator and putative causal link between the established epidemiological correlations of increased cardiovascular disease risk to multiple childbirths, on the one hand, and to elevated alkaline phosphatase activity, on the other. Finally, in PXE, a disorder with pathologically low plasma inorganic pyrophosphate levels, we demonstrated that multiple childbirths associated with increased lower limb vascular calcification, an established risk factor for cardiovascular disease. Based on our results and assumptions, restoration of sufficient inorganic pyrophosphate levels during pregnancy might be a potential prophylaxis/treatment to circumvent pregnancy-related maternal cardiovascular disease risk both in healthy women and in patients with compromised inorganic pyrophosphate levels. This treatment might also potentially benefit the children by reducing the prevalence of vascular calcification in the next generation. However, efficacy and safety of such application needs to be thoroughly evaluated in future translational studies.
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Pseudoxanthoma elasticum (PXE) is a genetic disease considered as a paradigm of ectopic mineralization disorders, being characterized by multisystem clinical manifestations due to progressive calcification of skin, eyes, and the cardiovascular system, resembling an age-related phenotype. Although fibroblasts do not express the pathogenic ABCC6 gene, nevertheless these cells are still under investigation because they regulate connective tissue homeostasis, generating the “arena” where cells and extracellular matrix components can promote pathologic calcification and where activation of pro-osteogenic factors can be associated to pathways involving mitochondrial metabolism. The aim of the present study was to integrate structural and bioenergenetic features to deeply investigate mitochondria from control and from PXE fibroblasts cultured in standard conditions and to explore the role of mitochondria in the development of the PXE fibroblasts’ pathologic phenotype. Proteomic, biochemical, and morphological data provide new evidence that in basal culture conditions (1) the protein profile of PXE mitochondria reveals a number of differentially expressed proteins, suggesting changes in redox balance, oxidative phosphorylation, and calcium homeostasis in addition to modified structure and organization, (2) measure of oxygen consumption indicates that the PXE mitochondria have a low ability to cope with a sudden increased need for ATP via oxidative phosphorylation, (3) mitochondrial membranes are highly polarized in PXE fibroblasts, and this condition contributes to increased reactive oxygen species levels, (4) ultrastructural alterations in PXE mitochondria are associated with functional changes, and (5) PXE fibroblasts exhibit a more abundant, branched, and interconnected mitochondrial network compared to control cells, indicating that fusion prevail over fission events. In summary, the present study demonstrates that mitochondria are modified in PXE fibroblasts. Since mitochondria are key players in the development of the aging process, fibroblasts cultured from aged individuals or aged in vitro are more prone to calcify, and in PXE, calcified tissues remind features of premature aging syndromes; it can be hypothesized that mitochondria represent a common link contributing to the development of ectopic calcification in aging and in diseases. Therefore, ameliorating mitochondrial functions and cell metabolism could open new strategies to positively regulate a number of signaling pathways associated to pathologic calcification.
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INTRODUCTION

Pseudoxanthoma elasticum (PXE) is a genetic disease considered as a paradigm of ectopic mineralization disorders. The clinical phenotype reminds of premature aging syndrome (Tiemann et al., 2020), being characterized by multisystem clinical manifestations due to progressive calcification of skin, eyes, and the cardiovascular system (Quaglino et al., 2011; Murro et al., 2018; Li Q. et al., 2019; Murro et al., 2019). The patho-mechanisms of PXE, as well as the complex pathways responsible for hydroxyapatite deposition in soft connective tissues, are still under investigation (Quaglino et al., 2011, 2020).

Although a number of genes may be involved (Li Q. et al., 2009; Omarjee et al., 2019; Boraldi et al., 2020a), PXE is mostly associated with ATP-binding cassette sub-family C member 6 (ABCC6) mutations (Le Saux et al., 2000), even though ABCC6 is not expressed at the protein level in cells of tissues undergoing calcification (Matsuzaki et al., 2005). It was therefore proposed to consider PXE as a metabolic disease (Jiang et al., 2009), leaving questionable the role of mesenchymal cells within this context. Intriguingly, fibroblasts from PXE patients (Ronchetti et al., 2013) are characterized by an altered protein profile (Boraldi et al., 2009), increased oxidative stress (Pasquali-Ronchetti et al., 2006; Garcia-Fernandez et al., 2008), enhanced proteolytic potential (Quaglino et al., 2005), and a higher propensity to calcify (Boraldi et al., 2014a). Interestingly, it was observed that, even before the development of calcification, fibroblasts isolated from the skin of Abcc6-/- mice exhibit altered features (Boraldi et al., 2014b). Therefore, a theory was proposed that mesenchymal cells can actively contribute to the formation/accumulation of mineral precipitates, although it cannot be excluded that other phenotypic changes are further generated by the mineralized environment.

The factor/s triggering the initial core of hydroxyapatite deposition still has/have to be identified. Degraded elastin fragments, per se, can expose multiple charged sites, favoring interactions with calcium and phosphate (Boraldi et al., 2020b). In addition, pro-osteogenic stimuli driven by necrotic cell debris, inflammatory cytokines, or unbalanced calcium-phosphate homeostasis can modify the transcriptional program and promote the differentiation of soft connective tissue mesenchymal cells into osteogenic cells releasing bone-related molecules (Mathieu and Boulanger, 2014).

Previous in vitro experiments demonstrated that, in fibroblasts, redox balance and extracellular matrix homeostasis were affected by aging and that, similarly to PXE fibroblasts (Boraldi et al., 2013), aged cells were more susceptible to pro-osteogenic signals (Boraldi et al., 2010, 2015). Since the aging process has been associated to disrupted mitochondrial function (Miquel and Fleming, 1984; Bornstein et al., 2020), it can be suggested that mitochondria can also contribute to the pathologic phenotype of PXE fibroblasts.

To broaden the possible role of mitochondria in the calcification process, recent evidence by exome sequencing revealed that, in patients affected by pathologic mineralization, altered extracellular matrix homeostasis and activation of pro-osteogenic factors can be associated to pathways involving mitochondria metabolism (Boraldi et al., 2019; Lee et al., 2020).

The aim of the present study was to integrate structural and bioenergenetic features to deeply investigate mitochondria from control and from PXE fibroblasts cultured in standard conditions and to explore the role of mitochondria in the development of the PXE fibroblasts’ pathologic phenotype.



MATERIALS AND METHODS


Cell Cultures

Human dermal fibroblasts were selected within the cryo-stored cell collection of the laboratory, paying special attention to use cells at similar passages, from the same site of biopsy and from adults in the absence of comorbidities. In particular, fibroblasts were isolated from biopsies taken from the arms of three female patients affected by PXE (45 ± 14) and from three healthy (Ctr) females (46 ± 12) after informed consent in accordance with the World Medical Association’s Declaration of Helsinki. All subjects were of Italian origin and did not exhibit any sign of disorders such as diabetes, hypertension, lipid metabolism abnormalities, and kidney or liver diseases. The PXE patients were diagnosed by clinical (dermal and ocular involvement) and biomolecular findings (known ABCC6 pathogenic mutations). All patients exhibited a similar clinical phenotype characterized by lax and redundant skin and by ocular bleeding and choroidal neovascularization. Patient #1 was compound heterozygous for a stop codon mutation (c.3421C > T; p.Arg1141∗) and for a large deletion in exon 23_29 (c.2996_4208del p.Ala999_Ser1403del); patient #2 was compound heterozygous for two stop codon mutations (c.1552C > T, p.Arg518∗ and c.3088c > T, p.Arg1030∗); and patient #3 was compound heterozygous for a missense mutation (c.4198G > A, p.Glu1400Lys) and for a deletion in exon 23_29 (c.2996_4208del p.Ala999_Ser1403del) (Quaglino et al., 2011, 2020). The fibroblasts were cultured, as already described with some modification (Quaglino et al., 2000), using Dulbecco’s Modified Eagle Medium (DMEM; Gibco, Grand Island, NY, United States) supplemented with 10% fetal bovine serum and non-essential amino acids 1 × (Gibco), but without penicillin and streptomycin because antibiotics may interfere with mitochondrial respiration and reactive oxygen species (ROS) production. Fibroblasts were used at sub-confluence between the 6th and 9th passages, and all experiments were done on each cell line at least three times and in triplicate to account for technical variability, with the only exception for the mitochondria proteome (see below). Furthermore and most importantly, the cells were analyzed, when technically feasible, adherent to their substrate or treated in order to limit stresses due to enzymatic cell detachment that causes changes in cell shape and consequently in mitochondria structure, distribution, and function.



Mitochondria Isolation and Protein Extraction

Since primary cell cultures take more time to grow than continuous cell lines and the mitochondrial number/fibroblast is relatively low compared to other cells (i.e., hepatocytes), in order to have a sufficient number of mitochondria for proteome analysis, mitochondria were isolated from 6 × 107 cells pooled together from three control or three PXE cell lines according to the Panov protocol (Panov, 2015).

The two cell pools were manually lysed with a glass Dounce homogenizer using a hypotonic swelling buffer (100 mM sucrose, 10 mM MOPS, 1 mM EGTA-KOH, 0.1% BSA, pH 7.2). Then, a hypertonic solution (1.25 M sucrose, 10 mM MOPS, pH 7.2) was added, and the samples were centrifuged (1,000 × g for 5 min at 4°C). Supernatants were collected and further centrifuged (9,000 × g for 10 min at 4°C) to isolate the crude mitochondria fraction that was then suspended in isolation buffer (75 mM mannitol, 225 mM sucrose, 10 mM MOPS, pH 7.2) and layered on a sucrose gradient (1.5 M/1.0 M sucrose in 10 mM Hepes-KOH, 1 mM EDTA-KOH, 0.1% BSA, pH 7.2). The samples were ultra-centrifuged at 96,000 × g, for 2 h at 4°C in a Beckman Ultracentrifuge with a SW40Ti rotor. After ultracentrifugation, a whitish band appeared at the gradient interface, allowing us to collect mitochondria. To perform shotgun proteomics, the isolated mitochondria were sonicated, and proteins were recovered using methanol/chloroform precipitation in order to eliminate sucrose. The proteins were resuspended in 50 mM NH4HCO3 (Merck, Milano, Italy), and protein content was quantified by Bradford method (Bradford, 1976). The proteins (50 μg) were reduced in the presence of 5 mM 1–4 dithiothreitol (Merck), alkylated with 15 mM iodoacetamide (Merck) in the dark, and digested overnight at 37°C with trypsin (Promega, Madison, WI, United States) at an enzyme-to-protein ratio of 1:50 (w/w). Three independent experiments were performed in duplicate on each cell pool.



Liquid Chromatography and Mass Spectrometry Analysis

Mitochondrial peptides were analyzed using a UHPLC ultimate 3000 system coupled online to a Q Exactive Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher Scientific, Waltham, MA, United States). A reverse-phase C18 column (50 mm × 2.1 μm ID, 1.8 μm, Zorbax) was used to perform peptide chromatographic separation. Elution was conducted using a mobile phase A of 0.1% formic acid in ultrapure water and a mobile phase B of 0.1% formic acid in acetonitrile. For separation, a linear binary gradient was applied: 2–3% B in 5 min to 28% B in the next 59 min and then 90% B in 7 min. The column was maintained at 30°C, and the flow rate employed was 0.3 ml/min. The precursor ion detection was done in a m/z range from 200 to 2,000; the acquisition range for fragment ions was m/z from 200 to 2,000. Data acquisition was controlled by Xcalibur 2.0.7 Software (Thermo Fisher Scientific).



Analysis of MS/MS Data and Bioinformatics

Raw ms/ms data were converted by msConvert ProteoWizard (v.3.0.19239) in MGF file using default settings and uploaded to MASCOT server (v.2.4.0) for MS/MS Ion Search.

Search was performed using Uniprot (2018_05) restricted to Homo sapiens (ID 9606). Furthermore, the parameters for identification included the following: (i) trypsin as enzyme with one as maximum missed cleavage, (ii) mass error tolerances for precursor and fragment ions set to 10 ppm and 0.02 Da, respectively, (iii) peptide charge (2+, 3+, 4+), (iv) protein mass no restriction, and (v) carbamidomethyl cysteine was set as fixed modification, while deamination of asparagine and glutamine and oxidation of methionine were considered as dynamic modification. Label-free quantitation using spectral counting emPAI was performed by MASCOT. Only confident peptide identified with a false discovery rate ≤1% and protein with at least one unique peptide were exported. Proteins appearing in at least two biological replicates of one group (control or PXE) but were never detected in the other group (PXE or control) were considered as unique. Proteins were classified as mitochondrial or predicted to be mitochondrial using MitoMiner (v.4.0) (Smith and Robinson, 2009). Lastly, protein–protein interaction network was built using STRING (v.1.5.1) implemented in Cytoscape (v. 3.8.0) with a confidence score of 0.7 and 0 additional interactors (Shannon et al., 2003).



Oxygen Consumption Rate and Mito-Stress Test

Oxygen consumption rate was measured using the Seahorse XFe24 Analyzer (Agilent Tecnologies, Santa Clara, CA, United States). Briefly, at 24 h before the assay, each cell line (4 × 104 cells/well) was seeded in four wells/case of Seahorse plate and incubated at 37°C with 5% CO2. On the following day, the cells were equilibrated with pre-warmed Seahorse XF assay medium (DMEM with 10 mM glucose, 2 mM L-glutamine, and 1 mM sodium pyruvate without NaHCO3, pH 7.4) at 37°C for 1 h. The oxygen consumption rates (OCR) of the cellular monolayer were measured before (basal level) and after the sequential injection of 1 μM oligomycin (blocks proton translocation through complex F0/F1, inhibiting ATP production and reducing OCR), 0.5 μM rotenone and 0.5 μM antimycin A (shut down the mitochondrial respiration inhibiting complex I and III, respectively, and reducing OCR to a minimal value), and 1 μM carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) (a potent uncoupler of mitochondrial oxidative phosphorylation). In particular, injection of FCCP, disrupting ATP synthesis by transporting protons across the mitochondrial inner membrane and interfering with the proton gradient, was used to measure maximum OCR that depends on the electron transport capacity and substrate delivery. The cellular bioenergetic parameters determined were as follows: basal OCR was obtained by subtracting the respiration rate after the addition of antimycin A and rotenone (non-mitochondrial OCR) to the baseline respiration, ATP-linked OCR was derived from the difference between basal OCR and respiration following oligomycin addition, proton leak was the difference between respiration following oligomycin addition and non-mitochondrial OCR, and maximal OCR was determined by subtracting the non-mitochondrial OCR to the OCR induced by FCCP. Lastly, spare capacity was calculated by the difference between maximal OCR and basal OCR. Three measurements were taken after each injection. The experiments were performed in quadruplicate on each cell line. Data were normalized to the protein content of each well (Roy-Choudhury and Daadi, 2019) by the Bradford method (Bradford, 1976).



Mitochondrial Superoxide Detection

MitoSOX Red is a novel fluorescent dye that specifically targets the mitochondria and is used to detect mitochondrial superoxide. This technique was applied to control and PXE cells. The adhered cells were treated for 20 min at 37°C with 2.5 μM MitoSOX (Thermo Fisher Scientific) in complete medium. Then, the cells were detached, washed, and resuspended in 250 μl of PBS and analyzed with Attune Nxt (Thermo Fisher Scientific) flow cytometer. MitoSOX Red was excited by laser at 488 nm, and emitted fluorescence was detected with a bandpass filter of 585/42 nm. At least 10,000 total events were acquired for each sample. An unstained sample for each cell line was acquired to set the level of autofluorescence.



Confocal Microscopy


MitoView Staining in Live Cells

To visualize and to evaluate the cellular mitochondrial network, cells were grown on a four-well glass plate at a density of 3 × 103 cells/well in 500 μl of culture medium for 24 h. Fibroblasts at sub-confluence were then incubated with 50 nM MitoView (Biotium, Hayward, CA, United States) and 0.1 μg/ml Hoechst 33342 at 37°C for 15 min and were kept at 37°C in an Okolab incubation chamber. A positive control of the reaction was represented by incubation with 100 μM mitochondrial uncoupler carbonyl cyanide m-chlorophenyl hydrazone (CCCP). Images were taken with ×63 Plan-Apo oil immersion objective mounted on a Leica SP8 confocal microscope equipped with a white light laser. The acquired images (10 photos for each biological and technical replicate) were analyzed using Mitochondria Analyzer (v.2.0.21), a mitochondrial morphology plugin developed in ImageJ software (v.1.53c) (Schindelin et al., 2012; Rueden et al., 2017). Each single mitochondrion was analyzed for morphological characteristics such as area, perimeter, circularity, and major/minor axis. On the basis of these parameters, the form factor [perimeter2/(4π × area)] and the aspect ratio (ratio between the major and minor axes of the ellipse equivalent to the object) were calculated, representing the degree of mitochondrial branching and the length of mitochondria, respectively (Krebiehl et al., 2010). Morphological parameters include (1) form factor, a shape descriptor where a circular object has a value close to 1, while a value >1 indicates other shapes, and (2) aspect ratio, morphological parameters ranging from 0 (circular shape) to 1 (elongated shape). Network parameters include branch length per mitochondrion, a ratio between the mean of branch length and mitochondria in each image, branch junction per mitochondria, and number of junctions per mitochondria in each image. Junctions are points of contact of two or more branches.



Mitochondrial Membrane Potential (Δψm) in Live Cells

To evaluate Δψm, we used the cyanine dye JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolocarbo-cyanine iodide) (Thermo Fisher Scientific), and stained cells were observed by confocal microscopy. JC-1 has the ability to accumulate within polarized mitochondria, forming red fluorescence-emitting aggregates, whereas it cannot aggregate in the mitochondrial matrix (green-emitting dye monomers) when the Δψm is low. It is to be noted that the red/green fluorescence ratio depends on membrane potential and not on mitochondrial shape, density, or size.

In particular, fibroblasts were seeded in a four-well glass plate at a density of 3 × 103 cells/well in 500 μl culture medium in a 5% CO2 incubator overnight at 37°C. After 1 day of seeding, the cells were incubated with 3.0 μM JC-1 in DMEM without phenol red in a 5% CO2 incubator at 37°C for 20 min. As a positive control, cells were treated with 100 μM CCCP to depolarize the mitochondria.

The cells were kept at 37°C in an Okolab incubation chamber, and images were acquired using a ×63 oil immersion objective with a confocal microscope. JC-1 dye was excited with a 405 laser (Perelman et al., 2012), and image acquisition was performed using a 500–551-nm detection bandwidth (green signal) and a 560–651-nm bandwidth (red signal). The confocal images were analyzed using the Olympus ScanR software. Briefly, mitochondria were segmented using the Edge module over the red channel of the JC-1 signal. The mean intensity of the red and of the green signals were determined for each mitochondrion, and the ratio of the red over the green signal was calculated.



Calcium Imaging in Live Cells

A total of 1.5 × 104 cells were seeded onto four-chamber slides and cultured for 24 h with complete medium. On the following day, the cell monolayer was washed twice with complete medium without phenol red and incubated with 2.5 μM Rhod-2 AM (CliniSciences, Roma, Italy) for 30 min at 37°C with 5% CO2. The cells were then washed three times with DMEM without phenol red, kept at 37°C in an Okolab incubation chamber, and observed with a confocal microscope. A positive control of the reaction was represented by incubation with 100 μM CCCP. Images were taken of the cellular monolayer in each well. As for JC-1 image analysis, mitochondria were segmented using the Edge module, implemented in Olympus ScanR software, over the red channel of the Rhod-2-AM signal, allowing us to evaluate as much as 30,000 mitochondria for each cell line. The mean fluorescence intensity of the red signal was therefore determined for each mitochondrion.



Transmission Electron Microscopy

Fibroblasts were physically scraped from the plastic substrate, centrifuged, and fixed in 2.5% glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA, United States) dissolved in 0.1 M cacodylate buffer at pH 7.4 for 12 h. Post-fixation was performed for 60 min in 1% osmium tetroxide using the same buffer. Samples were dehydrated with increasing ethanol concentration up to 100% and embedded in Epon 812 (Electron Microscopy Sciences). Ultrathin sections (60 nm) were cut and mounted on 150 mesh copper grids (Electron Microscopy Sciences). Unstained samples were observed with Talos F200S G2 transmission electron microscope (Thermo Fisher Scientific).



Statistical Analyses

Data were analyzed using GraphPad Prism 8.0 (San Diego, CA, United States), and the results are reported as mean ± SEM. The statistical significance of the difference between two experimental groups was determined by two-tailed unpaired Student’s t-test. Values with p < 0.05 were considered as statistically significant.



RESULTS AND DISCUSSION


Shotgun Proteomics Analysis Reveals Changes in Mitochondrial Protein Profile

To provide a global overview of protein composition, the proteomic profile was analyzed in mitochondria from PXE and from control fibroblasts.

After taking into consideration only proteins identified in at least two out of three biological replicates in PXE and in control cells, a total number of 397 different proteins (Supplementary Table 1) were assigned to a specific function according to the MitoMiner (v.4.0) database (Smith and Robinson, 2009), a large-scale proteomic dataset including the MitoCarta Inventory and the Integrated Mitochondrial Protein Index, which have been determined by experimental and bioinformatic predictions, respectively. A high number of identified proteins (270 out of 397; 68) were classified as known or predicted to be mitochondrial proteins. The mitochondrial enrichment procedure applied to increase mitochondrial protein abundance exhibited an efficiency comparable to that observed in other studies (Alberio et al., 2017; Maffioli et al., 2020). The presence of non-mitochondrial proteins (i.e., endoplasmic reticulum, cytoskeletal proteins) is due to the physical connection between the mitochondria and other subcellular organelles (Dolman et al., 2005; Rowland and Voeltz, 2012; Xia et al., 2019; Giacomello et al., 2020) as already demonstrated in previous studies (Rezaul et al., 2005; Alberio et al., 2017; Chae et al., 2018). It is well known that mitochondria can be in close contact with the endoplasmic reticulum, forming mitochondria-associated membrane and playing a role in lipid biosynthesis, mitochondrial biogenesis/dynamics, and calcium exchange (Csordás et al., 2006). Moreover, the association of mitochondria to cytoskeletal proteins can influence mitochondrial motility, dynamics, and morphology (Rappaport et al., 1998; Knowles et al., 2002; Appaix et al., 2003).

A comparison of identified mitochondrial proteins (270) demonstrates that 198 proteins were detected in both control and PXE cells and were considered as “common” (Supplementary Table 2), whereas 15 and 57 proteins were detected only in control or in PXE fibroblasts, respectively, and were therefore considered “unique” as clearly differentially expressed (Taverna et al., 2015; Figure 1A and Supplementary Table 3).
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FIGURE 1. (A) Venn diagram of identified proteins referred to as mitochondrial proteins in control (Ctr) and Pseudoxanthoma elasticum (PXE) fibroblasts. (B) Heat map of relative abundance of differentially expressed mitochondrial proteins in a pool of three Ctr and of three PXE samples. Three independent experiments (A, B, and C biological replicates) were performed in duplicate (technical replicates). The colored bar indicates the expression levels.


In order to evaluate the differential expression of proteins common to both control and PXE samples, we performed a relative quantification using a MS-based label-free approach, allowing us to compare the protein amount in two or more samples (Bantscheff et al., 2012; Calderón-Celis et al., 2018) based on counting of the MS2 spectra from the peptides of a given protein. Significant changes in the expression of common proteins were reported in the heat map (Figure 1B), where proteins correspond to rows and samples to columns.

Furthermore, STRING database and GO enrichment analysis were also applied to all identified proteins to explore protein–protein interactions in order to reveal the involved pathways (Figure 2).
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FIGURE 2. Protein–protein interactions of mitochondrial proteins identified by proteome analysis. The nodes represent individual proteins; the edges (lines) represent all cross-links identified among proteins. The nodes are colored in different ways on the basis of their abundance. Light blue, proteins expressed in similar way between control and Pseudoxanthoma elasticum (PXE); red, common proteins more expressed in PXE; green, common proteins more expressed in control; gray, unique proteins in PXE; white, unique proteins in control. Proteins without connections are excluded. ETC, electron transport chain; TCA, tricarboxylic acid cycle.


Most of the differentially expressed proteins were related to metabolic enzymes (e.g., pyruvate kinase, acetyl-CoA acetyltransferase, acyl-CoA dehydrogenase, 3-hydroxyisobutyrate dehydrogenase, peptidyl-prolyl cis-trans isomerase B), indicating that mitochondria can contribute to PXE metabolic changes (Kuzaj et al., 2014).

A significantly overexpressed protein linked to energy metabolism is inorganic pyrophosphatase 2 (IPYR2) that, similarly to the cytosolic IPYR, catalyzes the hydrolysis of pyrophosphate to inorganic phosphate (Kennedy et al., 2016). The role of this protein and the possible contribution to hydroxyapatite formation deserve further investigation in future studies.

Moreover, in PXE mitochondria, significant changes have been observed in proteins involved in oxidative stress [i.e., overexpression of superoxide dismutase (Mn) (SODM), tumor necrosis factor receptor-associated protein 1 (TRAP1), and Lon protease homolog (LONM)]. SODM is a mitochondrial enzyme involved in the conversion into H2O2 of O2⋅– formed during mitochondrial respiration. TRAP1 or HSP75 is a member of the HSP90 family controlling a variety of cellular functions such as cell proliferation, differentiation, and survival (Johnson, 2012; Im, 2016). It regulates the metabolic switch between oxidative phosphorylation and aerobic glycolysis, and its overexpression is associated with increased ROS levels (Im, 2016). LONM, a mitochondrial ATP-dependent protease, plays an important role in maintaining mitoproteostasis through selectively recognizing and degrading oxidative damaged proteins, and it is overexpressed by altered redox balance (Gibellini et al., 2014, 2020). In turn, up-regulated LON increases mitochondrial ROS generation and, as a pivotal stress-responsive protein, is involved in the crosstalk among mitochondria, endoplasmic reticulum, and nucleus (Yang et al., 2018). Taken together, the changes in the expression of these proteins indicate an active role of mitochondria in the PXE-altered redox homeostasis.

Altered protein expression was observed in different respiratory complexes. For example, among the subunits of complex I (NADH-ubiquinone oxidoreductase), several proteins were up-regulated (e.g., NDUS1, NDUAC, NDUBA) or down-regulated (e.g., NDUB8, NDUV2) in PXE mitochondria, whereas in complex IV (cytochrome oxidase) COX5A appeared markedly up-regulated in PXE. Therefore, protein alterations in different respiratory complexes can affect the mitochondrial oxidative phosphorylation system (OXPHOS), which could, in turn, induce the further production of ROS.

Among proteins involved in calcium homeostasis, proteomic analysis revealed in PXE mitochondria an up-regulation of stomatin-like protein 2 (STML2), dynamin-like 120-kDa protein (OPA1), and mitochondrial calcium uniporter (MCU). The first is a mitochondrial inner membrane protein involved in mitochondria biogenesis, calcium homeostasis, and mitochondrial membrane organization (Lapatsina et al., 2012). Interestingly, it is involved in the mild stress-induced mitochondria hyperfusion as a pro-survival response, acting in synergy with OPA1, a protein that is required for mitochondrial fusion and which was highly expressed in PXE mitochondria. Cell energy metabolism, ROS production, and calcium homeostasis, besides STML2, are further modulated by the overexpression of MCU, a calcium uniporter protein acting as a primary mediator of Ca2+ influx into the mitochondria (Takeuchi et al., 2015) through a process dependent on the membrane potential of the inner mitochondrial membrane (Shah and Ullah, 2020). It is to be noted that MCU allows rapid and massive Ca2+ entry at high cytosolic Ca2+ concentrations (>10 μM). By contrast, the similarly up-regulated mitochondrial proton/calcium exchanger protein (LETM1), a Ca2+/H+ antiporter, operates at low cytosolic Ca2+ concentrations (<100 nM) and is regulated by the pH gradient generated by the mitochondrial electron transport chain (ETC) (Li Y. et al., 2019). Interestingly, LETM1 seems to be also involved in regulating mitochondria morphology, contributing to its tubular shape and cristae organization (Austin and Nowikovsky, 2019).

Since proteins do not act alone but interact with other polypeptides and macromolecules to modulate specific processes, oxygen consumption, mitochondrial membrane potential (Δψm), ROS and Ca2+ levels as well as mitochondrial morphology were investigated to evaluate if the changes detected by proteome analysis had consequences on some biologically relevant processes.



Mitochondrial Respiratory Capacity in PXE Is Lower Than in Control

A mitochondrial (mito) stress test was performed using the Seahorse analyzer to assay, in a non-invasive and in a real-time manner, oxygen consumption and ATP-linked OCR through the OXPHOS. OCR measurement allows estimating the changes of different parameters related to mitochondrial respiratory function after the sequential injection of specific drugs (see section “Materials and Methods”) (Figure 3). PXE fibroblasts had basal respiratory values and ATP-linked OCR lower than those of control cells, whereas the OCR required for mitochondrial functions other than ATP synthesis (calculated from the difference between the OCR after oligomycin addition and the residual OCR) was similar in both cell lines. A significant decrease of the maximum respiration rate was observed in pathological cells in comparison to control fibroblasts, indicating a reduced substrate availability and/or functional capacity of the ETC. The spare respiratory capacity, an important measure of the ability to respond to stress or to increased workload (Brand and Nicholls, 2011; Hill et al., 2012), was significantly lower in PXE fibroblasts compared to control cells, indicating that PXE cells had a low ability to cope with a sudden increased need for ATP via oxidative phosphorylation. If the spare respiratory capacity of the cells is not enough to provide the required ATP, the affected cells may undergo premature senescence or cell death (Desler et al., 2012). Moreover, mitochondrial dysfunction causes the overproduction of ROS, mitochondrial DNA damage, aberrant mitochondrial dynamics, and disturbed calcium homeostasis.
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FIGURE 3. (A) Results from the Mito Stress Test comparing control (Ctr) and Pseudoxanthoma elasticum (PXE) fibroblasts. To evaluate mitochondrial function, cells were injected with oligomycin (oligo), carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone, and rotenone/antimycin A. (B) Quantification of the basal oxygen consumption rate (OCR), proton leak, maximal OCR, ATP-linked OCR, spare capacity in Ctr and PXE mitochondria (see section “Materials and Methods”). Values are expressed as mean ± SEM of three independent experiments conducted in quadruplicate on each cell line. *p < 0.05; **p < 0.01; ***p-value < 0.001 PXE vs Ctr.


In addition, a decrease in both basal OCR and spare capacity without a significant increase of proton leak in PXE mitochondria is associated with reduced mitochondrial function (Armstrong et al., 2018).



PXE Mitochondria Are Hyperpolarized and Exhibit Increased ROS

The ability of cells to keep stable levels of intracellular ATP and Δψm is fundamental for normal cell functioning (Zorova et al., 2018); therefore, differences of these parameters, due to physiological activity, metabolic requirements, or environmental changes, may have consequences on cell viability and/or on disease occurrence.

The cyanine dye JC-1 was used to evaluate, by ratiometric imaging approaches, the Δψm in control and pathologic fibroblasts (Figures 4A,B). The red/green fluorescence ratio obtained from control (n = 90) and PXE (n = 90) fibroblasts in monolayer indicated significantly higher Δψm values in pathologic compared to control cells (Figure 4C). Furthermore, JC-1, on the basis of red fluorescence intensity, can be used also as a quantitative measure (Cossarizza and Salvioli, 1998). Therefore, a segmentation strategy was applied and integrated in the ScanR software to analyze the red signal of approximately 41,000 mitochondria/condition. Data confirm that the red fluorescence from JC-1 aggregates was higher in PXE than in control cells (Ctr = 1,271 ± 2.61 and PXE = 1,310 ± 2.72; ***p < 0.001), clearly indicating high Δψm. CCCP, an uncoupling ionophore used as a positive control, led to massive mitochondrial depolarization in both cell lines (Supplementary Figure 1).
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FIGURE 4. Representative images of mitochondrial membrane potential evaluated in mitochondria from control (Ctr) (A) and Pseudoxanthoma elasticum (PXE) (B) fibroblasts stained with JC-1 and observed by confocal microscopy in a live-imaging mode. The mitochondria in PXE cells were predominantly in red form, indicating a higher membrane potential than those present in control fibroblasts. Bar = 10 μm. (C) Histogram showing the ratio of red to green fluorescence intensity measured on control and PXE fibroblasts. (D) Mitochondrial O2⋅– levels detected in Ctr and in PXE fibroblasts by MitoSOX-based flow cytometry. Data are expressed as mean ± SEM of three independent experiments conducted in triplicate on each cell line. *p < 0.05; **p < 0.01PXE vs Ctr.


The increase of Δψm is linked to the extrusion of H+ ions from the mitochondrial matrix, and consequently, the cytochromes within ETC, becoming more reduced, favor ROS generation.

Mitochondria were tested for the production of O2⋅–. The MitoSOX probe was used since it is able to rapidly accumulate into the mitochondria due to its positive charge and yields a fluorescent signal being rapidly oxidized by O2⋅–, but not by other ROS or reactive nitrogen species. As expected, in basal culture conditions, the intra-mitochondrial levels of O2⋅– were very low; however, in PXE, there was a small, but significant, increase of fluorescence compared to control fibroblasts (Figure 4D). These data underline the role of mitochondria in contributing to the sub-chronic oxidative stress condition observed in PXE both in vitro and in vivo (Pasquali-Ronchetti et al., 2006; Garcia-Fernandez et al., 2008; Boraldi et al., 2014b).



Low Free Calcium in PXE Mitochondria

Besides the role of damaging and stressor agents, ROS can regulate both physiological and pathophysiological processes frequently overlapping calcium (Ca2+)-mediated signaling pathways controlling membrane potential and mitochondrial ATP production (Madreiter-Sokolowski et al., 2020). Free mitochondrial calcium was evaluated by loading control and PXE fibroblasts (Figures 5A,B) with Rhod-2 AM. The PXE mitochondria were characterized by lower amounts of free calcium compared to controls (Figure 5C). It has been demonstrated that mitochondrial calcium regulates pyruvate dehydrogenase (Denton et al., 1972), tricarboxylic acid cycle enzymes, complex III and IV, and ATP synthase (Tarasov et al., 2012), consistent with the decreased OCR observed in PXE mitochondria.
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FIGURE 5. Representative images of mitochondrial free calcium in control (Ctr) (A) and in Pseudoxanthoma elasticum (PXE) fibroblasts (B). Cells were loaded with Rhod-2 AM to determine mitochondrial calcium levels and observed by confocal microscopy in a live-imaging mode. Bar = 10 μm. (C) Quantification of mitochondrial free calcium levels expressed as mean fluorescence intensity in control and in PXE. Data are represented as mean ± SEM of three independent experiments conducted in triplicate on each cell line. ***p < 0.001 PXE vs Ctr.




Altered PXE Mitochondrial Morphology

Mitochondria are dynamic organelles able to change their shape as well as the size and the number of cristae depending on the energy demand or on other physiological requirements. It is known that, in the mitochondria, form and function are strictly connected; therefore, we have analyzed the ultrastructure of mitochondria from cultured control and PXE fibroblasts (Figure 6).
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FIGURE 6. Representative electron microscopy images of mitochondria in control (A–C) and in Pseudoxanthoma elasticum fibroblasts (D–I). In pathologic cells, the mitochondria can be observed as exhibiting partial loss of cristae (D,E), concentric cristae compartments (“onion-like”) (F,G), warped cristae located on one side of the mitochondria (H), and multiple overlaid layers of outer and inner membranes generating two separate compartments (I). Bar = 200 nm.


The control mitochondria were characterized by a typical elongated shape and by abundant cristae. The presence of intra-cristae spaces of different widths indicated that the mitochondria were in a different functional state, as expected in live cells (Figures 6A–C).

In PXE fibroblasts, most of the mitochondria had an elongated morphology, but with few cristae (Figures 6D,E). The presence of round, transversally sectioned mitochondria (Figure 6E) suggests that these organelles have a different 3D organization compared to those in control cells. Moreover, a number of mitochondria exhibit membranes organized in multiple layers, forming separate compartments or concentric “onion-shaped” structures (Figures 6F–I). Altered mitochondrial morphology is known to have consequences on an organelle’s function (i.e., oxidative phosphorylation, Krebs cycle, fatty acid beta-oxidation, heme synthesis, ROS production, ion storage).

It has been demonstrated that, besides the internal structural organization, mitochondria dynamics is also fundamental to cellular functionality, and alterations can be associated with diseases (Duchen, 2004; Chan, 2006; Galloway and Yoon, 2013; Gao et al., 2017) and/or with stress conditions (Blackstone and Chang, 2011; Shutt and McBride, 2013).

Therefore, to further investigate mitochondria morphology and topology, fibroblasts were stained with MitoView Green dye (Figure 7). The pathologic cells exhibited a more extended and interconnected mitochondrial network compared to the control cells (Figures 7A,B). Quantitative morphological analyses revealed that, in PXE fibroblasts, aspect ratio did not exhibit significant changes (p > 0.05) (Figure 7C), but there was a marked increase in mitochondrial branching (p < 0.01) with higher values of branch length (p < 0.05) and branch junction (p < 0.01) (Figure 7C). CCCP treatment, used as the experimental control of the staining procedure, determined, as expected, a shortening of mitochondria and reduction of mitochondrial branching in both cell lines due to the shift toward fission events as a result of uncoupled oxidative phosphorylation (Friedman and Nunnari, 2014; Supplementary Figure 2).
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FIGURE 7. Representative confocal images of mitochondrial topology in control (Ctr) (A) and in Pseudoxanthoma elasticum (PXE) (B). MitoView Green and Hoechst 33342 were added into the culture medium to stain the mitochondria and the nuclei, respectively. Live-cell images were recorded by confocal microscopy. PXE cells show a more intricate mitochondrial network than control cells. Bar = 10 μm. (C) Quantitative analysis and comparison of mitochondrial network connectivity were performed on Ctr and PXE fibroblasts. Data are represented as mean ± SEM of three independent experiments conducted in triplicate on each cell line. *p < 0.05; **p < 0.01 PXE vs Ctr.


During cell cycle and cellular lifespan, the mitochondria undergo continuous fission and fusion events leading to different mitochondrial morphologies from small organelles to large and complex networks, respectively (Liu et al., 2020). Mitochondrial fission is essential for growing and dividing cells and serves to eliminate damaged organelles through mitophagy (Twig and Shirihai, 2011), whereas mitochondrial fusion allows the exchange of DNA, proteins, and metabolites; moreover, in aged cells, it can represent an adaptation to impaired mitochondrial biogenesis (Mai et al., 2010), enabling the cells to increase in bioenergetic efficiency to maintain ATP production and to preserve cell viability (Rambold et al., 2011).

The present results indicate an unbalance between mitochondrial fission and fusion in pathologic cells which appear more prone to fusion events, possibly as a consequence of cellular stress response (Tondera et al., 2009; Rambold et al., 2011) due to high intracellular ROS levels and an altered mitochondrial respiratory rate (Yoon et al., 2006). Mitochondrial fusion has been associated with increased glutathione disulfide (GSSG) levels (Rebrin et al., 2003; Gutscher et al., 2008), and it has been demonstrated that, in turn, GSSG and ROS further induce mitochondrial fusion (Koopman et al., 2005; Shutt et al., 2012). Consistently, PXE is characterized by mild chronic oxidative stress due to high ROS content, enhanced protein oxidation and carbamylation, and lipid peroxidation with a shift of the ratio GSSG/GSH toward the oxidized form (Pasquali-Ronchetti et al., 2006; Garcia-Fernandez et al., 2008; Li Q. et al., 2008).



CONCLUSION

Although this study was performed on a limited number of cases, the use of integrated technical approaches (i.e., proteomic, biochemical, and morphological analyses) revealed that PXE fibroblasts grown in standard medium were characterized by a peculiar protein signature consistent with altered mitochondrial structure and bioenergenetics. In particular, the PXE mitochondria formed large and branched networks, being more prone to fusion events compared to controls. Fusion is closely linked to mitochondrial Δψm that, in turn, can regulate calcium transport and accumulation. Consistently, the presence of elongated mitochondria and increased Δψm were associated with the decreased mitochondrial free calcium observed in PXE compared to controls. Moreover, PXE was characterized by mild oxidative stress, which can modify mitochondrial membrane fluidity and structure and consequently ETC efficiency (i.e., decreased OCR).

It could be argued if changes in PXE fibroblasts and PXE mitochondria are the consequence or the cause of the calcified environment. It cannot be excluded that mineralized tissues exert epigenetic regulatory mechanisms; nevertheless, it has to be pointed out that, in the PXE mouse model, some fibroblast phenotypic alterations are present already before the onset of calcification (Boraldi et al., 2014b) and that in vitro-cultured fibroblasts, also from clinically unaffected skin of PXE patients, exhibit a number of features different from healthy control cells (Quaglino et al., 2000).

In PXE, dermal fibroblasts are characterized by changes in cytoskeletal organization (Baccarani Contri et al., 1993) and in cell–matrix interactions (Quaglino et al., 2000). These differences can influence the mitochondria, and it is well known that the mitochondria can modify their functions, depending also on the local qualitative and quantitative characteristics of the extracellular matrix (i.e., glycosaminoglycans, elastin-associated components, proteolytically degraded peptides) (Tiozzo Costa et al., 1988; Gheduzzi et al., 2005) through an interconnected sensory system involving cell–matrix interactions and cytoskeletal components (de Cavanagh et al., 2009). The mitochondria, in fact, show a great heterogeneity depending on the tissue, on the energy requirements, and on the mechanical forces that can be transduced from the environment to the cells up to the mitochondria (Johnson et al., 2007; Feng and Kornmann, 2018).

Maladaptation of mitochondrial response to environmental changes may contribute to pathologic conditions and to the development of a pro-osteogenic context (i.e., activation of bone-related signaling pathways, altered balance between pro- and anti-osteogenic factors, sub-chronic inflammatory stimuli increasing elastin damages/degradation) (de Cavanagh et al., 2009; Lee et al., 2020) or may contribute to the increased susceptibility of fibroblasts to pro-osteogenic signals (Boraldi et al., 2014a), favoring ectopic calcification.

Interestingly, mitochondria are key players in the development of the aging process, and fibroblasts cultured from aged individuals or aged in vitro are more prone to calcify (Boraldi et al., 2015). Since PXE can be also regarded as a premature aging syndrome (Garcia-Fernandez et al., 2008; Tiemann et al., 2020), it can be hypothesized that mitochondria represent a common link contributing to the development of ectopic calcification in aging and in diseases.

Within this context, it has to be underlined that PXE as well as aged cells are characterized by mitochondria-generated oxidative stress and protein carbamylation (Boraldi et al., 2009; Carracedo et al., 2018) and that these two conditions have been demonstrated to inhibit the expression of ectonucleotide pyrophosphate/phosphodiesterase 1, a potent calcification inhibitor, thus favoring the mineralization of soft connective tissues (Mori et al., 2018).

Even though several reports have demonstrated that antioxidants can ameliorate ectopic calcification (Chao et al., 2019), actually, a number of attempts aiming to limit the calcification process in PXE failed to be effective (Li Q. et al., 2008), suggesting that results may depend on the specific context. Since Δψm is controlled by proton pumps and by Δψm discharge, which regulate the balance between ATP synthesis and hydrolysis, it could be suggested that optimal Δψm values could be re-established by “mild uncouplers.” This approach could lower Δψm and reduce ROS accumulation, maintaining adequate amounts of ATP (Zorova et al., 2018) and ameliorating cell metabolism, with a positive effect on t number of signaling pathways associated to pathologic calcification.
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CD11b Signaling Prevents Chondrocyte Mineralization and Attenuates the Severity of Osteoarthritis
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Osteoarthritis (OA) is a progressive joint disease that is strongly associated with calcium-containing crystal formation (mineralization) by chondrocytes leading ultimately to cartilage calcification. However, this calcification process is poorly understood and treatments targeting the underlying disease mechanisms are lacking. The CD11b/CD18 integrin (Mac-1 or αMβ2), a member of the beta 2 integrin family of adhesion receptors, is critically involved in the development of several inflammatory diseases, including rheumatoid arthritis and systemic lupus erythematosus. We found that in a collagen-induced arthritis, CD11b-deficient mice exhibited increased cartilage degradation compared to WT control animals. However, the functional significance of CD11b integrin signaling in the pathophysiology of chondrocytes remains unknown. CD11b expression was found in the extracellular matrix and in chondrocytes in both healthy and damaged human and murine articular cartilage. Primary murine CD11b KO chondrocytes showed increased mineralization when induced in vitro by secondary calciprotein particles (CPP) and quantified by Alizarin Red staining. This increased propensity to mineralize was associated with an increased alkaline phosphatase (Alp) expression (measured by qRT-PCR and activity assay) and an enhanced secretion of the pro-mineralizing IL-6 cytokine compared to control wild-type cells (measured by ELISA). Accordingly, addition of an anti-IL-6 receptor antibody to CD11b KO chondrocytes reduced significantly the calcification and identified IL-6 as a pro-mineralizing factor in these cells. In the same conditions, the ratio of qRT-PCR expression of collagen X over collagen II, and that of Runx2 over Sox9 (both ratio being indexes of chondrocyte hypertrophy) were increased in CD11b-deficient cells. Conversely, the CD11b activator LA1 reduced chondrocyte mineralization, Alp expression, IL-6 production and collagen X expression. In the meniscectomy (MNX) model of murine knee osteoarthritis, deficiency of CD11b led to more severe OA (OARSI scoring of medial cartilage damage in CD11b: 5.6 ± 1.8, in WT: 1.2 ± 0.5, p < 0.05, inflammation in CD11b: 2.8 ± 0.2, in WT: 1.4 ± 0.5). In conclusion, these data demonstrate that CD11b signaling prevents chondrocyte hypertrophy and chondrocyte mineralization in vitro and has a protective role in models of OA in vivo.
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INTRODUCTION

Osteoarthritis (OA) is a long-term chronic degenerative and disabling joint disease (Sen and Hurley, 2020) for which no effective curative disease modifying treatment is available. A wide range of current treatments only lessen the symptom but not the underlying condition. Understanding the pathological mechanisms and the signaling pathways controlling OA development and progression could provide novel targets that would improve the treatment of this disorder (Huang et al., 2018; Kim et al., 2018).

OA is characterized by progressive loss of articular cartilage, osteophyte formation, synovial inflammation and calcification in joint structures such as cartilage (Ea et al., 2011; Loeser et al., 2012; Frallonardo et al., 2018; Yan et al., 2020). Calcium-containing crystals, which encompass basic calcium phosphate (BCP) and calcium pyrophosphate dihydrate crystals (CPPD), have been demonstrated to be of etiologic importance in OA. Indeed they were shown to actively trigger inflammatory, catabolic and oxidant responses in joint cells such as synovial fibroblasts, macrophages, osteoclasts and chondrocytes (Fuerst et al., 2009; Nasi et al., 2016b; Bertrand et al., 2020; Yan et al., 2020). However, the receptors and signaling pathways modulating ectopic calcification in OA joints only start to be elucidated (Castelblanco et al., 2020).

Cell-surface receptors, such as integrins, mediate interaction between chondrocytes and the extracellular matrix (ECM) components, orchestrating its physiological turn-over. Integrins are composed of different combinations of α- and β-subunits, most of which have been found expressed in chondrocytes. In joint physiology, integrins have been demonstrated to play key roles in chondrogenic differentiation (Varas et al., 2007; LaPointe et al., 2013; Song and Park, 2014) and chondrocyte survival (Loeser, 2014). In joint pathology, lack of integrin signaling has shown to mediate the catabolic reactions responsible for cartilage matrix degradation, ultimately leading to OA (Lapadula et al., 1997; Forsyth et al., 2002; Almonte-Becerril et al., 2014; Loeser, 2014; Tian et al., 2015). For instance, mice deficient in β1 integrins exhibit disorganized articular cartilage, reduced mobility and increased OA changes (Raducanu et al., 2009). On the other hand, cartilage ECM components such as fibronectin and collagens, are known ligands of integrins. In fact, Forsyth et al. have reported that α5β1 integrin mediates matrix degradation induced by fibronectin fragments in cultured chondrocytes (Forsyth et al., 2002).

CD11b/CD18 (Mac-1 or αMβ2) is a member of the beta 2 integrin family of adhesion receptors (Rosetti and Mayadas, 2016; Schittenhelm et al., 2017). CD11b serves as a signaling regulator and its deficiency has been implicated in the development of inflammatory diseases, such as systemic lupus erythematosus (SLE), lupus nephritis and rheumatoid arthritis (Ehirchiou et al., 2007; Reed et al., 2013; Stevanin et al., 2017; Khan et al., 2018). In SLE, genetic variants in the human ITGAM gene, which encodes for CD11b, have been strongly associated with susceptibility to the disease (Nath et al., 2008). Furthermore, Dahdal et al. (2018) have reported a positive correlation between disease activity and serum calcification-propensity, as measured by a novel functional blood test (T50) that is able to measure the time for spontaneous formation of crystalline calcium phosphate deposits. It has also been revealed that CD11b is involved in MyD88/TRIF pathway in SLE, by decreasing IFN-α,β and NF-κB transcribed cytokines, namely interleukin-6 (IL-6) (Faridi et al., 2017), which can promote calcium-containing crystal formation (Nasi et al., 2016b). An additional evidence of the effect of CD11b on reducing the pro-mineralizing IL-6, is in a mouse model of collagen-induced arthritis, where our laboratory reported that CD11b KO mice exhibited higher IL-6 serum levels as compared with those of WT control animals (Stevanin et al., 2017).

However, the role of CD11b integrin in calcification has not yet been examined. Based on these observations, we hypothesized that CD11b integrin signaling might be involved in the process of cartilage calcification. Here, we found that both murine and human chondrocytes expressed CD11b integrin. Furthermore, our results indicate that CD11b deficiency in chondrocytes disrupted articular cartilage homeostasis by enhancing chondrocytes calcification, via increased IL-6 production and a switch toward hypertrophic cell differentiation, overall leading to cartilage degradation. Finally, our results identified a newly CD11b-dependent pathway that may be a target in the future development of a successful therapeutic approach in OA.



MATERIALS AND METHODS


Primary Murine Chondrocytes Preparation and Cultures

Articular chondrocytes were isolated from C57BL/6J and CD11b KO mice as described previously (Nasi et al., 2016a). Cells were cultured at a density of 3.5 × 104 cells/cm2 for 7 days in complete DMEM (10% fetal bovine serum (FBS), 1% Penicillin Streptomycin). Medium was changed every 2–3 days. Cells were detached with trypsin-EDTA (Amimed) and counted for stimulation experiments, all performed in complete DMEM medium, with LA1 20uM (ChemBridge) dissolved in dimethyl sulfoxide (DMSO) or equivalent quantity of the vehicle as control, added 30 min before the mineralization experiment. Chondrocytes were stimulated with secondary calciprotein particles (CPP) for 4, 6, or 24 h, or in BGjb medium (10% FBS, 1% Penicillin Streptomycin) with 50 μg/mL ascorbic acid and 20 mM β-glycerol phosphate for 14 days. Cell monolayers were stained with Mmp13 rabbit polyclonal antibody (Abcam 39012) and quantified by ImageJ as percentage of positively stained cells over total cells in each field. Chondrocytes were stimulated with 10 μg/ml rat anti-mouse IL-6R (15A7, Bio X Cell) monoclonal antibody or irrelevant IgG2b antibody control.



Calciprotein Particles Preparation

CPP were generated by preparing 20 ml DMEM containing 10% FBS, 1 mmol/L CaCl2, 3.5 mmol/L inorganic phosphate (1.36 mmol/L NaH2PO4 and 2.14 mmol/L Na2HPO4) (Aghagolzadeh et al., 2016). After 7 days incubation at 37°C, the suspension was centrifuged for 3 h at 4500 rpm and 4°C, and the pellet containing CPP was resuspended in 1 ml DMEM and stored at −20°C.



LDH Measurement

Measurement of lactate dehydrogenase (LDH) as a means of cytotoxicity assay was performed with using CytoTox-ONE Homogeneous Membrane Integrity Assay (Promega) according to the manufacturer’s instructions. Values were calculated as percentage of cytotoxicity using the following formula: LDH release (%) = [(value in sample) — (background)]/[(value in Triton X-100-treated sample) — (background)] x100.



Crystal Detection From Chondrocyte Cultures

Chondrocytes were treated with CPP (50 μg/ml calcium) for 24 h or calcifying medium for 24 h, then washed in PBS and fixed in 10% formaldehyde. Crystals were quantified with Alizarin Red staining with Adobe® Photoshop® after image binarization and related pixel counts. Calcium content was quantified by the QuantiChromTM Calcium Kit (BioAssay Systems) by reading absorbance at 612 nm using the Spectramax M5e reader (Molecular Devices).



ELISA Measurements

Supernatants were collected from stimulation experiments, and assayed using murine or human IL-6 and murine MCP-1 ELISA kits (eBioscience) following the manufacturer’s protocol. Results were read at 450 nm by Spectramax M5e (Molecular devices). Synovial fluid was obtained from 24 OA patients at time of joint replacement (average age 69 years old ± 10), and CD11b evaluated in these biological samples by human CD11b ELISA (LSBio, LifeSpan BioSciences, Inc.).



Real Time Quantitative PCR Analysis

Cells were treated with TRIzol (500 μl for 1 million cells) and RNA was extracted (RNA Clean and Concentrator 5-Zymoresearch) and reverse transcribed (Superscript II- InvitrogenTM). Quantitative Real Time PCR (qRT-PCR) was performed with gene specific primers (Table 1) using the LightCycler® 480 system (Roche Applied Science). Normalization was performed against Gapdh reference gene, and fold increase of transcripts was calculated against control cells.


TABLE 1. Gene primers (forward and reverse) sequences for RT-qPCR analysis (m, murine; h, human).
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Alkaline Phosphatase Activity Assay

Cells were lysed in 0.01% sodium dodecyl sulfate (SDS) and alkaline phosphatase (Alp) activity was measured by use of p-Nitrophenyl Phosphate assay (Alkaline Phosphatase Assay Kit, Abcam, ab83369). Lysate was read at 405 nm by spectrophotometric measurement (Spectramax M5e plate reader).



Fluorescence-Activated Cell Staining

Flow cytometry was used to assess CD11b expression on chondrocytes. Cells were harvested from confluent cultures by treatment with a non-enzymatic cell dissociation buffer (5 mM EDTA, 20 mM HEPES in PBS). Cells were re-suspended in fluorescence-activated cell sorting (FACS) buffer (3% fetal calf serum, 5 mM EDTA in PBS) and incubated with PE anti-CD11b (M1/70, eBioscience), FITC anti-CD45 (30-F11, eBioscience) and FITC anti-F4/80 (BM8, eBioscience) for 30 min at 4°C in the dark. For intracellular staining, cells were permeabilized with Cytofix/Cytoperm solution (BD Biosciences) for 20 min and then incubated with biotin anti-Collagen II (2B1.5, Abcam) followed by a streptavidin APC conjugate antibody. Flow cytometric analyses were performed on LSRII cytometer using FACS Diva6 (Becton Dickinson) and FlowJoX software for data processing. The Imaging flow cytometry was carried out with the ImageStream®X Mark II Imaging Flow Cytometer (Merck Millipore, Billerica, MA, United States) using INSPIRE software. For data evaluation, IDEAS software version 6.0 was used.

Proliferation rate of WT and CD11b KO chondrocyte were analyzed by FACS after 3 days of culture by using Cell Proliferation Dye eFluorTM 670 (Invitrogen).



Mice and Induction of Experimental Osteoarthritis

CD11b KO mice (C57BL/6J background) were provided by Prof. Britta Engelhardt (Theodor Kocher Institute, University of Bern). C57BL/6J purchased from Charles River were used as control mice. All animals were kept in a temperature-controlled environment in a ventilated rack with a 12:12-h light:dark cycle. Food and water were given ad libitum.

Control wild-type (WT) and CD11b KO female mice were anesthetized at 12 weeks of age and knee joint instability was induced surgically by partial medial meniscectomy (MNX) of the right knee, and the contralateral knee was sham-operated as control (Kamekura et al., 2005). Animals were sacrificed 2 months after surgery. For the aging model, control WT and CD11b KO mice were sacrificed at 37 weeks of age. For all experimental settings, knees dissected and fixed in 10% formaldehyde.



MicroCT-Scan

Scanning of mice knees was performed with a SkyScan 1076 X-ray μCT scanning system (SkyScan, Belgium), as previously described (Nasi et al., 2016b). New crystal formations were quantified by tissue volume (mm3), its bone mineral density (BMD, g/cm3) and its crystal content (μg). Tibial subchondral bone was analyzed as means of bone mineral density (BMD, g/cm3) and trabecular thickness (Tb.Th, mm).



Mouse Knee Histology and Immunohistochemistry

Fixed knees were decalcified in 5% formic acid, dehydrated, and embedded in paraffin. Frontal sections of 6 μm at different deepness of cartilage were stained with Safranin-O-fast green. OARSI scoring of medial tibial plateau and medial femoral condyle was performed (score from 0 to 6 for each, in which 0 represents a healthy cartilage; 0.5 is some loss of safranin-O staining, meaning loss of proteoglycans; 1 some fibrillations in the superficial layer and no loss of cartilage; 2 erosion of the surface; 3 to 5 represent various percentages of the deepness of the cartilage affected by vertical clefts and erosion) (Glasson et al., 2010). Furthermore, inflammation of the synovial membrane was scored (each deepness of the sections was scored on a 0 to 3 scale of inflammation, then the average was calculated for one sample). Paraffin-embedded knee sections were stained with CD11b antibody (133357, Abcam). MMP13 was detected with anti-MMP13 (Ab39012 from Abcam), and quantified by calculating positive cells by use of Image J (U. S. National Institutes of Health, Bethesda, MD, United States).



Human Cartilage Explants Preparation and Chondrocytes Isolation

Cartilage explants were obtained from 13 human OA patients undergoing total knee replacement surgery from Lausanne University Hospital, Switzerland (average age 71 years old ± 11). Sections of macroscopically undamaged and damaged cartilage were dissected from the femoral condyles and processed for histological analysis from 3 patients. The rest of undamaged and damaged cartilage was cut in small pieces, washed twice with PBS and twice with DMEM. Cartilage was degraded for 10 h in 10% Liberase (Roche) DMEM, and digested tissue passed through a 70 μm filter (BD biosciences) to obtain articular chondrocytes. Cells were plated and cultured as described above.



Statistical Analysis

All values are expressed as the mean ± SD. Variation between data sets was evaluated using the Student’s t-test or one-way or two-way ANOVA test, where appropriate. Differences were considered statistically significant for a value of p < 0.05 (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ****p < 0.0001). Data was analyzed with GraphPad Prism software (GraphPad software), San Diego, CA.



Ethics Statement

Experiments on mice were performed in strict accordance to the Swiss Federal Regulations. The protocol was approved by the “Service de la consommation et des affaires vétérinaires du Canton de Vaud,” Switzerland. All efforts were made to minimize suffering and minimize the number of mice needed to assess statistical significance and experimental reproducibility. Human samples were obtained with the approval of the Centre Hospitalier Universitaire Vaudois ethical committee and patients’ written informed consent.



RESULTS


CD11b Integrin Is Expressed in Murine and Human Articular Cartilage

To determine the distribution of CD11b expression in the mouse cartilage, CD11b immunostaining was performed on knee sections from WT and CD11b KO mice. As seen in Figure 1A (left panels), positive signal was primarily detected in chondrocytes in the superficial layer of cartilage both in healthy and meniscectomized WT knee joints (MNX). Verifying specificity of the antibody, no CD11b staining was detected in articular chondrocytes of CD11b KO mice (Figure 1A, top right panel).
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FIGURE 1. CD11b integrin is expressed in murine and human articular cartilage. (A) CD11b immunohistochemical staining (brown) in knee cartilage from healthy WT and CD11b KO mice, and meniscectomized (MNX) WT mice. For each group, one representative picture from one out of 3 mice is shown. Scale bars 50 μm. (B) FACS analysis and quantification of CD11b positive and Col2 positive primary murine chondrocytes, and (C) Amnis FACS analysis of CD11b positive (green) and Col2 positive (purple) staining; ****p < 0.0001. (D) CD11b immunohistochemical staining (brown) in undamaged and damaged femoral knee cartilage from OA patients undergoing joint replacement (black arrows indicate intracellular CD11b expression, red arrows indicate extracellular CD11b expression). For each group, one representative picture from one (P13) out of 3 patients is shown. Scale bars 100 and 50 μm. (E,F) Flow cytometry analysis of CD11b and Col2 expression on primary human chondrocytes obtained from cartilage of 5 osteoarthritis patients.


This data was confirmed by flow cytometry analysis. Indeed, 3–4% of WT primary chondrocytes extracted from articular cartilage expressed the CD11b integrin subunit (Figure 1B and Supplementary Figure 1D). Combining high-resolution microscopy and FACS (Amnis analysis), we found that CD11b positive cells also expressed collagen II, a specific marker of chondrocytes (Figure 1C). In addition, the chondrocytes showed no expression of F4/80, a macrophage marker (Supplementary Figure 1D) and were negative for CD45 (Supplementary Figure 1E), an antigen used to define leukocyte populations. Furthermore, CD11b expression in murine chondrocytes was demonstrated by q-PCR (Supplementary Figure 1A).

We next analyzed if CD11b was expressed in human cartilage by CD11b immunostaining analysis. Cartilage was obtained from the knee joint of three OA patients and separated into macroscopically healthy and damaged cartilages. The results in Figure 1D and Supplementary Figure 1C showed that CD11b was present in chondrocytes in the superficial layer of human articular cartilage (black arrows). Interestingly, a diffuse expression pattern of CD11b at the extracellular matrix was also observed in the damaged cartilage (red arrows). In Figures 1E,F, CD11b expression in human chondrocytes was confirmed by flow cytometry analysis, with an expression level varying from 2 to 6% of the cells. Further proof of CD11b expression by human chondrocytes was obtained by qPCR (Supplementary Figure 1B), showing both CD11b and CD18 expression, with a predominant expression of CD18. We hypothesized that extracellular matrix deposited CD11b could result from shedding of the integrin (Gomez et al., 2012). Indeed, we detected by ELISA measurement soluble CD11b in human OA synovial fluid (24 patients, average 4.5 ng/ml ± 0.4).



CD11b Deficiency Increases Mineralization by Murine Joint Chondrocytes

We then evaluated the effect of CD11b deficiency on chondrocyte mineralization. Primary murine chondrocytes were allowed to mineralize in the presence of calciprotein particles (CPP) and mineralization was assessed after 24 h by Alizarin Red. As shown in Figure 2A, CD11b KO chondrocyte culture exhibited massive calcium containing crystal deposits compared to WT control (in red). Quantification of Alizarin Red staining showed a 3-fold significant increase of crystals in CD11b KO cells (Figure 2B). The increased calcifying ability of CD11b KO chondrocytes was not restricted to the model used, as we obtained similar results with another model of calcification (complete medium with 50 μg/mL ascorbic acid and 20 mM β-glycerol phosphate for 14 days), i.e., CD11b KO chondrocytes mineralized more compared to WT control (Supplementary Figure 2A). This effect was not due to cytotoxicity, as measured by lactate dehydrogenase (LDH) activity (Supplementary Figure 2B).
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FIGURE 2. CD11b deficiency increases mineralization by murine articular chondrocytes. (A) Alizarin Red staining of WT and CD11b KO primary murine chondrocytes stimulated with secondary CPP for 24 h in DMEM + 10% FBS. Pictures show one representative culture well of one experiment out of three independent experiments. Scale bars 1000 μm. (B) The graph shows the percentage of Alizarin Red positive surface over total surface, calculated in Adobe® Photoshop® and normalized on WT chondrocytes. Values represent means ± SD of triplicates samples from one representative experiment out of three independent experiment; **p < 0.01. (C) qRT-PCR of the indicated genes in primary murine chondrocytes stimulated or not with secondary CPP for 4 h. Values represent fold increase of CD11b KO chondrocytes over their WT control cells (dotted line), shown in means ± SD of triplicates samples; **p < 0.01, ****p < 0.0001. (D) Quantification of Alkaline phosphatase activity in WT and CD11b KO primary murine chondrocytes treated or not with secondary CPP for 6 h. Values represent fold increase of Alp activity in CD11b KO over WT NT cells (dotted line) as means ± SD of triplicates samples; *p < 0.05, **p < 0.01. (E) IL-6 and MCP-1 concentration in cell supernatants of WT and CD11b KO primary murine chondrocytes of point (A). Values represent means ± SD of triplicates samples; **p < 0.01, ***p < 0.001. (F) Alizarin Red staining of WT and CD11b KO murine chondrocytes stimulated with secondary CPP for 24 h in DMEM + 10% FBS and treated or not with an anti-IL-6 receptor (aIL-6R, 10 μg/ml) or its IgG control (Ctrl, 10 μg/ml). Scale bars 1000 μm. (G) The graph shows the percentage of Alizarin Red positive surface over the total surface, calculated in Adobe® Photoshop® and normalized on control WT chondrocytes. Values represent means ± SD of triplicates samples; *p < 0.05, **p < 0.01.


To characterize how CD11b might interfere with calcification in chondrocyte cultures, we assessed changes in the expression of genes involved in the calcification process (Ea et al., 2011) (Ank, Anx5, Pit1, Pit2, Pc1 and Alp) by qRT-PCR. Results in Figure 2C show that Ank, Pit1 and Alp expression were significantly increased in CD11b KO chondrocytes both in unstimulated or calcifying conditions (CPP). Regarding Pit2 and Pc1, no significant differences were observed. We provided further confirmation of the calcifying phenotype of CD11b KO cells by measuring the activity of alkaline phosphatase (Alp) in the cell lysate in non-treated and CPP treated chondrocytes. The Alp specific activity was higher in CD11b KO cells compared to that of WT control (Figure 2D). Altogether, these results demonstrate that CD11b deficiency in chondrocytes enhanced the expression of calcification genes.



CD11b Deficiency Increases Secretion of the Pro-mineralizing IL-6 Cytokine by Murine Chondrocytes

We previously demonstrated that IL-6 had pro-mineralizing effects in chondrocytes and, reciprocally, BCP crystals increased IL-6, thus leading to a vicious circle (Nasi et al., 2016b). Hence, we speculated that increased IL-6 secretion by CD11b-deficient chondrocytes could favor mineralization. Indeed, we detected by ELISA increased IL-6 levels in the medium from CD11b KO chondrocytes stimulated with CPP (Figure 2E). Additionally, CPP stimulation significantly increased MCP-1 secretion in CD11b deficient chondrocytes compared to WT control. Next, to understand if IL-6 secretion by CD11b KO chondrocytes was the main calcification inducer in these cells, we added anti IL-6 receptor antibody and CPP on WT and CD11b KO chondrocytes (Figure 2F). Indeed, by blocking IL-6 signaling in CD11b KO cells, the effect on calcification was abrogated and restored to WT levels, as confirmed by quantification in Figure 2G. Therefore, deficiency of CD11b in chondrocytes enhances the pro-inflammatory molecules IL-6 and MCP-1, sustaining the loop between inflammation and calcification.



CD11b in Chondrocytes Regulates Genes Involved in Hypertrophy and Extracellular Matrix Degradation

In order to investigate the mechanisms underlying the effects of CD11b integrin on extracellular matrix degradation in vitro, we analyzed the gene expression level of key catabolic factors in WT and CD11b KO chondrocytes after 4 h exposure to CPP and their non-treated controls. We focused our analysis on metalloproteases (Adamts4, Adamts5, Mmp3, Mmp13) and inhibitors of metalloproteases (Timp1, Timp3), whose expression plays a major role in chondrocyte extracellular matrix degradation during OA (Tseng et al., 2009; Troeberg and Nagase, 2012; Roughley and Mort, 2014). As shown in Figure 3A, CD11b KO chondrocytes, with or without stimulation with CPP, showed significantly higher levels of Adamts4 and Timp3 mRNA than in control WT chondrocytes. While Timp1, Adamts5, and Mmp13 mRNA had no significant changes, there was lower Mmp3 in CD11b KO chondrocytes.
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FIGURE 3. CD11b deficiency in chondrocytes alters the expression of matrix-degrading enzymes and is associated with a pro-hypertrophic expression profile. (A) qRT-PCR of the indicated genes in WT and CD11b KO primary murine chondrocytes at basal level (left graph) or in cell stimulated with CPP for 4 h (right graph). Values represent fold increase of CD11b KO chondrocytes over their WT control cells, shown in means ± SD of triplicates samples; *p < 0.05, **p < 0.01, ****p < 0.0001. (B) Mmp13 immunohistochemical staining (brown) in primary murine chondrocytes from WT and CD11b mice. For each group, one representative picture out of triplicates wells is shown. Scale bars 50 μm. The graph shows quantification of Mmp13 expression calculated as the percentage of positive cells in each field. Three fields were scored for each triplicate wells and means ± SD plotted; *p < 0.05. (C) qRT-PCR of the indicated genes in WT and CD11b KO primary murine chondrocytes at basal level (left graph) or in cells stimulated with CPP for 4 h (right graph). Values represent the ratio between late-stage hypertrophic differentiation markers over early-stage differentiation genes.


Following expression level analysis, we investigated the presence of Mmp13 by immunohistochemistry (Figure 3B, left). Mmp13 was significantly lowered in CD11b deficient chondrocytes, as confirmed by Image J quantification (Figure 3B, graph on the right).

We then analyzed, by qPCR, markers of articular cartilage hypertrophy including early differentiation Sox9 and Col2, and hypertrophy markers Runx2 and Col10 (Figure 3C). The ratio calculated on Col10 over Col2 and Runx2 over Sox9 revealed an increase in hypertrophic phenotype in CD11b KO chondrocytes, both at basal level and in CPP treated condition. Finally we ruled out that chondrocyte proliferation was affected by CD11b deficiency, as the proliferation response of isolated WT and CD11b KO chondrocytes by FACS using dye dilution assays for cell proliferation was similar (Supplementary Figure 2C).



Targeting CD11b With LA1 Agonist Results in Reduced Murine and Human Chondrocytes Calcification in vitro

It has been reported that treatment with CD11b agonist LA1 led to integrin activation and suppression of inflammation in macrophages (Faridi et al., 2017). Given the relationship between inflammation and chondrocyte calcification, we hypothesized that CD11b activation may play a protective role during the process of calcification. To assess the hypothesis, primary WT murine chondrocytes were allowed to calcify for 24 h with CPP in the presence or absence of LA1, and assessed by Alizarin Red staining. We found that LA1 treatment significantly reduced chondrocyte mineralization (Figure 4A), without any associated in vitro cytotoxicity as measured by LDH activity (Supplementary Figure 3A). Importantly, we also found that LA1 significantly inhibited IL-6 and MCP-1 secretion in a dose dependent manner confirming the anti-inflammatory role of LA1-mediated integrin activation in chondrocytes (Figure 4B).
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FIGURE 4. CD11b agonist reduces murine and human chondrocytes calcification in vitro. (A) Alizarin Red staining of WT primary murine chondrocytes stimulated with secondary CPP ± LA1 (20 μM) for 24 h in DMEM + 10% FBS. Pictures show one representative culture well of one experiment out of three independent experiments. The graph shows the percentage of Alizarin Red positive surface over the total surface, normalized on Vehicle treated cells. Values represent means ± SD of triplicates samples. (B) IL-6 and MCP-1 concentration in cell supernatants of WT primary chondrocytes stimulated with secondary CPP and LA1 at different concentration (0 μM - Vehicle-, 1 μM and 20 μM). Values represent means ± SD of triplicates samples; *p < 0.05, ***p < 0.001. (C) qRT-PCR of the indicated genes in murine chondrocytes stimulated with LA1 (20 μM) or its vehicle for 4 h. Values represent fold increase of LA1 treated chondrocytes over their Vehicle-treated cells, shown in means ± SD of triplicates samples; ****p < 0.0001. (D) qRT-PCR of the indicated genes in WT primary murine chondrocytes stimulated with secondary CPP ± LA1 (20 μM) for 4 h. Values represent fold increase in LA1 treated chondrocytes over Vehicle-treated cells, shown as means ± SD of triplicates samples; *p < 0.05, ***p < 0.001, ****p < 0.0001. (E) Quantification of Alkaline phosphatase activity in WT chondrocytes treated with secondary CPP ± LA1 for 6 h. Values represent fold increase of Alp activity in LA1 treated chondrocytes over Vehicle-treated cells treated, shown as means ± SD of triplicates samples; **p < 0.01. (F) Alizarin Red staining of human primary chondrocytes stimulated with secondary CPP and treated with LA1 or its Vehicle. Pictures show one representative culture well of one OA patient (P9) out of eight patients. The graph shows the corresponding Alizarin Red positive surface over the total surface, calculated in Adobe® Photoshop®, and then normalized. Lines connect the two conditions for each patient, values are calculated over CPP-Vehicle and represent means of triplicates samples; *p < 0.05. (G) IL-6 concentration in supernatants of human primary chondrocytes at point (F). Values represent means of triplicates samples; *p < 0.05.


To further demonstrate that CD11b activation on chondrocytes prevents cartilage calcification in vitro, we performed RT-qPCR analysis of the previously investigated genes related to calcification, differentiation and extracellular matrix turn-over. In Figure 4D, Anx5 was significantly increased in WT chondrocytes treated with LA1, compared to control, while Alp was decreased. This latter modulation is in line with the previous result in which CD11b KO cells had increased Alp. The genes Sox9, Col2, Runx2, Col10, Mmp3, Mmp13 and Timp1 were all decreased with LA1 stimulation. In LA1 treated chondrocytes without CPP, Adamts5 was significantly increased compared to control cells (Figure 4C). Furthermore, in Figure 4E, we investigated Alp activity in WT chondrocytes treated with LA1 or its control, and found that LA1 decreased Alp both with CPP and without.

To further evaluate the anti-calcifying effect of LA1 on human cells, we performed Alizarin Red staining on human primary chondrocytes extracted from damaged cartilage (8 OA patients). LA1 reduced mineralization in six out of eight primary chondrocyte cultures (Figure 4F). Moreover, in the same conditions LA1 significantly reduced IL-6 levels in the supernatant (Figure 4G). Finally, the anti-calcifying property of LA1 was not restricted to chondrocytes, as LA1 was also able to inhibit crystal deposition in human primary synoviocytes purified from OA patient’s synovial membrane (Supplementary Figure 3B), after calcification induction.



Cartilage Damage and Periarticular Crystal Deposits Are Exacerbated in CD11b Deficient Mice Following Experimental OA

Based on the increased propensity of CD11b-deficient chondrocytes to mineralize and to produce IL-6 and on the increased levels of IL-6 produced in vivo (Stevanin et al., 2017), we hypothesized genetic ablation of CD11b in mice would predispose these animals to OA.

We analyzed the development of instability-induced OA changes in CD11b deficient and WT mice using the knee meniscectomy (MNX) model as previously described (Nasi et al., 2016b), and sacrifice after 8 weeks from the knee surgery. Cartilage damage, as evidenced by OARSI scoring of medial tibial plateau and medial femoral condyle, was significantly increased in CD11b-deficient mice, with decreased proteoglycans content (less Safranin-O staining), more fissurations and fibrillations compared to WT control mice (Figures 5A,B). Moreover, the joints of CD11b KO mice exhibited significantly increased synovial inflammation (Figure 5C), and increased, but not significant, osteophyte formation (Figure 5D) in CD11b KO mice, with respect to their WT control.
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FIGURE 5. Cartilage damage and periarticular crystal deposits are exacerbated in CD11b deficient mice following experimental OA. (A) Representative Safranin-O histological staining of knee joints from WT and CD11b KO mice 8 weeks after MNX. Black arrows show degenerative OA changes in CD11b KO mice. Scale bars 100 μm. (B) Corresponding total OARSI score for cartilage damage in medial compartment of WT and CD11b KO knees. Values represent means ± SD; **p < 0.01. (C) Synovial inflammation scoring in WT and CD11b KO MNX mice knees; ***p < 0.001. (D) Osteophyte scoring in WT and CD11b KO MNX mice knees. (E) Representative micro-CT scan images of murine knee joints from WT and CD11b KO mice of point (A). Red arrows show calcified deposits in meniscectomized knees. (F) Corresponding CT Analyzer quantitative analysis of new formation volume (TV: tissue volume, mm3) and new formation crystal content (μg) in WT and CD11b KO menisectomized mice. Data are expressed as the mean ± SD.


In addition, microCT-scan examination was conducted to analyze the crystal deposition (Figure 5E). By CT Analyzer quantification, both the volume of newly formed crystals as well as the overall crystal content, were slightly increased in CD11b KO mice compared to WT control, although these differences did not reach statistical significance (Figure 5F).

In order to rule out an underlying cartilage or bone phenotype in CD11b KO mice, that may predispose them to OA, we analyzed cartilage damage and subchondral bone structure in unchallenged WT and CD11b KO mice. In the first experimental setting we considered knees from sham-operated 20 weeks old WT and CD11b KO mice. OARSI scoring revealed no difference in cartilage degradation between WT and CD11b KO mice (Supplementary Figures 4A,B). Moreover, no difference was seen in subchondral bone mineral density and subchondral bone trabecular thickness (Supplementary Figures 4C,D) between the two different genotypes. Similar results were obtained in aged WT and CD11b KO mice (37 weeks old), where no difference in cartilage damage (Supplementary Figure 4E,F) nor in subchondral bone parameters was seen (Supplementary Figures 4G,H).



DISCUSSION

Integrin CD11b/CD18 is a receptor originally described on neutrophils and macrophages, known to support adhesion and molecular cross-talk of these cells with the extracellular matrix proteins. It regulates many functions including phagocytosis, migration and immune tolerance (Ehirchiou et al., 2007; Rosetti and Mayadas, 2016), but it can also bind to a great number of different ligands, among which fibrinogen (Rosetti and Mayadas, 2016), fibronectin and laminin (Bohnsack and Zhou, 1992) can also be found in cartilage. CD11b/CD18 is generally thought to be exclusively expressed on leukocytes. In this work, we showed that CD11b is also expressed on chondrocytes, and importantly, established a novel role of CD11b integrin signaling in cartilage calcification and degradation in a mouse model of OA.

We first demonstrated the expression of the CD11b integrin subunit on primary murine and human chondrocytes and in articular cartilage of both murine and human OA patients by combining flow cytometry, qRT-PCR analysis and immunohistochemistry. CD11b is expressed only on a subset of chondrocytes in the superficial zone of the articular cartilage, and by FACS we confirmed 3–4% of chondrocytes expressing this integrin subunit. In line, in an open access database of single cell RNA sequencing on human OA chondrocytes (Ji et al., 2019), the gene encoding for CD11b was expressed in 3.15% of cells (analysis not shown), and these CD11b expressing cells also expressed Col2 as a marker of chondrocytes. Our results are also in agreement with a previous study reporting a very low expression of β2 integrin on chondrocytes (Iannone et al., 2001). Surprisingly, we also found CD11b in the extracellular matrix of cartilage from OA patients. This could be accounted for by cleavage of the extracellular domain of CD11b from the cell surface after cell activation under inflammatory conditions. This cleavage involves matrix metalloproteases and leads to subsequent binding of cleaved CD11b to extracellular matrix proteins (Zen et al., 2011). The presence of soluble complexes of CD11 and CD18 have been reported in human plasma and in synovial fluid from patients with arthritis (Gjelstrup et al., 2010). We confirmed the presence of soluble CD11b in the synovial fluid of OA patients that we analyzed, although cellular sources and targets of soluble CD11b remain to be determined. In OA joints, we postulate that the main source could be synovial cells and infiltrating inflammatory cells such as macrophages and neutrophils. Indeed, these cells express high levels of CD11b and inflammation-induced matrix metalloproteases which could contribute to CD11b shedding (Gjelstrup et al., 2010; Manferdini et al., 2016). The pathological relevance of extracellular CD11b is unclear and further investigations will be needed to determine the contribution of the truncated form of CD11b on OA progression.

We demonstrated that CD11b KO chondrocytes mineralized more than WT chondrocytes and that this could be via multiple mechanisms. First, CD11b KO chondrocytes showed more active calcification machinery compared to WT cells. Calcium-containing crystals, and in particular BCP crystals, are formed when excess of calcium (Ca2+) and inorganic phosphate (Pi) are uptaken into matrix vesicles (Anderson et al., 2004; Ea et al., 2011). Crystal formation starts when inorganic pyrophosphate (PPi) is extruded extracellularly via the multipass transmembrane transporter Ank. Extracellular PPi is then hydrolyzed to Pi by the enzyme tissue-non-specific alkaline phosphatases (Alp). Finally, Pi is concentrated in matrix vesicles through the cotransporters Pit1/Pit2 and Ca2+ through annexin 5 (Anx5). Here we demonstrated that CD11b KO chondrocytes, both at basal- and CPP-condition, express higher levels of the pro-mineralizing genes Ank, Alp and Pit1, and have more active Alp enzyme. Down-regulation of these calcification factors could be a potential mechanism by which CD11b exerts its anti-mineralizing properties in chondrocytes. From the literature, we can speculate possible cross-talks between CD11b-dependent signaling pathways such as JNK and NF-kB and these calcification players. Activation of the JNK (Suzuki et al., 2006; Wu et al., 2016) or of the NF-kB (Koumakis et al., 2019) pathway has been demonstrated to induce Pit1 expression and subsequent cell matrix mineralization or inflammation respectively. JNK and NF-kB activation were also associated to increased Alp expression and osteoblastic differentiation of arterial smooth muscle cells (Chang et al., 2020). As a second calcification mechanism, in our study we found that CD11b deficient chondrocytes secreted increased amounts of pro-inflammatory and pro-mineralizing IL-6 and MCP-1 when stimulated with CPP. More importantly, by blocking the receptor of IL-6 on CD11b KO chondrocytes we were able to greatly decrease calcification. Another characteristic of mineralizing chondrocytes is hypertrophy. Indeed, CD11b deficiency induced considerable upregulation of Col10 and downregulation of Col2, as shown by the ratio, indicating that CD11b deficient chondrocytes are in a hypertrophic state. In summary, we demonstrated that CD11b is an important negative regulator of mineralization in chondrocytes and most if not all of its anti-mineralizing effects could be accounted by decreased pro-mineralizing IL-6 cytokine levels (Nasi et al., 2016b). To address the underlying mechanisms involved in enhanced cartilage degradation of CD11b-deficient mice after MNX, we analyzed the key ECM markers under this disease setting. Surprisingly, deletion of the CD11b gene did not cause a coordinated increased expression of enzymes related to ECM degradation, as the pro-catabolic aggrecanase Adamts4 was upregulated in CD11b KO chondrocytes concomitantly with its inhibitor Timp3. Another pro-catabolic metalloprotease Mmp13 was downregulated in CD11b KO chondrocytes. Upon stimulation with the CD11b agonist LA1, both Adamts5 and its inhibitor Timp1 were increased. Given these expression patterns of ECM enzymes, we ruled out their early modulation as a crucial mechanism explaining the more severe phenotype observed in CD11b KO cells and mice, and the in vitro protective effect of LA1.

However, as mentioned above, measurement of the supernatant from stimulated CD11b KO chondrocytes showed an increase in both IL-6 and MCP-1 levels, which are known players in cartilage catabolism, alongside cartilage calcification (Kapoor et al., 2011; Nasi et al., 2016b).

We found that increased cartilage degradation is associated with synovial inflammation and the formation of osteophytes in CD11b KO mice after meniscectomy, while we could rule out that an underlying pre-existing pathology or bone phenotype exists in sham-operated knees and knees of old CD11b KO mice, which may predispose them to OA. Our data suggest that modulating CD11b could be an effective strategy to protect the cartilage in experimental OA. A growing body of literature demonstrates the role of Leukadherin-1 (LA1) mediated activation of CD11b in regulating inflammation in experimental models of inflammatory disorders. By binding to an allosteric pocket in the CD11b subunit, LA1 changes the conformation of the extracellular domain, thereby preventing infiltration of pro-inflammatory monocytes after organ injury and vascular dysfunction (Maiguel et al., 2011; Schmid et al., 2018). In a study by C. Han et al. (2010), the authors show that CD11b, once activated by Toll-Like Receptor (TLR), triggers spleen tyrosine kinase (Syk) activation and phosphorylation of MyD88 and TRIF, which are then degraded by proteolysis, thereby reducing IL-6, TNF and IFN-β downstream production. Another study (Faridi et al., 2017) demonstrated that LA1 activated CD11b which in turn inhibited MyD88 and TRIF downstream pathway. The effects of LA1 on chondrocytes have not been studied. Our results demonstrated the anti-inflammatory effect of LA1 in chondrocytes. Indeed, we found that WT chondrocytes cultured with LA1 showed a reduction in calcification and a decrease in production of the IL-6 and MCP-1. Additionally, we also obtained significant reduction in calcification and IL-6 release in human chondrocytes treated with LA1. Finally, as human OA synoviocytes can also calcify (Sun et al., 2014), we showed that LA1 can decrease mineralization of these cells, thereby confirming a general anti-mineralizing effect of LA1. On the other hand, we ruled out that the anti-mineralizing effect of LA1 was mediated by reduced chondrocyte hypertrophy, as LA1 suppressed the expression of both early-stage (Coll2, Sox9) and late-stage hypertrophy (Coll10, Runx2) chondrocitic markers.

However, we cannot rule out the possibility that LA1 can block calcification via a CD11b-independent mechanism, which deserves further investigation.

While a direct association between CD11b and calcification has not been reported, genome-wide association studies have established a strong correlation between single-nucleotide polymorphisms (SNPs) in the ITGAM gene coding for CD11b and susceptibility to SLE (Hom et al., 2008; Nath et al., 2008). These SNPs produce a dysfunctional CD11b protein on leukocytes that is deficient in many functions including activation, ligand binding, cell adhesion and phagocytosis (Khan et al., 2018). Moreover, Dahdal et al. reported that SLE patients have significantly elevated calcification propensity in their serum (Dahdal et al., 2018). In addition, earlier research has shown a link between coronary artery calcifications and increased disease activity in young lupus patients (Romero-Diaz et al., 2012). Finally, an association between IL-6 and progression of lupus has been demonstrated using several murine models of SLE (Tang et al., 1991; Alarcon-Riquelme et al., 1992; Kobayashi et al., 1992). However, it is still unknown how the SNPs contribute to the calcification propensity seen in lupus patients. Our data suggest a strong direct link between reduced CD11b function and increased calcification, which can be explained by the inability of CD11b KO chondrocytes to downregulate the pro-inflammatory cytokine and chemokine production.

Although the contribution of CD11b integrin in calcification is clearly established in the present study, we did not investigate which ligands bind to CD11b in the cartilage. Integrin CD11b is a multi-ligand receptor capable of binding ICAM-1, fibrinogen, fibronectin, factor X and complement factor iC3b, among many others (Rosetti and Mayadas, 2016). Integrin ligands have been shown to play a crucial role in OA (Pfander et al., 1999; Pullig et al., 2000). Indeed, previous studies have demonstrated that following cartilage damage, fragmented extracellular matrix molecules can trigger catabolic gene expression in various cells in the joint tissues (Homandberg et al., 2002; Loeser et al., 2003). Further studies will be required to investigate the contribution of CD11b ligands in OA cartilage.

Even though our current work unveils a new pathway in OA, it also presents some limitations that have to be considered. The use of global CD11b KO mice does not allow us to determine whether the observed effects are solely due to lack of CD11b expression in chondrocytes and not due to other cells in the surrounding tissues of the joint. This question will be resolved in future by generating mice with a selective CD11b deficiency in cartilage.

In summary, our study showed for the first time that CD11b signaling plays an important role in regulating cartilage calcification and OA. Deletion of CD11b gene was linked with cartilage degradation in knee joints during OA, mediated by upregulation of the pro-inflammatory IL-6 and MCP-1. Moreover, activation of CD11b with the LA1 agonist decreased the levels of pro-inflammatory cytokines and prevented calcification in vitro. This study offers novel insights into the role of CD11b integrin signaling in regulatory mechanisms that control OA severity and progression, and provides a new target for future therapies, with final aim of improving the quality of life in OA patients.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Centre Hospitalier Universitaire Vaudois ethical committee, Lausanne, Switzerland. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by “Service de la Consommation et des Affaires Vétérinaires du canton de Vaud,” Switzerland.



AUTHOR CONTRIBUTIONS

DE and IB designed, performed and analyzed experiments, and helped with the preparation of the manuscript. VC and MC performed experiments. TH, AS, and LZ provided advice and help with the preparation of the manuscript. NB conceived, supervised the study, and wrote the manuscript. SN performed some experiments, supervised the study and wrote the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the Fonds National Suisse de la Recherche Scientifique, Switzerland (grant 310030_173134).



ACKNOWLEDGMENTS

We thank Prof. Olivier Guyen (Service d’orthopédie et de traumatologie, CHUV, Switzerland) who kindly provided us with human OA samples.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2020.611757/full#supplementary-material



REFERENCES

Aghagolzadeh, P., Bachtler, M., Bijarnia, R., Jackson, C., Smith, E. R., Odermatt, A., et al. (2016). Calcification of vascular smooth muscle cells is induced by secondary calciprotein particles and enhanced by tumor necrosis factor-alpha. Atherosclerosis 251, 404–414. doi: 10.1016/j.atherosclerosis.2016.05.044

Alarcon-Riquelme, M. E., Moller, G., and Fernandez, C. (1992). Age-dependent responsiveness to interleukin-6 in B lymphocytes from a systemic lupus erythematosus-prone (NZB x NZW)F1 hybrid. Clin. Immunol. Immunopathol. 62, 264–269. doi: 10.1016/0090-1229(92)90101-s

Almonte-Becerril, M., Costell, M., and Kouri, J. B. (2014). Changes in the integrins expression are related with the osteoarthritis severity in an experimental animal model in rats. J. Orthop. Res. 32, 1161–1166. doi: 10.1002/jor.22649

Anderson, H. C., Sipe, J. B., Hessle, L., Dhanyamraju, R., Atti, E., Camacho, N. P., et al. (2004). Impaired calcification around matrix vesicles of growth plate and bone in alkaline phosphatase-deficient mice. Am. J. Pathol. 164, 841–847. doi: 10.1016/s0002-9440(10)63172-0

Bertrand, J., Kraft, T., Gronau, T., Sherwood, J., Rutsch, F., Liote, F., et al. (2020). BCP crystals promote chondrocyte hypertrophic differentiation in OA cartilage by sequestering Wnt3a. Ann. Rheum. Dis. 79, 975–984. doi: 10.1136/annrheumdis-2019-216648

Bohnsack, J. F., and Zhou, X. N. (1992). Divalent cation substitution reveals CD18- and very late antigen-dependent pathways that mediate human neutrophil adherence to fibronectin. J. Immunol. 149, 1340– 1347.

Castelblanco, M., Nasi, S., Pasch, A., So, A., and Busso, N. (2020). The role of the gasotransmitter hydrogen sulfide in pathological calcification. Br. J. Pharmacol. 177, 778–792. doi: 10.1111/bph.14772

Chang, J. F., Hsieh, C. Y., Liou, J. C., Liu, S. H., Hung, C. F., Lu, K. C., et al. (2020). Scavenging intracellular ROS attenuates p-Cresyl sulfate-triggered osteogenesis through MAPK signaling pathway and NF-kappaB activation in human arterial smooth muscle cells. Toxins 12:472. doi: 10.3390/toxins12080472

Dahdal, S., Devetzis, V., Chalikias, G., Tziakas, D., Chizzolini, C., Ribi, C., et al. (2018). Serum calcification propensity is independently associated with disease activity in systemic lupus erythematosus. PLoS One 13:e0188695. doi: 10.1371/journal.pone.0188695

Ea, H. K., Nguyen, C., Bazin, D., Bianchi, A., Guicheux, J., Reboul, P., et al. (2011). Articular cartilage calcification in osteoarthritis: insights into crystal-induced stress. Arthritis Rheum. 63, 10–18. doi: 10.1002/art.27761

Ehirchiou, D., Xiong, Y., Xu, G., Chen, W., Shi, Y., and Zhang, L. (2007). CD11b facilitates the development of peripheral tolerance by suppressing Th17 differentiation. J Exp Med. 204, 1519–1524. doi: 10.1084/jem.20062292

Faridi, M. H., Khan, S. Q., Zhao, W., Lee, H. W., Altintas, M. M., Zhang, K., et al. (2017). CD11b activation suppresses TLR-dependent inflammation and autoimmunity in systemic lupus erythematosus. J. Clin. Invest. 127, 1271–1283.

Forsyth, C. B., Pulai, J., and Loeser, R. F. (2002). Fibronectin fragments and blocking antibodies to alpha2beta1 and alpha5beta1 integrins stimulate mitogen-activated protein kinase signaling and increase collagenase 3 (matrix metalloproteinase 13) production by human articular chondrocytes. Arthritis Rheum. 46, 2368–2376. doi: 10.1002/art.10502

Frallonardo, P., Ramonda, R., Peruzzo, L., Scanu, A., Galozzi, P., Tauro, L., et al. (2018). Basic calcium phosphate and pyrophosphate crystals in early and late osteoarthritis: relationship with clinical indices and inflammation. Clin. Rheumatol. 37, 2847–2853. doi: 10.1007/s10067-018-4166-3

Fuerst, M., Bertrand, J., Lammers, L., Dreier, R., Echtermeyer, F., Nitschke, Y., et al. (2009). Calcification of articular cartilage in human osteoarthritis. Arthritis Rheum. 60, 2694–2703.

Gjelstrup, L. C., Boesen, T., Kragstrup, T. W., Jorgensen, A., Klein, N. J., Thiel, S., et al. (2010). Shedding of large functionally active CD11/CD18 Integrin complexes from leukocyte membranes during synovial inflammation distinguishes three types of arthritis through differential epitope exposure. J. Immunol. 185, 4154–4168. doi: 10.4049/jimmunol.1000952

Glasson, S. S., Chambers, M. G., Van Den Berg, W. B., and Little, C. B. (2010). The OARSI histopathology initiative - recommendations for histological assessments of osteoarthritis in the mouse. Osteoarthritis Cartilage 18(Suppl. 3), S17–S23.

Gomez, I. G., Tang, J., Wilson, C. L., Yan, W., Heinecke, J. W., Harlan, J. M., et al. (2012). Metalloproteinase-mediated Shedding of Integrin beta2 promotes macrophage efflux from inflammatory sites. J. Biol. Chem. 287, 4581–4589. doi: 10.1074/jbc.m111.321182

Han, C., Jin, J., Xu, S., Liu, H., Li, N., and Cao, X. (2010). Integrin CD11b negatively regulates TLR-triggered inflammatory responses by activating Syk and promoting degradation of MyD88 and TRIF via Cbl-b. Nat. Immunol. 11, 734–742. doi: 10.1038/ni.1908

Hom, G., Graham, R. R., Modrek, B., Taylor, K. E., Ortmann, W., Garnier, S., et al. (2008). Association of systemic lupus erythematosus with C8orf13-BLK and ITGAM-ITGAX. N. Engl. J. Med. 358, 900–909.

Homandberg, G. A., Costa, V., and Wen, C. (2002). Fibronectin fragments active in chondrocytic chondrolysis can be chemically cross-linked to the alpha5 integrin receptor subunit. Osteoarthritis Cartilage 10, 938–949. doi: 10.1053/joca.2002.0854

Huang, Z., Ding, C., Li, T., and Yu, S. P. (2018). Current status and future prospects for disease modification in osteoarthritis. Rheumatology 57(Suppl._4), iv108–iv123.

Iannone, F., Corrado, A., Grattagliano, V., Cantatore, F. P., Patella, V., and Lapadula, G. (2001). [Phenotyping of chondrocytes from human osteoarthritic cartilage: chondrocyte expression of beta integrins and correlation with anatomic injury]. Reumatismo 53, 122–130.

Ji, Q., Zheng, Y., Zhang, G., Hu, Y., Fan, X., Hou, Y., et al. (2019). Single-cell RNA-seq analysis reveals the progression of human osteoarthritis. Ann. Rheum. Dis. 78, 100–110. doi: 10.1136/annrheumdis-2017-212863

Kamekura, S., Hoshi, K., Shimoaka, T., Chung, U., Chikuda, H., Yamada, T., et al. (2005). Osteoarthritis development in novel experimental mouse models induced by knee joint instability. Osteoarthritis Cartilage 13, 632–641. doi: 10.1016/j.joca.2005.03.004

Kapoor, M., Martel-Pelletier, J., Lajeunesse, D., Pelletier, J. P., and Fahmi, H. (2011). Role of proinflammatory cytokines in the pathophysiology of osteoarthritis. Nat. Rev. Rheumatol. 7, 33–42. doi: 10.1038/nrrheum.2010.196

Khan, S. Q., Khan, I., and Gupta, V. (2018). CD11b Activity modulates pathogenesis of lupus nephritis. Front. Med. 5:52. doi: 10.3389/fmed.2018.00052

Kim, J. R., Yoo, J. J., and Kim, H. A. (2018). Therapeutics in osteoarthritis based on an understanding of its molecular pathogenesis. Int J Mol Sci. 19:674. doi: 10.3390/ijms19030674

Kobayashi, I., Matsuda, T., Saito, T., Yasukawa, K., Kikutani, H., Hirano, T., et al. (1992). Abnormal distribution of IL-6 receptor in aged MRL/lpr mice: elevated expression on B cells and absence on CD4+ cells. Int. Immunol. 4, 1407–1412. doi: 10.1093/intimm/4.12.1407

Koumakis, E., Millet-Botti, J., Benna, J. E., Leroy, C., Boitez, V., Codogno, P., et al. (2019). Novel function of PiT1/SLC20A1 in LPS-related inflammation and wound healing. Sci. Rep. 9:1808.

Lapadula, G., Iannone, F., Zuccaro, C., Grattagliano, V., Covelli, M., Patella, V., et al. (1997). Integrin expression on chondrocytes: correlations with the degree of cartilage damage in human osteoarthritis. Clin. Exp. Rheumatol. 15, 247–254.

LaPointe, V. L., Verpoorte, A., and Stevens, M. M. (2013). The changing integrin expression and a role for integrin beta8 in the chondrogenic differentiation of mesenchymal stem cells. PLoS One 8:e82035. doi: 10.1371/journal.pone.0082035

Loeser, R. F. (2014). Integrins and chondrocyte-matrix interactions in articular cartilage. Matrix Biol. 39, 11–16. doi: 10.1016/j.matbio.2014.08.007

Loeser, R. F., Forsyth, C. B., Samarel, A. M., and Im, H. J. (2003). Fibronectin fragment activation of proline-rich tyrosine kinase PYK2 mediates integrin signals regulating collagenase-3 expression by human chondrocytes through a protein kinase C-dependent pathway. J Biol Chem. 278, 24577–24585. doi: 10.1074/jbc.m304530200

Loeser, R. F., Goldring, S. R., Scanzello, C. R., and Goldring, M. B. (2012). Osteoarthritis: a disease of the joint as an organ. Arthritis Rheum. 64, 1697–1707. doi: 10.1002/art.34453

Maiguel, D., Faridi, M. H., Wei, C., Kuwano, Y., Balla, K. M., Hernandez, D., et al. (2011). Small molecule-mediated activation of the integrin CD11b/CD18 reduces inflammatory disease. Sci. Signal. 4:ra57. doi: 10.1126/scisignal.2001811

Manferdini, C., Paolella, F., Gabusi, E., Silvestri, Y., Gambari, L., Cattini, L., et al. (2016). From osteoarthritic synovium to synovial-derived cells characterization: synovial macrophages are key effector cells. Arthritis Res. Ther. 18:83.

Nasi, S., Ea, H. K., Liote, F., So, A., and Busso, N. (2016a). Sodium thiosulfate prevents chondrocyte mineralization and reduces the severity of murine osteoarthritis. PLoS One 11:e0158196. doi: 10.1371/journal.pone.0158196

Nasi, S., So, A., Combes, C., Daudon, M., and Busso, N. (2016b). Interleukin-6 and chondrocyte mineralisation act in tandem to promote experimental osteoarthritis. Ann. Rheum. Dis. 75, 1372–1379. doi: 10.1136/annrheumdis-2015-207487

Nath, S. K., Han, S., Kim-Howard, X., Kelly, J. A., Viswanathan, P., Gilkeson, G. S., et al. (2008). A nonsynonymous functional variant in integrin-alpha(M) (encoded by ITGAM) is associated with systemic lupus erythematosus. Nat. Genet. 40, 152–154. doi: 10.1038/ng.71

Pfander, D., Rahmanzadeh, R., and Scheller, E. E. (1999). Presence and distribution of collagen II, collagen I, fibronectin, and tenascin in rabbit normal and osteoarthritic cartilage. J. Rheumatol. 26, 386–394.

Pullig, O., Weseloh, G., Gauer, S., and Swoboda, B. (2000). Osteopontin is expressed by adult human osteoarthritic chondrocytes: protein and mRNA analysis of normal and osteoarthritic cartilage. Matrix Biol. 19, 245–255. doi: 10.1016/s0945-053x(00)00068-8

Raducanu, A., Hunziker, E. B., Drosse, I., and Aszodi, A. (2009). Beta1 integrin deficiency results in multiple abnormalities of the knee joint. J. Biol. Chem. 284, 23780–23792. doi: 10.1074/jbc.m109.039347

Reed, J. H., Jain, M., Lee, K., Kandimalla, E. R., Faridi, M. H., Buyon, J. P., et al. (2013). Complement receptor 3 influences toll-like receptor 7/8-dependent inflammation: implications for autoimmune diseases characterized by antibody reactivity to ribonucleoproteins. J. Biol. Chem. 288, 9077–9083. doi: 10.1074/jbc.m112.403303

Romero-Diaz, J., Vargas-Vorackova, F., Kimura-Hayama, E., Cortazar-Benitez, L. F., Gijon-Mitre, R., Criales, S., et al. (2012). Systemic lupus erythematosus risk factors for coronary artery calcifications. Rheumatology 51, 110–119. doi: 10.1093/rheumatology/ker307

Rosetti, F., and Mayadas, T. N. (2016). The many faces of Mac-1 in autoimmune disease. Immunol. Rev. 269, 175–193. doi: 10.1111/imr.12373

Roughley, P. J., and Mort, J. S. (2014). The role of aggrecan in normal and osteoarthritic cartilage. J. Exp. Orthop. 1:8.

Schittenhelm, L., Hilkens, C. M., and Morrison, V. L. (2017). beta2 Integrins as regulators of dendritic cell, monocyte, and macrophage function. Front Immunol. 8:1866. doi: 10.3389/fimmu.2017.01866

Schmid, M. C., Khan, S. Q., Kaneda, M. M., Pathria, P., Shepard, R., Louis, T. L., et al. (2018). Integrin CD11b activation drives anti-tumor innate immunity. Nat. Commun. 9:5379.

Sen, R., and Hurley, J. A. (2020). Osteoarthritis. Treasure Island, FL: StatPearls Publishing.

Song, E. K., and Park, T. J. (2014). Integrin signaling in cartilage development. Anim. Cells Syst. 18, 365–371. doi: 10.1080/19768354.2014.987319

Stevanin, M., Busso, N., Chobaz, V., Pigni, M., Ghassem-Zadeh, S., Zhang, L., et al. (2017). CD11b regulates the Treg/Th17 balance in murine arthritis via IL-6. Eur. J. Immunol. 47, 637–645. doi: 10.1002/eji.201646565

Sun, Y., Mauerhan, D. R., Franklin, A. M., Zinchenko, N., Norton, H. J., and Hanley, E. N. Jr., et al. (2014). Fibroblast-like synoviocytes induce calcium mineral formation and deposition. Arthritis. 2014:812678.

Suzuki, A., Ghayor, C., Guicheux, J., Magne, D., Quillard, S., Kakita, A., et al. (2006). Enhanced expression of the inorganic phosphate transporter Pit-1 is involved in BMP-2-induced matrix mineralization in osteoblast-like cells. J. Bone. Miner. Res. 21, 674–683. doi: 10.1359/jbmr.020603

Tang, B., Matsuda, T., Akira, S., Nagata, N., Ikehara, S., Hirano, T., et al. (1991). Age-associated increase in interleukin 6 in MRL/lpr mice. Int. Immunol. 3, 273–278. doi: 10.1093/intimm/3.3.273

Tian, J., Zhang, F. J., and Lei, G. H. (2015). Role of integrins and their ligands in osteoarthritic cartilage. Rheumatol. Int. 35, 787–798. doi: 10.1007/s00296-014-3137-5

Troeberg, L., and Nagase, H. (2012). Proteases involved in cartilage matrix degradation in osteoarthritis. Biochim. Biophys. Acta 1824, 133–145. doi: 10.1016/j.bbapap.2011.06.020

Tseng, S., Reddi, A. H., and Di Cesare, P. E. (2009). Cartilage Oligomeric Matrix Protein (COMP): a biomarker of arthritis. Biomark Insights. 4, 33–44.

Varas, L., Ohlsson, L. B., Honeth, G., Olsson, A., Bengtsson, T., Wiberg, C., et al. (2007). Alpha10 integrin expression is up-regulated on fibroblast growth factor-2-treated mesenchymal stem cells with improved chondrogenic differentiation potential. Stem Cells Dev. 16, 965–978. doi: 10.1089/scd.2007.0049

Wu, Y., Han, X., Wang, L., Diao, Z., and Liu, W. (2016). Indoxyl sulfate promotes vascular smooth muscle cell calcification via the JNK/Pit-1 pathway. Ren. Fail. 38, 1702–1710. doi: 10.3109/0886022x.2016.1155397

Yan, J. F., Qin, W. P., Xiao, B. C., Wan, Q. Q., Tay, F. R., Niu, L. N., et al. (2020). Pathological calcification in osteoarthritis: an outcome or a disease initiator? Biol. Rev. Camb. Philos. Soc. 95, 960–985. doi: 10.1111/brv.12595

Zen, K., Guo, Y. L., Li, L. M., Bian, Z., Zhang, C. Y., and Liu, Y. (2011). Cleavage of the CD11b extracellular domain by the leukocyte serprocidins is critical for neutrophil detachment during chemotaxis. Blood 117, 4885–4894. doi: 10.1182/blood-2010-05-287722


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Ehirchiou, Bernabei, Chobaz, Castelblanco, Hügle, So, Zhang, Busso and Nasi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	
	ORIGINAL RESEARCH
published: 28 January 2021
doi: 10.3389/fcell.2020.618760






[image: image2]

Menaquinone-7 Supplementation Improves Osteogenesis in Pluripotent Stem Cell Derived Mesenchymal Stem Cells

Asim Cengiz Akbulut1†, Grzegorz B. Wasilewski1,2†, Nikolas Rapp1, Francesco Forin3, Heike Singer3, Katrin J. Czogalla-Nitsche3 and Leon J. Schurgers1,4*


1Department of Biochemistry, Cardiovascular Research Institute Maastricht, Maastricht University, Maastricht, Netherlands

2NattoPharma ASA, Oslo, Norway

3Institute of Experimental Haematology and Transfusion Medicine, University Clinic Bonn, Bonn, Germany

4Department of Nephro-Cardiology, Rheinisch-Westfälische Technische Hochschule Klinikum, Aachen, Germany

Edited by:
Herve Kempf, UMR7365 Ingénierie Moléculaire et Physiopathologie Articulaire (IMOPA), France

Reviewed by:
Maria Fusaro, Italian National Research Council, Italy
 Philip Sarajlic, Karolinska Institutet (KI), Sweden

*Correspondence: Leon J. Schurgers, l.schurgers@maastrichtuniversity.nl

†These authors have contributed equally to this work

Specialty section: This article was submitted to Molecular Medicine, a section of the journal Frontiers in Cell and Developmental Biology

Received: 18 October 2020
 Accepted: 09 December 2020
 Published: 28 January 2021

Citation: Akbulut AC, Wasilewski GB, Rapp N, Forin F, Singer H, Czogalla-Nitsche KJ and Schurgers LJ (2021) Menaquinone-7 Supplementation Improves Osteogenesis in Pluripotent Stem Cell Derived Mesenchymal Stem Cells. Front. Cell Dev. Biol. 8:618760. doi: 10.3389/fcell.2020.618760



Development of clinical stem cell interventions are hampered by immature cell progeny under current protocols. Human mesenchymal stem cells (hMSCs) are characterized by their ability to self-renew and differentiate into multiple lineages. Generating hMSCs from pluripotent stem cells (iPSCs) is an attractive avenue for cost-efficient and scalable production of cellular material. In this study we generate mature osteoblasts from iPSCs using a stable expandable MSC intermediate, refining established protocols. We investigated the timeframe and phenotype of cells under osteogenic conditions as well as the effect of menaquinone-7 (MK-7) on differentiation. From day 2 we noted a significant increase in RUNX2 expression under osteogenic conditions with MK-7, as well as decreases in ROS species production, increased cellular migration and changes to dynamics of collagen deposition when compared to differentiated cells that were not treated with MK-7. At day 21 OsteoMK-7 increased alkaline phosphatase activity and collagen deposition, as well as downregulated RUNX2 expression, suggesting to a mature cellular phenotype. Throughout we note no changes to expression of osteocalcin suggesting a non-canonical function of MK-7 in osteoblast differentiation. Together our data provide further mechanistic insight between basic and clinical studies on extrahepatic activity of MK-7. Our findings show that MK-7 promotes osteoblast maturation thereby increasing osteogenic differentiation.

Keywords: vitamin K, menaquinone-7, osteogenesis, pluripotent stem cells, mesenchymal stem cells


INTRODUCTION

Mesenchymal stem cells (MSCs) are the predominant source of cells for endogenous repair after bone fracture (Wang et al., 2013). Application of MSCs in regenerative medicine has been widespread and explored as a therapeutic source following damage to bone, cartilage, cardiac, tendon, and immune-related disorders (Wang et al., 2020). The ability to more specifically program and direct cells beforehand could improve regenerative outcome (Levy et al., 2020; Tsai et al., 2020; Varkouhi et al., 2020). Induced pluripotent stem cells (iPSCs) allow for an unlimited supply of patient specific cells. Furthermore, the establishment of clinically validated lines could streamline the process of applying regenerative cell-based therapies to the clinic (Sullivan et al., 2018). Current protocols are scarce in variety of chemicals that are used for differentiating bone, mainly consisting of Dexamethasone, Beta-Glycerol Phosphate and L-Ascorbic Acid (Vitamin C) (Ciuffreda et al., 2016). It is clear that such limited number of stimuli cannot replace physiological bone formation and are prone to achieve suboptimal osteogenesis conditions, thereby contributing to variability in these processes (Nweke and Stegemann, 2020). Additional supplementation to mineralisation media might aid the in vitro development of bone and could be beneficial to enhancing the expression profile of bone-related markers.

Vitamin K was first discovered in the 1930s for its role in coagulation, and the extrahepatic activity of vitamin K has been widely unexplored (Dam and Schonheyder, 1936). Vitamin K is a hypernym for multiple analogs each with their own distinct properties and structure. The past decades have begun to elucidate a potent role for vitamin K2 in health and disease beyond coagulation (Halder et al., 2019). Vitamin K2 analog menaquinone-7 (MK-7) has been implicated in a range of studies, from basic biochemistry to long term clinical studies (Iwamoto et al., 2009; Apalset et al., 2011; Bulló et al., 2011; Evatt et al., 2011). The majority of these studies have implicated an important role for MK-7 in bone health and metabolism, yet studies on the mechanistic role of MK-7 on bone healing are lacking (Wasilewski et al., 2019; Akbulut et al., 2020).

Using iPSCs to generate MSCs is the next step in combining the best from stem cell technology and tissue engineering (Zhao and Ikeya, 2018). Further, differentiating cells from pluripotency toward mesenchymal and osteogenic lineage enables application of a novel tool for interrogation of developmental pathways and phenotypes in bone formation (Yousefi et al., 2016). This can potentially answer age-old questions with regards to mechanisms of endochondral transdifferentiation, and the role of macrophages in bone formation (Setty, 2014; Cho, 2015; Dogan, 2018; Haraguchi et al., 2019; Marín-Llera et al., 2019). Present methods of determination of osteogenic processes include detection of osteoblastic markers such as RUNX2, Col1A1, and Osterix along with ALP activity and calcium deposition (Svandova et al., 2020; Yong et al., 2020). However, oxidative stress status or cell migration are rarely explored and should be delineated to enrich the knowledge of differentiation and repair processes in osteogenesis (Kubo et al., 2019).

Due to the aforementioned obstacles to clinical application of stem cell therapies, we investigated the role of vitamin K analog menaquinone-7 [MK-7 (VK2)], in the differentiation of iPSCs to osteoblasts using a stable iMSC intermediate. The intermediate phase allows for reduced costs and technical demands, developing an application toward widescale of tissue engineering based solutions. In this study we find that supplementation of MK-7 to osteogenic medium promotes differentiation of iMSCs toward osteoblasts significant beyond that of osteogenic medium alone.



MATERIALS AND METHODS


Generation and Maintenance of Pluripotent Stem Cell Line

The iPSC line iPSC-UkB-Ctrl-XX was generated from PBMCs via expansion to a cellular intermediate of EPCs, using Stem Span SFEM II (Stem Cell Technologies) and addition of Erythropoietin (R&D Systems), Stem Cell Factor (PeproTech), Interleukin-3 (PeproTech), Insulin Growth Factor-1 (PeproTech), and dexamethasone (Sigma-Aldrich). Following expansion, EPCs were electroporated with Epi5 Reprogramming (Thermo Fisher Scientific) Lonza 4D-Nucleofector X-Unit (Lonza). Cells were plated on Corning ESC-grade Matrigel (Corning) in ReproTeSR (Stem Cell Technologies) before changing to mTeSR 1 (Stem Cell Technologies) when colonies first appeared. Following iPSC clones were picked and expanded before characterization. iPSC-UkB-Ctrl-XX line is cultured on Corning ESC-grade Matrigel and in mTeSR 1. Cells are passaged when colonies are too large using 0.5 mM EDTA in PBS and cultured in a humidified incubator at 37°C and 5% CO2.



Generation and Maintenance of iMSCs

iMSCs were generated as previously described (Kang et al., 2015). Briefly, cell line iPSC-UkB-Ctrl-XX was passaged as normal the day before starting differentiation. Differentiation medium was added and refreshed every 2 days for 2 weeks. iMSC differentiation medium contains Dulbecco's Modified Eagle Medium (DMEM) low glucose (1 g/L D-Glucose), 10% Fetal Bovine Serum (FBS), 1% Penicillin/Streptomycin (Pen/Strep), 2 mM glutamine and 0.05 mM L-ascorbic acid. Following the initial 2 weeks, iMSCs were passaged with a split ratio of 1:2 on to 0.1% gelatine-coated 6-well plates for two further passages before adhering to untreated plastic. At this stage, cells assume morphology similar to that of primary MSCs and were maintained in differentiation medium with a split ratio of either 1:2 or 1:3. Cells were cultured in a humidified incubator at 37°C and 5% CO2.



Osteogenic Differentiation of iMSCs

Osteogenic differentiated iMSC were used between 8 and 20 passages. iMSCs were seeded on appropriate size plates dependent on analysis with two varying densities depending on time in culture. For earlier timepoints (2, 7, and 10 days), cells were seeded at 105 cells per cm2 whereas for the later time point (21 days), cells were seeded at 2.6 × 104 per cm2. The following day, medium was changed to osteogenic medium composed of DMEM, FBS (10%), Pen/Strep (1%), 100 nM Dexamethasone, 10 mm B-Glycerol—phosphate, and 0.05 mM L-ascorbic acid. For MK-7 (synthetic menaquinone-7, kind gift NattoPharma, Oslo, Norway) supplementation a final concentration of 10 μM was added or equal volume of isopropanol vehicle control.



Chondrogenic Differentiation of iMSCs

Differentiation medium was as follows; high glucose DMEM, TGF-B1 10 ng ml−1 (PeproTech), 100 nM dexamethasone (Sigma-Aldrich), insulin (Sigma-Aldrich). Cells were seeded at a density of 2.6 × 104 per cm2. Medium was refreshed three times per week and cells lysed after 2 weeks of differentiation induction. Control cells were cultured in standard medium with appropriate vehicle controls.



Adipogenic Differentiation of iMSCs

Adipogenic differentiation was induced by seeding cells at 2 × 104 cell per cm2. Differentiation medium was composed of high glucose DMEM, FBS (10%), Pen-Strep (1%), 0.5 mM isobutylmethylxanthine and 1 mM dexamethasone. Medium was refreshed every 2 or 3 days and cells were lysed for analysis after 2 weeks of differentiation. The control cells were cultured in standard medium with appropriate vehicle controls.



Vasculogenic Differentiation of iMSCs

Differentiating iMSCs to vascular smooth muscle-like cells was done using vasculogenic differentiation medium composed of high glucose DMEM, FBS (10%), Pen-Strep (1%), PDGF-BB 10 ng ml−1 (PeproTech) and TGF-B1 5 ng ml−1 (PeproTech). Cells were seeded at a density of 2 × 104 cells per cm2. Medium was refreshed every 2–3 days for 14 days before analysis. Control cells were cultured in standard medium with appropriate vehicle controls.



Real-Time Reverse-Transcription Polymerase Chain Reaction

Total RNA was isolated from differentiated cells using TRIzol reagent (Invitrogen) and quantified using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific). Five hundred nanogram of total RNA was transcribed using iScriptTM Reverse Transcription Supermix (BioRad) for RT-qPCR in a 20 μl reaction. The resulting cDNA was diluted one and a half times, and 4 mL was amplified using Power SYBR Green PCR System following manufacturers recommendations. Real-time qPCR was performed using the Quantitect SYBR green PCR kit (Qiagen) in a LightCycler 480 II (Roche) with 50 ng of cDNA and 0.5 μM of each primer. The sequences of primers used are provided in Supplementary Table 1. Relative expression for each gene was normalized against GAPDH and expressed as fold change over control. Fluorescence curves were analyzed with LightCycler 480 Software (Version 1.5) and relative quantification was performed with the 2−ΔΔCt method. Data from at least 3 different differentiations of our line were combined and reported as mean ± SD.



Flow Cytometric Analysis

iMSCs were dissociated, washed and adjusted to a cell suspension of concentration 1 × 106 in ice-cold PBS, 10% FBS and 1% sodium azide at 4°C. Next, the conjugated primary antibody was added in 3% FBS in PBS for 30 min in dark at room temperature. After the incubation, cells were washed 3x by centrifugation at 400 g for 5 min and resuspended in 1 ml ice-cold PBS, 10% FCS, 1% sodium azide. Cells were kept at ice until time of analysis.



O-Cresolphthalein Assay

Cells in 48 well plates were washed twice with PBS. The mineralized matrix was dissolved in 1 M HCl and put on a shaker overnight. To quantify the amount of calcium per sample, Randox O-cresolphthalein kit was used to assess the amount of calcium embedded in extracellular matrix. Values were converted to μg calcium and adjusted to protein levels. All samples were assayed in triplicate.



DC Protein Assay

For normalization of the calcium content of the cells, DC protein assay was performed. 1 M HCl cell suspension was neutralized and lysed with 1 M NaOH 0.2% SDS and incubated on a shaker overnight. Plates were read at 750 nm using Cytation3 (BioTek). Standard curve was created and sample absorbances were calculated, giving the protein content μg/μl protein. All samples were assayed in triplicate in three independent experiments.



Immunofluorescence

Cells were fixed with 4% PFA, permeabilized with 0.1% Triton X-100, blocked in 1% BSA/PBS and incubated with primary antibodies (COL1a1, Applied Logistics). The following secondary antibodies were used: anti-rabbit-FITC (Dako, F0205) and anti-mouse-FITC (Dako, F0232). Nuclei were stained with DAPI (Sigma–Aldrich). Cells were analyzed using Cytation3.



Western Blotting

VSMCs were lysed in 0.1 M Tris pH 8.1, 0.15 M NaCl, 1% triton x-100 0.2 mM NaVO3 and 1:50 protease inhibitor cocktail (Sigma). Protein concentration was determined using DC protein assay (Bio-Rad) and lysates were separated on Any kD Mini-PROTEAN TGX Precast Protein Gels (BioRad). Samples were transferred to nitrocellulose membrane (BioRad) and incubated overnight with anti-Runx2 (MBL, D130-3) and anti-Col1A1 (BD, 610153). Protein was detected using HRP-conjugated secondary antibodies (anti-mouse: p0447, Dako; anti-rabbit: 7074S, Cell Signaling, anti-goat: P0449, Dako) and visualized by enhanced chemiluminescence (Pierce ECL Western Blotting Substrate, ThermoFisher Scientific). All samples were blotted in triplicate.



Alkaline Phosphatase Activity

Cells were lysed in 1% Triton X-100 in PBS, subjected to 2 freeze-thaw cycles and centrifuged at 13,000 g for 5min. ALP activity in the supernatants was measured at 405 nm using 4-Nitrophenyl phosphate disodium salt hexahydrate (Sigma) as substrate. Enzyme activity (U) was normalized to protein concentrations. All samples were assayed in triplicate.



Alizarin Red Assay

On the final day of differentiation, medium was aspirated, and wells were washed twice with PBS. Next, cells were fixed in 4% formaldehyde in RT for 40 min. Then cells were washed twice with PBS and stained with 2% Alizarin Red for 1 h, followed by washing cells twice with PBS. Mineral deposits were visualized using light microscopy at 20X magnification.



Reactive Oxygen Species

To measure oxidative stress, we measured reactive oxygen species (ROS) using 2, 7-dichlorofluoroscein diacetate (DCFDA, Merck) which is oxidized to 2, 7-dichlorofluoroscein in the presence of the oxidants. Mesenchymal stem cells supplemented with osteogenic media with or without MK-7 (10 μM final concentration) and left for 48 h, or 7 days with medium refreshed twice. After 2 or 7 days, media was replaced with Krebs-Ringer Phosphate Glucose Buffer (KRPG) in the presence of 20 μM DCFDA in the dark at 37°C and 5% CO2. Next, the fluorescence was measured (Excitation 485, Emission 529) with Cytation Cell Imaging Multi-Mode Reader (Bio-Tek Instruments) for a total of 45 min. Fluorescence intensity was normalized to the protein content.



Migration Assay

Mesenchymal stem cells were seeded in cell culture plate until confluence was reached. Migration assay started at 0 h followed by scratching a monolayer of cells with a pipette tip. Cells were washed twice with PBS and supplemented with control and osteogenic media with or without MK-7 (10 μM final concentration) and left for 24 h. Gap closure was calculated in reference to timepoint = 0 using Image J [ImageJ 1.52q (64-bit)].



xCELLigence Proliferation Assay

To monitor continuous real-time proliferation XCELLigence system was used Cells were seeded in microelectrode plate control and osteogenic media with or without MK-7 (10 μM final concentration) to measure impedance. Cell impedance were measured at 15 min intervals up to 168 h. Electrical impedance was a measurement of cell number and recorded as Cell Index (CI). Cells were kept in 37°C and 5% CO2 until the end of the experiment.



Statistical Analysis

Results are presented as replicates in three or more independent experiments ± standard deviation. Statistical analysis was performed using GraphPad Prism (v8.4.3, Prism 8 for macOS, GraphPad Software, USA). Two-tailed unpaired Student's t-test was used for comparisons between two groups, or a one-way analysis of variance with a post-hoc test of Tukey's analysis when more than two groups were compared. Statistical significance between two groups that did not display normal distribution was performed using Mann-Whitney U-test. Statistical significance denoted by *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.




RESULTS


Characterization of iPSC-UkB-Ctrl-XX and Generation of iMSC-Ctrl-1

Following generation of iPSC-UkB-Ctrl-XX, cell line was characterized by immunofluorescence for pluripotency markers (Figure 1A), trilineage differentiation (Ecto-/endo-/mesoderm) and karyotyped as normal (data not shown). Following differentiation to mesenchymal lineage, cells were FACS sorted to check for markers associated to mesenchymal and hematopoietic stem cells (Figure 1B). CD73 was used as marker for mesenchymal stem cell and cells highly positive (Lv et al., 2014), whereas CD34 used as a marker for hematopoietic stem cells showed negative (Ye et al., 2004). This gives us the confidence moving forward into osteogenic differentiations that what we are observing is a model for mesenchyme for osteoblast to osteocyte differentiation without possible mechanisms that involve osteoclasts.


[image: Figure 1]
FIGURE 1. Characterization of iPSC-UkB-Ctrl-XX and generation of iMSC. Immunocytochemistry, (A) confirms pluripotency of cell line by expression of pluripotent markers Oct4, Nanog and Tra-1-60. (B) FACS sorting for CD73 and CD34 confirms that no cells are expressing hematopoietic stem cell marker CD34 and are positive for mesenchymal stem cell marker CD73.




Differentiation Potential of iMSCs

Using previously established protocols for primary cells we tested whether differentiation of iMSCs was possible into the canonical triad of expected mesenchymal differentiations as well as vasculogenic potential (Figure 2A). We found that upon differentiation iMSCs responded successfully to stimuli as verified by RT-qPCR for markers synonymous with the various progeny (Figure 2B). This proof of efficacy provides us with a definitive cell source capable for performing further studies into mesenchymal stem cell differentiations.


[image: Figure 2]
FIGURE 2. Mesenchymal stem cell differentiation potential. Differentiation potential of mesenchymal stem cells. (A) Visual representation of the different cellular iMSCs have potential to generate (osteogenic, chondrogenic, adipogenic, and vasculagenic lineages). RT-qPCR confirms differentiation of these four lineages by expression of commonly used markers RUNX2, aggrecan, PPARgamma, calponin (respectively) (B). Variant time course of osteoblastic differentiation that was interrogated to check time points for pre-osteoblast, mid-osteoblast and mature osteoblast phenotype (C).




Variant Time Course of Osteogenic Differentiation

Next we interrogated the mesenchymal osteogenic trajectory at a series of timepoints of osteoblast differentiation (Figure 2C). We investigated expression of a variety of genes associated with bone formation under osteogenic treatment (Osteo), osteogenic treatment with MK-7 supplementation (OsteoMK-7) and the respective controls (control and MK-7). These conditions were used to interrogate osteoblast differentiation at various stages considered early, mid and late differentiation, days 2, 10, and 21, respectively (Figure 2C).

Runt-related transcription factor 2 (RUNX2) is a master transcription factor for early osteogenic differentiation. We measured expression at earliest time point and found RUNX2 to be significantly upregulated in OsteoMK-7 treatment compared to Osteo and both controls (p < 0.005, Figure 3A). BMP-2 is suggested to play an important role in early bone formation and OCN (osteocalcin), is a vitamin K dependent protein (VKDP) present in mature osteoblasts. Therefore, we investigated whether our treatments change the expression of these markers. Expression of BMP-2 and OCN at day 2 did not vary between any treatments (Figures 3B,C). At mid-osteoblast differentiation (day 10), RUNX2 was further upregulated in osteogenic differentiation, although this was no longer in favor of OsteoMK-7 condition (Figure 3D). Further, at this timepoint we noticed an upregulation of COL1A1 expression under Osteo (p < 0.0001) and OsteoMK-7 (p < 0.0001) conditions, without favourability to OsteoMK-7 (Figure 3E). OCN expression did not differ in expression between any treatments at day 10 (Figure 3F). At late-osteoblast differentiation (day 21), both RUNX2 and COL1A1 have an even higher fold upregulation (~10-fold for both) compared to the controls then that of day 10 (Figures 3G,H). Also, at the late-osteoblast differentiation there is no difference in expression of either of the genes measured for OsteoMK-7 treatment. Furthermore, we did not observe any difference in OCN expression under any treatments compared to control (Figure 3I).


[image: Figure 3]
FIGURE 3. RT-qPCR expression of markers at various time points in differentiation. RT-qPCR of RUNX 2 (A,D,G) at various time points reveals its upregulation from controls as early as timepoint day 2 wherein RUNX2 is significantly upregulated under OsteoMK7 compared to controls and Osteo (p = 0.0040). At earliest timepoint BMP2 expression was not modulated between any treatments (B). COL1A1 (E,H) is significantly upregulated in osteogenic differentiation from day 10 (p < 0.0001). However, osteocalcin (C,F,I) has no differences in expression via any of the treatment over any time point in the differentiation. **p < 0.01, ***p < 0.001, ****p < 0.0001.




Phenotype of Late Osteogenic Differentiation

RUNX2, COL1A1 and OCN are considered important players in the development and maturation of osteogenic processes. RUNX2 expression rises in early osteoblast phenotype, whereas high expression of COL1A1 and OCN are considered hallmarks of late-stage osteoblast differentiation.

We investigated the cellular phenotype following 21 days of osteogenic differentiation. At the late osteogenic time point, western blot analysis reveals RUNX2 is significantly downregulated under OsteoMK-7 compared to Osteo and both controls (p < 0.0001, Figure 4A). Protein expression of COL1A1 reveals a significant upregulation under both Osteo and OsteoMK-7 conditions compared to their respective controls (p < 0.001, Figure 4B) but no difference was found between Osteo and OsteoMK-7. Expression of OCN confirm our transcriptional findings, as there is little to no expression of OCN in our cells under any condition (Figure 4C). Immunocytochemistry at day 21 points toward a different mode of COL1A1 expression between osteogenic and control treatments. Although the control samples show that nodules of iMSCs can resemble the osteogenic mode of COL1A1 (Figure 4D), image analysis between Osteo and OsteoMK-7 of fluorescence per cell reveals an upregulation of COL1A1 in OsteoMK-7 compared to Osteo. However, we found this not to be statistically significant (p = 0.067, data not shown).
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FIGURE 4. Protein expression at late osteoblast differentiation. Western blotting following 21 days differentiation for RUNX2 shows that following 21 days osteogenic treatment with MK-7 that RUNX2 is significantly downregulated compared to other samples (A) (p = 0.0003). Collagen 1A1 is upregulated in osteogenic conditions without any difference compared to MK-7 supplementation and OCN has no difference in expression (B,C) (p ≤ 0.0001). Immunocytochemistry staining for COL1A1 shows that a completely different mode of collagen deposition has occurred following osteogenic treatment, although there are nodules present in the control and control MK-7 treated cells that resemble COL1A1 osteogenic deposition (D). Representative photos of the cells stained with Alizarin Red at day 21 (magnification 10x) (E). At day 21 control, osteogenic and MK-7 treated groups show no difference in ALP levels. Only osteogenic media supplemented with MK-7 was able to induce significant upregulation in ALP activity (F) (p = 0.0418). Quantification of calcium deposition by o-cresophthalein assay at day 21 (G). *p < 0.05, ***p < 0.001, ****p < 0.0001.


Next we determined the osteogenic phenotype of iMSCs. Alkaline Phosphatase (ALP) activity was significantly upregulated in OsteoMK-7 compared to control and MK-7 (p < 0.05, Figure 4F), whereas no statistical difference was found between Osteo and controls. Additionally, both increased AR staining and calcium deposition (o-cresophthalein assay) was observed under osteogenic treatments compared to controls (p < 0.0001) for both Osteo and OsteoMK-7 (Figures 4E,G). There was no statistical difference between Osteo and OsteoMK-7 in ALP activity and calcium deposition (Figures 4F,G).



Effect of MK-7 on Migration, ROS and Cell Cycle Regulator P21

Since it is known in bone repair that following fracture and initial hematoma formation, osteoblastic or chondrocytic cells migrate to repopulate the fracture site before mineral deposition occurs (Einhorn and Gerstenfeld, 2015). Therefore, we determined whether cellular migration and proliferation was modulated following Osteo or OsteoMK-7 treatment. For cellular migration we used in vitro scratch wound assay. Scratch wound assay demonstrated that MK-7 increases gap closure compared to other conditions (Average closure—control 68.95%, osteo 51.97%, MK7 72.8%, OsteoMK7 58.34%, Figures 5A,B). Further, there was a statistical significance between control and Osteo on gap closure, however between MK-7 and OsteoMK-7 no such observation was present (Figures 5A,B). Next, we investigated the proliferative capacity of cells using the xCELLigence proliferation assay. Following the trend of the findings from scratch wound, both control and MK-7 have the greatest initial proliferation (Figure 5C). However, as the 7-day time frame progresses OsteoMK-7 proliferative capacity increases significantly beyond that of the other conditions, and significantly beyond that of Osteo (p < 0.0196). Given that ROS production has been implicated as a driving factor in cellular adhesion and migration, reduced wound healing and osteoporosis (Maggio et al., 2003; Sendur et al., 2009; Schröder, 2013), we investigated ROS species production. Measuring intracellular oxidative stress using DCFDA probe revealed that OsteoMK-7 cells had a significantly reduced level of ROS production compared to osteo at day 2 (p < 0.005, Figures 5D,E). Following 1 week of culture, OsteoMK-7 maintains reduced levels of ROS species, although this was found to be no longer statistically significant (p < 0.091, Figure 5C). Lastly, given that osteogenic phenotype is a terminal differentiation, cell cycle arrest of osteocytes will provide feedback between ROS production and cell cycle regulator P21. We found P21 expression to be significantly upregulated in osteo and OsteoMK-7 treatments compared to respective controls (p < 0.05, Figure 5F).
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FIGURE 5. Activity of MK-7 on Migration, ROS and cell cycle regulator P21. Scratch wound assay reveals that MK-7 has the greatest gap closure followed by control, then OsteoMK7 and Osteo last (A). While the difference between osteogenic medium and control alone is statistically significant (p = 0.0499), there is less of a difference in gap closure between OsteoMK-7 and MK-7 (B). xCELLigence proliferation assay reveals that OsteoMK-7 has the greatest increases in proliferation over 1 week compared to the other conditions (C). OsteoMK-7 had significantly higher proliferation (p < 0.0196) compared to Osteo alone. Further MK-7 supplementation significantly reduces the production of ROS species under osteogenic conditions compared to the osteogenic control (D,E) (p = 0.0047). Wherein by day 7 of treatment the differences are no statistically significant but remain (D) also shown by visual representation of the DCFDA staining between the two different conditions (E). Further at day 2 we note by RT-qPCR analysis, a significant upregulation of cell cycle regulator P21 under both osteogenic conditions compared to controls (F) (p = 0.0379, p = 0.0499). *p < 0.05, **p < 0.01.




Changes to Dynamics of COL1A1 Expression

From day 2, immunocytochemistry reveals changes to the mode by which COL1A1 is expressed. Image analysis reveals that not all iMSCs are expressing COL1A1 in any condition at day 2. There is a significantly greater total COL1A1 coverage in control samples at day 2 as quantified by percentage surface area coverage per cell and the product of area per cell IntDen per cell (Figures 6A,C). Similar to that of day 21, we note a differential mode by which COL1A1 is expressed. In control treatments, COL1A1 positive expression appears to be purely cytoplasmic, whereas in both osteogenic treatments, strands or fibers of COL1A1 are detected (Figure 6F). Additionally RT-qPCR confirms a significant (p < 0.05) upregulation in COL1A1 expression under osteogenic conditions although no difference between Osteo and OsteoMK-7 was observed (Figure 6E). Using ImageJ analysis, we normalized thresholds equally amongst all images before reducing background, then converting to 8-bit black and white photos which were used for particle analysis and area measurements. This reveals that there were a significantly greater number of particles per cell in osteogenic treatments compared to respective controls (p> 0.0001, Figure 6B). Although there was a greater number of particles in osteogenic treatments, we noted no difference in number of particles between Osteo and OsteoMK-7 (Figure 6B). However, when examining the area coverage of these particles (IntDen per cell), we found there to be a significantly greater coverage under OsteoMK-7 compared to Osteo (p < 0.05, Figure 6D).
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FIGURE 6. Changes to dynamics of COL1A1 expression. Immunocytochemistry followed by ImageJ analysis reveals that there is a greater surface of COL1A1 expression in control mesenchymal stem cells compared to their respective controls (A,C). The dynamics by which COL1A1 is expressed can be quantified with regards to number of particles expressing COL1A1, wherein there is a significantly greater number of particles, averaging of a smaller size in both osteogenic treatments compared to their respective controls (B,E). When osteogenic treatment is compared to osteogenic treatment with MK-7 supplementation. MK-7 supplementation upregulates the total IntDen (product of area and mean gray values) compared to just osteogenic treatment (D). RT-qPCR confirms significant upregulation of COL1A1 expression at day 2 compared to controls (p < 0.05) (E). Representative photos of collagen deposition under control and osteogenic conditions at day 2 (F). *p < 0.05, ***p < 0.001, ****p < 0.0001.





DISCUSSION

In this study, we derived iMSCs using a simple low-glucose DMEM medium with l-ascorbic acid as previously described (Kang et al., 2015). As this basic medium has no addition of cytokines, growth factors, or compounds we consider it to be cost-efficient. This was sufficient for generation of a population of CD73+/CD34− iMSCs. We demonstrated that these cells not only possess the plasticity as expected by primary MSCs, but can both proliferate and maintain this plasticity up to passage 20. We further showed that supplementation of osteogenic differentiation medium with MK-7 increased expression of osteogenic markers at both early and late timepoints of osteoblast differentiation. Additionally, we noted an improved osteoblast phenotype assessed by a variety of assays at early and late time points. The present study shows for the first time that MK-7 can influence the in vitro osteogenic differentiation of pluripotent stem cell derived MSCs.

Our first aim was to determine whether reproducibility of the most cost-efficient method for deriving iMSCs from iPSCs was robust. Following 2 weeks of over confluency, two passages on gelatine coated plates (0.1%w/v), and plastic adherence, confirmation of mesenchymal lineage by FACS analysis. We demonstrate iMSCs possess the plasticity as expected via the canonical differentiation triad, with an added vasculogenic phenotype.

We next aimed to decipher various stages of osteogenic differentiation. As our iMSC cell line was negative for hematopoietic markers, we are confident that all observations at various timepoints are via mesenchymal to osteoblast differentiation (Hutchings et al., 2020). We hypothesize that any observations and understanding derived would be independent of osteoclast involvement in bone formation. Moreover, we interrogated the differentiation trajectory, given basic and clinical science reports on pro-osteogenic properties of MK-7, such as promoting bone formation, bone density and strength, as well as inhibiting bone loss (Sato et al., 2020). Furthermore, vitamin K deficiency is associated with increased fracture rate and decreased bone mass density in a variety of patient cohorts (Tsugawa and Shiraki, 2020). Therefore, we determined whether MK-7 supplementation may further propagate an osteogenic phenotype of iMSCs.

We selected three timepoints based on previous reports to determine insight to early-, mid- and late osteoblast formation (Ciuffreda et al., 2016). At early timepoint, master regulator of osteogenesis, RUNX2 was significantly upregulated in osteogenic medium with MK-7, an observation that hasn't been reported before, and one suggesting that MK-7 might drive early osteogenic differentiation. Additionally, we did not note a difference in expression of BMP2 or OCN at this time point, confirming what has been reported by others (Luu et al., 2007). This suggests to a potentially unknown mechanism by which MK-7 might drive the early stages of osteogenic differentiation from the iMSC intermediate.

At both the mid- and late-osteoblast differentiation stages we observed an upregulation of RUNX2 and COL1A1 as expected, although there is no further benefit of MK-7 activity at this stage. Expression of OCN maintains itself as unaffected by either osteogenic or MK-7 stimulation at these stages. This is contrary to reports that used MC3T3-E1 cell line and primary BM-MSCs wherein an upregulation in expression of OCN has been reported (Ichikawa et al., 2006). It is plausible that OCN expression is different in iPSC derived cells than in cell lines or primary MSCs, and that changes to the carboxylation status of OCN might in part explain why we do not note differences in OCN expression.

It has been reported that RUNX2 is downregulated and possibly even not expressed in mature osteoblasts (Komori, 2020). Our finding corroborates as to a more mature phenotype as protein expression of RUNX2 was significantly downregulated in MK-7 supplemented osteogenic medium. We note little to no protein expression of OCN in any conditions, suggesting that OCN expression is not modulated by MK-7 in osteoblast differentiation. Furthermore, significant upregulation of ALP activity and calcium deposition suggests a more mature osteoblast phenotype. No difference for MK-7 supplementation compared to osteogenic medium was found in calcification propensity, which might be due to the excess calcium ions in cell culture medium present for in vitro hydroxyapatite formation.

Collagen is the major collagen constituent of bone. Here, we note a different mode of COL1A1 expression, with strands or fibers of collagen present in totality over the osteogenic differentiation. In controls, COL1A1 appear to be present in nodules wherein a cluster of iMSCs have possibly spontaneously osteogenically differentiated (Alami et al., 2016). We show a greater surface area of osteogenic differentiation with MK-7 although not statistically significant. Despite there being no increased in vitro calcification on adding MK-7, our findings suggest a more mature osteogenic cellular phenotype by downregulation of RUNX2, increased collagen deposition, and increased ALP activity.

Since upregulation of RUNX2 is indicative of an early pro-osteogenic event by MK-7 activity, we investigated the potential of wound healing. MK-7 supplementation increased gap closure and increased proliferation compared to osteogenic medium alone. It is widely accepted that oxidative stress accelerates the rate of bone loss and is one of the risk and pathogenic factors in osteoporosis (Sánchez-Rodríguez et al., 2007; Manolagas and Parfitt, 2010; Bonaccorsi et al., 2018). Our group has previously noted increases in production of ROS species to be associated with ectopic vascular calcification in vitro (Furmanik et al., 2020). Intriguingly, ROS in osteogenic iMSCs were significantly downregulated by MK-7 treatment, which is in concordance with literature wherein antioxidants decreased oxidative stress in osteoblasts (Rao and Rao, 2015). This suggest that MK-7 counteracts oxidative stress in developing bone in vitro and should be further explored for its antioxidative properties.

As we note increases in cell number with MK-7 supplementation, nodularity of conditions inducing osteogenic events, and given that ossification is considered a terminal differentiation process, we analyzed expression of cell cycle regulator P21. Increases in P21 expression are typically associated with transcriptional regulation of cell cycle arrest (Gartel and Radhakrishnan, 2005). In both osteogenic conditions P21 is significantly upregulated, however increases in proliferation under OsteoMK-7 has been noted. This suggests there might be an overriding regulatory mechanism induced by MK-7. Our data suggests that MK-7 decreases ROS production while increasing cellular migration, proliferation, and potentially overriding cell cycle regulation by P21 during osteogenesis, providing novel insights into the activity of MK-7 on osteogenesis.

Differences in collagen expression amongst samples were apparent and detectable from as early as day 2. Under osteogenic conditions many of the cells appear to have COL1A1 positive fibers, an observation that is completely absent in controls. Furthermore, at this time point the dynamics by which extracellular COL1A1 is expressed is different in osteogenic treatment and MK-7 increases COL1A1. Combined, our data reveal novel insights into the mesenchymal osteogenic differentiation as well evidence for use and efficacy of MK-7 in promoting an osteogenic cellular phenotype.

We did not find OCN expression modulated at any time point. Additionally, in the early timepoint we note no change to BMP-2 activity, which contradicts with literature (Luu et al., 2007). This suggests to additional non-canonical roles of MK-7 in pluripotent mesenchymal differentiation, that remains elusive from our findings. Furthermore, we purposefully chose to use iMSCs between passages 10-20 to determine whether previously noted increased passaging capabilities were also reproducible in our model. Given that primary mesenchymal stem cells typically senesce by passage 8, this further advocates for use of iMSCs as a more practical and scalable cellular resource (Mareschi et al., 2006).

We note that there are particular limitations to this study. Firstly, our findings have only been validated in vitro. It is entirely plausible that the benefit to adding MK-7 is a cell culture phenomenon wherein decreasing cellular stress under high phosphate conditions, for increased cellular proliferation and differentiation. Additionally, we note no differences in calcium deposition, despite increased ALP activity. As we did not vary calcium concentrations this could justify why we do not find differences in calcification with MK-7 supplementation.

This study provides a framework for future studies, both in vitro and in vivo for the role of MK-7 in bone formation and fracture healing. This corroborates observations, from longitudinal and interventional trials on increased bone mineral density following either vitamin K2 supplementation (Sato et al., 2020) or an increased amount of vitamin K2 in the diet (Tsugawa and Shiraki, 2020). Furthermore, the role of VKDPs in iPSC derived products has not been widely explored. Additionally, our data suggest non-canonical function of VKDPs in early differentiation events, that can be modeled using iPSCs. Lastly, the increasing osteogenic cellular phenotype might prove beneficial toward development of tissue engineering solutions such as ex vivo bone grafts. In turn, development of biological products over ceramic or metallic based solutions could be more advantageous over artificial products. There is much we do not know about differentiation processes and extrahepatic activity vitamin K2 analogous. This paper provides a first account into several mechanisms of osteogenesis from iPSCs and the influence of MK-7 on osteogenic processes.
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Xanthine Oxidoreductase Is Involved in Chondrocyte Mineralization and Expressed in Osteoarthritic Damaged Cartilage
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Pathologic calcification of cartilage consists of the formation of basic calcium phosphate (BCP) and/or calcium pyrophosphate dihydrate (CPPD) containing calcium crystals in mature hyaline or articular cartilage and is associated with aging, cartilage injury and likely plays a role in accelerating the pathology of osteoarthritis (OA). The pathways regulating joint calcification, in particular cartilage calcification, are not completely understood, but inflammation and the formation of reactive oxygen species (ROS) are contributory factors. The xanthine oxidase (XO) form of xanthine oxidoreductase (XOR), the key enzyme in xanthine and uric acid metabolism, is a major cellular source of superoxide. We hypothesized that XOR could be implicated in chondrocyte mineralization and cartilage calcification and degradation in OA. We showed both in murine primary chondrocyte and chondrogenic ATDC5 cells, that mineralization was inhibited by two different XOR inhibitors, febuxostat and allopurinol. In addition, XOR inhibition reduced the expression of the pro-mineralizing cytokine interleukin-6 (IL-6). We next generated XOR knock-out chondrocyte cell lines with undetectable XOR expression and XO activity. XOR knock-out chondrocyte cells showed decreased mineralization and reduced alkaline phosphatase (Alp) activity. To assess the precise form of XOR involved, primary chondrocytes of XOR mutant mice expressing either the XDH form (XDH ki) or the XO form (XO ki) were studied. We found that XO ki chondrocytes exhibited increased mineralization compared to XDH ki chondrocytes, and this was associated with enhanced Alp activity, ROS generation and IL-6 secretion. Finally, we found increased XOR expression in damaged vs. undamaged cartilage obtained from OA patients and XOR expression partially co-localized with areas showing pathologic calcification. Altogether, our results suggest that XOR, via its XO form, contribute to chondrocyte mineralization and pathological calcification in OA cartilage.

Keywords: calcium-containing crystals, osteoarthritis, animal model, chondrocyte calcification, xanthine oxidoreductase


INTRODUCTION

The formation of calcium crystals [both basic calcium phosphate (BCP) and calcium pyrophosphate dihydrate (CPPD)] within adult human cartilage is pathological and is a contributory factor in the development and progression of osteoarthritis (OA) (Fuerst et al., 2009; McCarthy and Dunne, 2018; Yan et al., 2020). Calcification can be induced by cartilage injury, metabolic disturbances, aging and inflammation, but the precise mechanisms that regulate this process in chondrocytes is poorly understood. We have previously shown that the inflammatory cytokine IL6 (Nasi et al., 2016b), reactive oxygen species (ROS; Nasi et al., 2016a, 2020) as well as the cellular levels of the gasotransmitter hydrogen sulfide influence the calcification potential of chondrocytes in vitro and in vivo, and the severity of experimental OA (Castelblanco et al., 2020; Nasi et al., 2020). Formation of ROS within chondrocytes can play a role in ageing and OA via induction of metalloproteases (MMPs), inflammation and apoptosis (Lepetsos and Papavassiliou, 2016). We have previously shown that xanthine oxidoreductase (XOR) is a cellular source of ROS that impacts on inflammasome activation (Ives et al., 2015) as well as immune regulation (Kusano et al., 2019).

Xanthine oxidoreductase, a molybdopterin-containing enzyme, is transcribed from the xdh gene and exists in two interconvertible forms, xanthine oxidase (XO) and xanthine dehydrogenase (XDH). Both forms oxidize hypoxanthine/xanthine to uric acid. Whereas XDH uses NAD+ as an electron acceptor and produces NADH, XO uses as an electron acceptor molecular oxygen, mainly producing ROS such as superoxide (O2–) and hydrogen peroxide (H2O2). XOR is originally expressed as the XDH form, but is also found in biological fluids in the XO form (see for review Battelli et al., 2016). Moreover, the conversion of XDH to XO is possible via either irreversible proteolysis or by reversible oxidation of thiol groups at positions 535 and 992 (Nishino and Okamoto, 2015). Both ROS and uric acid generation are inhibited by pharmacological xanthine oxidase inhibitors such as allopurinol (used in the treatment of gout) (Day et al., 2016). The biology of XO can also be explored by genetic modifications of XOR. Recently, we generated mice expressing either the XDH form (XDH ki mice, generated by introducing W338A/F339L mutations in Xdh gene) or exclusively the XO form (XO ki mice, with a C995R mutation) and showed that the XO ki form generated greater levels of O2– than wild type or XDH ki mice (Kusano et al., 2019). We have therefore investigated the role of XOR, a potential source of ROS, in chondrocyte calcification by pharmacological and genetic approaches and studied its link to calcification in OA cartilage samples obtained from patients undergoing knee replacement surgery.



MATERIALS AND METHODS


Mice and Experimental OA

For chondrocyte isolation, C57BL/6 (Charles River) or XOR mutant knock-in (ki) mice, either XDH ki or XO ki, generated by introducing C995R mutation or W338A/F339L mutations in Xdh gene respectively were used (Kusano et al., 2019). For experimental OA, 12-weeks old C57BL/6 female mice were subjected to medial meniscectomy (MNX) of the right knee, while the contralateral knee was sham-operated as control (Kamekura et al., 2005). Two months after, mice were sacrificed, and knees fixed in 10% formol.



Mouse Knee Histology

Knees were dissected and decalcified in EDTA for 20 days and embedded in paraffin. Sagittal sections (5 μm thick, 3 sections/mouse, spaced 70 μM apart) of the medial compartment were stained with Safranin-O and counterstained with fast green/iron hematoxylin.



Human Cartilage

Cartilage from 4 OA patients (mean age 72 ± 10 years) undergoing knee replacement (K/L score = 4) was obtained from the Orthopedic Department (CHUV, Lausanne-CH). Macroscopically intact (undamaged) and damaged cartilage was dissected and fixed in 10% formol for immunohistochemical analysis.



Immunohistochemical Analysis

The anti-collagen II (Ab79127) and anti-collagen X (GTX37732 from Genetex) were used after treatment of fixed cells (15 min in 4% paraformaldehyde) with hyaluronidase 5 mg/ml for 30 min at 37°C. MMP13 was detected with anti-MMP13 (Ab39012 from Abcam). Quantification of immunohistochemical staining was done by image binarization and normalization of positive pixels over total cells. At least three independent fields were quantified per condition. Murine and human XOR expression was evaluated using an anti-XOR rabbit polyclonal antibody (5 μg/ml final concentration, sc-20991, Santa Cruz Biotechnology Inc., Dallas, TX, United States) on knee cartilage paraffin section. Semi-quantitative scoring was performed by two independent observers based on the following scale in three different fields per sample: 0 (no XOR expression); 1(up to 20% positivity); 2 (between 20%-40% positivity); 3 (between 40%-60% positivity); and 4 (above 60% positivity).



Murine Chondrocytes Isolation

Immature chondrocytes were isolated from 5 to 7 days old mice as described (Nasi et al., 2016b) and amplified for 7 days in DMEM + 10%FBS to reach chondrocyte differentiation (Gosset et al., 2008).



ATDC5 Chondrogenic Cell Line

ATDC5 (Sigma), a murine chondrogenic cell line mimicking primary chondrocyte phenotype was cultured in DMEM/F12 + 5%FBS + 1%ITS (insulin-transferrin-selenium, Sigma). In particular these cells were able to mineralize (Newton et al., 2012).



CRISPR/Cas9 XOR Knock-Out Generation of ATDC5 Clones

Design of single-guide RNA (sgRNA) was performed using the online tool http://tools.genome-engineering.org. We adopted two strategies targeting either a sequence which included the starting codon or a sequence in the active site to design the sgRNA for mouse Xdh (“starting” oligos 5′-CACCGCTCCGGCCGTCACGATGACG-3′, 3′-CGAGGCCGGCAGTGCTACTGCCAAAM-5′, “Active site” oligos: 3′-CACCGGGATCTTCTCCGGAGTGGCG-5′, 5′-CCCTAGAAGAGGCCTCACCGCCAAA-3′). As control, we used a sequence targeting luciferase as non-relevant sgRNA as described previously (Di Micco et al., 2016). The complementary oligopairs generated a BsmBI compatible overhang. After annealing, they were ligated into BsmBI restricted lentiCRISPRv2 vector at a 1:1 molar ratio. After confirmation of single copy inserts by sequencing, lentiviral particles were generated using second generation lentiviral packaging plasmids (pVSVg and psPax2) together with the above described XOR or control lentiCRISPRv2 plasmids in HEK cells. ATDC5 chondrocytic cells were infected at a MOI of 1 and subcloned after puromycin selection, by plating single cells by FACS sorting. Clones were screened for absence of XO activity and clones having loss of XOR expression by Western-blot were further selected, expanded and used in the experiments.



Cell Proliferation

106 cells were labeled with 5 μM solution of Cell Proliferation Dye eFluor® 670 in PBS. FACS analysis was performed after 72 h.



Crystal Detection in Articular Chondrocyte Cultures

Chondrocytes were cultivated for 24 h in DMEM with 10%FBS, supplemented with Secondary calciprotein particles (CPP) (50 μg/ml calcium) to induce calcification (Aghagolzadeh et al., 2017; Nasi et al., 2020). Cells were fixed in 10% formol and calcium-containing crystals stained with Alizarin red (Gregory et al., 2004). Calcium content was quantified by the QuantiChromTM Calcium Kit (BioAssay Systems) by reading absorbance at 612 nm using the Spectramax M5e reader (Molecular Devices).



Hydroxyapatite Crystals and Secondary Calciprotein Particles

Hydroxyapatite (HA) crystals were synthesized, characterized (Prudhommeaux et al., 1996), and sonicated for 5 min in sterile PBS prior to experiment. CPP were synthesized as previously described (Aghagolzadeh et al., 2017). Briefly, calcification medium was generated by adding 10% FBS, 3.5 mM inorganic phosphate (2.14 mM Na2HPO4, 1.36 mM NaH2PO4, Sigma), 1 mM calcium (CaCl2, Sigma), 1% penicillin/streptomycin and 1% l-Glutamine to DMEM. This medium was stored at 37°C for 7 days to generate secondary CPP. The medium was centrifuged at 25,000 × g for 2 h at 4°C. The resulting pellet was resuspended by vigorous shaking, and calcium content was measured as described above (QuantiChromTM Calcium assay kit).



Alkaline Phosphatase Activity

Chondrocytes were cultured for 6 h, supernatant was removed and alkaline phosphatase (Alpl) activity was measured in cell lysate using a p-Nitrophenyl Phosphate assay (Alpl Assay Kit, Abcam, ab83369) and by reading absorbance at 405 nm.



Real Time PCR Analysis

RNA was extracted (RNA Clean and Concentrator5, Zymoresearch), reverse transcribed (Superscript II, Invitrogen), and quantitative Real Time-PCR (qRT-PCR) with gene specific primers (Table 1) using the LightCycler480®system (Roche Applied Science) was performed. Data was normalized against Gapdh reference gene, with fold induction of transcripts calculated against control cells.


TABLE 1. Murine and human gene specific primers for qRT-PCR.
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Determination of XO Activity and Uric Acid Levels

Xanthine oxidase activity and uric acid levels were measured by using specific and quantitative assays (Amplex Red Xanthine/Xanthine oxidase kit, and Amplex Red uric acid/uricase kit, respectively, both from Invitrogen) according to the manufacturer’s protocol.



Xanthine Oxidoreductase Western-Blot

A goat polyclonal antibody against human XOR (diluted 1/500) and HRP conjugated polyclonal anti-goat antibody (1/2000, DAKO Cytomation, Glostrup, Denmark) were used as a primary antibody and secondary antibody, respectively. The cross-reacting signals were developed using the ECL Prime reagent (GE Healthcare UK Ltd.) and were visualized by a gel imaging system (ChemiDoc XRS+, Bio-Rad).



Interleukin-6 Quantification

Cell supernatants were assayed using murine interleukin-6 (IL-6) ELISA kit (eBioscience) and by reading absorbance at 450 and 570 nm using the Spectramax M5e reader.



Reactive Oxygen Species Level Measurement

Mitochondrial ROS level was measured with Red Mitochondrial Superoxide Indicator (MitoSOX, Life Technologies). Briefly, cells were stimulated for 2 h with 500 μg/ml hydroxyapatite (HA) crystals and then loaded 30 min with MitoSOX (at 5 μM final concentration), and fluorescence intensity measured (excitation 510 nm, emission 580 nm) using the Spectrax M5e reader.



Glycosaminoglycans Detection

Glycosaminoglycans content was evaluated by Alcian blue staining at pH 2.5, allowing the identification of total glycosaminoglycans (without differentiation of carboxyl and sulfate groups). Briefly, chondrocytes or paraffin section of cartilage were fixed and stained with 1% Alcian blue 8GX in 3% acetic acid pH 2.5 (Sigma) for 30 min. Cells were washed in distilled water and images were captured. Quantification of blue staining was performed in Adobe Photoshop CC 2017 by number of positive pixels.



LDH Measurement

Lactate dehydrogenase (LDH) in supernatant was measured using CytoTox-ONETM Homogeneous Membrane Integrity Assay (Promega) according to the manufacturer’s instructions. LDH release (%) was calculated by using the following formula. LDH release (%) = [(value in sample) − (background)]/[(value in Triton X-100-treated sample) − (background)] × 100.



Statistical Analysis

Values represent means ± SD of triplicates. For each experiment, one representative experiment from a series of at least two independent experiments is shown. Data was analyzed with GraphPad Prism software. Variation between data sets was evaluated using the Student’s t-test or one-way or two-way ANOVA test, where appropriate. Differences were considered statistically significant at ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ****p < 0.0001.



RESULTS


Pharmacological XOR Inhibition Attenuates Chondrocyte Mineralization and IL-6 Secretion in vitro

Primary murine chondrocytes expressed XOR as assessed by qRT-PCR (ΔCt = 12) and by Western-blot (band at 130 kD, result not shown). Similarly, chondrogenic ATDC5 cells expressed XOR (ΔCt = 14) by qRT-PCR and a 130 kD band by Western-blot (Figure 1A). To gain insights into the function of XOR in chondrocytes, two structurally unrelated XOR inhibitors, febuxostat and allopurinol were tested first in the chondrocyte mineralization assay. As expected from previous results (Nasi et al., 2020) primary chondrocyte calcification occurred after 24 h incubation with CPP. As demonstrated by Alizarin red staining (Figure 2A) and by quantification of calcium content in the cell monolayer (graph Figure 2A) calcification was strikingly attenuated by febuxostat. This inhibitory effect was recapitulated by allopurinol, the other XOR inhibitor. In parallel, we found that chondrocyte IL-6 secretion was also inhibited by both febuxostat and allopurinol in a dose-dependent manner (Figure 2B). These inhibitory effects were not due to effects on cell viability as no effect of these compounds on LDH levels were found (results not shown). The anti-mineralizing effect of XOR inhibitors were reproduced in the chondrogenic ATDC5 cell line (Supplementary Figure 1). These results support our previous finding that IL-6 sustains chondrocyte calcification (Nasi et al., 2016b), suggesting that XOR inhibitors impact mineralization by inhibiting IL-6 production. Increased mineralization has been associated with changes in extracellular matrix (ECM), and in particular in glycosaminoglycans (Hirschman and Dziewiatkowski, 1966; Chen et al., 1984). Indeed, we found by Alcian blue staining striking increase of glycosaminoglycans levels in primary chondrocytes upon febuxostat or allopurinol treatment for 10 days (Figure 2C).
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FIGURE 1. CRISPR/Cas9-mediated depletion of XOR leads to decreased chondrocyte mineralization. (A) Immunoblot analysis of XOR expression in cell extracts from ATDC5 cells, ATDC5 cell clones transduced with lentiviral control constructs (ctrl1, ctrl2), or lentiviral constructs with gRNA for XOR knock-out (XOR KO1, XOR KO2, XOR KO3). Equal amount of protein loading in the different samples was assessed by tubulin immunoblot. (B) XO activity in cell extracts from ATDC5 control (ctrl1 and ctrl2) and XOR knock-out (XOR KO1, XOR KO2, XOR KO3) clones. XO activity was determined by Amplex Red. (C) Alizarin red staining and quantification of Ctrl and XOR KO chondrocyte cell lines cultured with CPP for 24 h. Pictures are representative of one experiment of three independent experiments. Scale bar 400 μM. (D) Alkaline phospatase activity measurement in cell homogenates from Ctrl and XOR KO chondrocytes cultured with CPP for 6 hrs. ∗∗p < 0.01, ∗∗∗p < 0.001.
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FIGURE 2. Xanthine oxidoreductase inhibitors regulate chondrocytes mineralization, IL-6 secretion, and extracellular matrix glycosaminoglycan content. (A) Representative Alizarin red staining of murine primary chondrocytes cultured with CPP and treated with 200 μM Febuxostat or 4 mM Allopurinol for 24 h. Pictures represent triplicates from one experiment of three independent experiments. Scale bar 400 μM. Graphs represent calcium content in the cell monolayer of chondrocytes cultured with CPP and treated with different doses of Febuxostat and Allopurinol for 24 h, expressed as μg Ca/μg protein. ∗∗p < 0.01, ∗∗∗p < 0.001, ****p < 0.0001. (B) IL-6 secretion in cell supernatant of chondrocytes stimulated for 24 h with HA crystals and different doses of Febuxostat or Allopurinol. ∗p < 0.05, ∗∗p < 0.01. (C) Representative Alcian blue staining of chondrocytes treated with 25 μM Febuxostat or 125 μM Allopurinol for 10 days. Pictures represent triplicates from one experiment of two independent experiments. Scale bar 100 μM. Graphs represent quantification of Alcian blue staining in the cell monolayer. ∗p < 0.05, ∗∗p < 0.01.




Xanthine Oxidoreductase Deficiency Inhibited Chondrocyte Mineralization in vitro

As primary murine chondrocytes, also chondrogenic ATDC5 cells expressed XOR (ΔCt = 14) by qRT-PCR and a 130 kD band by Western-blot (Figure 1A). To further test the role of XOR in chondrocytes, we generated XOR knock-out cells using a lentiviral CRISPR/cas9 system. ATDC5 cells were transduced with lentiviral constructs with control guided RNAs or with guided RNAs targeting XOR. The gRNAs designed to knock-out XOR expression were efficient as indicated by disappearance of both XOR protein expression by Western-blot (Figure 1A) and XO activity (Figure 1B) in three independent XOR KO clones. Control and XOR KO clones had the same proliferation capacities (Supplementary Figure 3A). These clones were further studied for their calcification potential. XOR KO clones had a reduced capacity to mineralize compared to controls (Figure 1C). In addition to a decreased mineralization capacity, XOR KO clones also showed decreased Alp activity (Figure 1D).

Since the behavior of the three XOR KO clones was reproducible concerning mineralization and Alp activity, we next focused on one of them: XOR KO1 cell line. As expected, XOR KO1 cells had significantly reduced pro-mineralizing IL-6 (Supplementary Figure 3B) and uric acid levels compared to control cells (Supplementary Figure 3C). We also found that upon HA crystal stimulation, a known stimulus of ROS production in macrophages (Ives et al., 2015) and chondrocytes, ROS levels were significantly induced in control Ctlr1 cells but not in XOR KO1 chondrocytes (Supplementary Figure 3D). This was not due to decreased viability of XOR KO1 cells upon HA stimulation (see MTT assay and Supplementary Figure 3A).

We next investigated whether XOR deficiency could affect ECM composition and degradation. We found in control and XOR KO1 chondrocytes similar levels of collagen II, and of the hypertrophic chondrocyte marker collagen X (as assessed by immunohistochemistry, Supplementary Figures 3E,F). Finally, MMP13, a critical protease involved in ECM degradation was also unchanged compared to control chondrocytes (Supplementary Figure 3G).



The XO and XDH Forms of XOR Differ in Mineralization and IL-6 Secretion

We and others found that H2O2 stimulation led to significantly increased calcification, while the ROS scavenger NAC reverted the latter effect (Morita et al., 2007; Nasi et al., 2020). We therefore hypothesized that the pro-mineralizing effects of XOR could be mediated by ROS generation via the XO form of XOR. We took advantage of the previously generated Xdh gene-modified mice, expressing either knocked-in XDH stable (C995R) mutant protein (XDH ki), or knocked-in XO-locked (W338A/F339L) mutant protein (XO ki). We isolated from these mice primary chondrocytes expressing mainly the XDH form (XDH ki) or exclusively the XO form (XO ki). As expected, primary XO ki chondrocytes possessed significantly more XO activity compared to XDH ki chondrocytes at the basal state (Figure 3A). Upon stimulation with HA crystals, they produced significantly more ROS than XDH ki chondrocytes (Figure 3B). Taken together, these results confirmed that XO ki chondrocytes overproduced ROS.
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FIGURE 3. Xanthine oxidase form of XOR is preferentially involved in chondrocyte mineralization, ROS production and IL-6 secretion. (A) XO activity measurement by AmplexRed Kit in cell homogenates from XDH ki and XO ki chondrocytes. ∗∗p < 0.01. (B) Mitochondrial ROS production in XDH ki and XO ki chondrocytes stimulated or not with 500 μg/ml HA crystals for 2 h. ∗p < 0.05. (C) Representative Alizarin red staining of XDH ki and XO ki chondrocytes cultured with CPP for 24 h. Pictures from one experiment of three independent experiments are shown. Scale bar 400 μM. Graphs represent calcium content in the cell monolayer of XDH ki and XO ki chondrocytes cultured with CPP for 24 h, expressed as μg Ca/μg protein. ∗∗p < 0.01. (D) Alkaline phosphatase activity measurement in cell homogenates from XDH ki and XO ki chondrocytes cultured with CPP for 6 h. ∗p < 0.05. (E) IL-6 secretion in cell supernatant of chondrocytes from point (c). ****p < 0.0001. (F) Representative Alcian blue staining of XDH ki and XO ki chondrocytes cultured for 10 days. Pictures represent triplicates from one experiment of two independent experiments. Scale bars 100 μM. Graphs represent quantification of Alcian blue staining in the cell monolayer. ∗∗∗p < 0.001.


Considering that high ROS levels are reported to inhibit proliferation and modulate the initiation of hyperthrophic changes in chondrocytes (Morita et al., 2007), we assessed the contribution of the ROS-generating XO form to the calcification potential of primary chondrocytes. We found a predominant mineralizing phenotype in XO ki chondrocytes compared to XDH ki chondrocytes, as evidenced by enhanced alizarin red staining (Pictures, Figure 3C) and increased calcium content (Histogram, Figure 3C). Increased mineralization in XO ki chondrocytes was associated with enhanced Alp activity (Figure 3D) and IL-6 secretion (Figure 3E). Accordingly, we found decreased proliferation of XO ki chondrocytes compared to XDH ki chondrocytes (Supplementary Figure 2B). Moreover, glycosaminoglycans content as evidenced by Alcian blue staining was decreased in XO ki chondrocytes (Figure 3F), thus reinforcing the negative correlation between proteoglycan content and mineralization. However, other markers of chondrocyte differentiation in XO ki chondrocytes such as collagen II, collagen X or MMP13 were similarly expressed in XO ki and XDH ki chondrocytes (Supplementary Figure 4).

Altogether, our study suggests that XO, via ROS generation, exacerbates chondrocyte mineralization. In addition, XO ki chondrocytes have the capacity to generate more ROS upon HA-crystal stimulation.



Xanthine Oxidoreductase Expression Is Increased in Human OA Cartilage

We dissected macroscopically undamaged and damaged pieces of articular cartilage from the femoral condyles of 4 OA patients undergoing total knee replacement surgery, and analyzed them for XOR expression. Immunohistochemistry of undamaged cartilage revealed XOR expression by chondrocytes in the superficial and intermediate cartilage layers but not in deep layers. In damaged cartilage, XOR expression was increased in all cartilage areas analyzed (Figure 4A). We used an anti XOR antibody directed against an epitope corresponding to amino acids 251–360 mapping near the N-terminus of XOR, thus recognizing both XO and XDH forms. The staining with this antibody was specific as demonstrated by controls with non-immune rabbit IgG 5 ug/ml (in place of anti XO IgG 5 ug/ml, see Figure 4E) or absence of primary antibody (results not shown) in which very little if any staining was noted. In agreement with these immunohistological results, XOR mRNA levels were increased in damaged versus undamaged osteoarthritic cartilage (Figure 4B). We next analyzed IL-6 expression on consecutive slides and found expression pattern similar to those of XOR (Figure 4C, i.e., in undamaged cartilage IL-6 expression by chondrocytes in the superficial and intermediate cartilage layers but not in deep layers; in damaged cartilage, increased IL-6 expression in all cartilage layers). The glycosaminoglycans content of the damaged cartilage was reduced compared to undamaged tissue as evidenced by Alcian blue staining (Figure 4D). Finally, in all the damaged cartilage samples examined, we observed the presence of alizarin red positive calcium-containing crystals. Interestingly, both XOR expression and IL-6 expression was colocalized with some of the crystal deposits (Figures 4D,E).
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FIGURE 4. Cartilage XOR expression correlates with cartilage damage and calcification in OA. (A) XOR immunohistochemical staining in superficial, intermediate and deep zone of macroscopically damaged and undamaged cartilage from end-stage osteoarthritis patients. One representative picture from one out of four patients is shown. Scale bar 200 μm. Graph represent quantification of XOR staining in damaged and undamaged cartilage from four OA patients (named P1, P2, P3, and P4). (B) qRT-PCR analysis of XOR gene expression in damaged and undamaged cartilage from patients in point (a). (C) IL-6 immunohistochemical staining in superficial, intermediate and deep zone of macroscopically damaged and undamaged cartilage from end-stage osteoarthritis patients. One representative picture from one out of four patients is shown. Scale bar 200 μm. Sections are consecutive to those in panel (A). (D) XOR immunohistochemical staining in cartilage and consecutive sections stained with Alcian blue staining for glycosaminoglycans and Alizarin Red staining for calcium-containing crystals. For each staining, one representative picture from one out of four patients is shown. Scale bar 400 μm. (E) Alizarin Red staining for calcium-containing crystals in cartilage and consecutive sections stained with IL-6 and XOR immunohistochemistry or a control (Ctrl) antibody. For each staining, one representative picture from one out of four patients is shown. Scale bar 800 μm.


Altogether, these results indicate that chondrocyte XOR expression increases with the severity of cartilage damage in human OA, and is correlated with cartilage calcification.



DISCUSSION

A large body of evidence supports the idea that calcium-containing crystals are active players in the initiation and progression of OA (Conway and McCarthy, 2018; McCarthy and Dunne, 2018). Clinically, calcification is commonly seen in the context of aging, joint trauma, conditions that are associated with OA. The mechanisms that lead to this pathological calcification are still not well understood.

Local inflammation and chondrocyte ROS levels influence chondrocyte mineralization (Morita et al., 2007). Here, we have demonstrated for the first time that XOR is expressed by chondrocytes in culture and in vivo, and plays a role in cartilage calcification. XOR is a major enzyme in the purine degradation pathway and the XO form is in addition a source of cellular ROS. XO is formed under conditions of cellular stress or inflammation (Parks et al., 1988; Battelli et al., 2018). Our results showed that when XO activity is reduced, either by the administration of XO inhibitors or by deletion of the xdh gene, there is a reduction of chondrocyte mineralization as well as IL6 secretion. The availability of genetically modified mice that expressed selectively only one form of XOR allowed us to study the role of the XO vs. the XDH form in calcification. The XO form exhibited increased calcification, as well as increased IL6 production with increased cellular ROS levels, particularly when chondrocytes were cultured in the presence of calcium crystals (HA crystals). Our data further highlight the cross-talk between calcification and ROS production in chondrocytes. We have shown before that H2O2 induced calcification in chondrocytes and that the ROS scavenger NAC could revert this effect (Nasi et al., 2020). On the other hand, HA crystals found in chondrocyte calcification induced both cytosolic and mitochondrial ROS (Nasi et al., 2016a). Our results generated with XOR KO chondrocytes further confirm the reciprocal link between calcification and ROS production, as we found that XOR deficient chondrocytes had a reduced capacity to induce ROS and to mineralize. In addition, in the mutated chondrocytes expressing the XDH form, unable to produce ROS, we found a decrease capacity to generate ROS and reduced calcification compared to chondrocytes expressing the ROS-producing the XO form. XOR-derived ROS (primarily H2O2 and superoxide) play a role in chondrocyte mineralization. However, there are other potential sources of ROS in chondrocytes (e.g., mitochondrial respiratory enzymes and NADPH oxidase) that could contribute to increased oxidative stress and increased mineralization. Conversely, anti-oxidant enzymes such as superoxide dismutase could decrease oxidative stress and mineralization. For instance tempol, a superoxide dismutase mimetic agent ameliorated vascular smooth muscle cell calcification and arterial medial calcification in uremic rats, together with reduction in aortic and systemic oxidative stress levels (Yamada et al., 2012). Further studies are required to determine the collective roles of the enzymes involved in oxidative stress and chondrocyte mineralization.

In addition to ROS, another pro-mineralizing player is IL-6. IL-6 is indeed a strong up-modulator of Alp, a crucial enzyme involved in the mineralization process (Bastidas-Coral et al., 2016). In addition, IL-6 can also impact other pro-mineralizing molecules such as Annexin5, Ank and Pit1 and on inflammation (Nasi et al., 2016b; Ehirchiou et al., 2020). Finally, Alp, IL-6 and mineralization have all been associated to OA development and progression (Nasi et al., 2016b; Park et al., 2020). Here we demonstrated that both IL-6 secretion and Alp were significantly up-regulated in XO ki versus XDH ki chondrocytes, and that Febuxostat and Allopurinol inhibited HA-induced IL-6 secretion. Interruption of this mineralization triggers by XOR inhibitors could therefore be beneficial in slowing the progression of OA. In support of this, Aibibula et al. (2016) reported that treatment with febuxostat reduced major OA features in a murine model of diet-induced OA.

Xanthine oxidase activity also modulated proteoglycan turnover. Previous studies reported that addition of XO to articular cartilage in culture resulted in decreased proteoglycan synthesis (Bates et al., 1984). In addition it was found that H2O2 was the active ROS involved in this phenomenon (Bates et al., 1984; Schalkwijk et al., 1985). In our study, XO ki chondrocytes had significantly lower levels of glycosaminoglycans. Accordingly, we found that XO inhibitors significantly increased proteoglycan content of chondrocytes. However, we did not find significant changes in the expression of collagen II and collagen X matrix components in XDH ki versus XO ki chondrocytes.

Uric acid plays a complex role in cartilage pathophysiology. It was reported that physiological concentrations of uric acid had both anti-inflammatory and chondroprotective effects in vitro and in vivo (Lai et al., 2017). On the other hand several independent observations indicated that hyperuricemia was associated with more severe OA and predicted OA progression (Denoble et al., 2011; Krasnokutsky et al., 2017; Neogi et al., 2019). In these studies, higher uric acid levels could partly reflect increased XOR activity in cartilage, leading ultimately to deleterious effects on cartilage integrity. In our study, we observed that damaged OA cartilage expressed higher levels of XOR than undamaged cartilage, which co-localized with calcium crystal deposits in some samples. This strongly suggests that local XOR expression and activity participate in cartilage calcification and damage in OA. It is likely that in the context of high oxidative stress such as in OA cartilage, XO form would be preferentially expressed. New antibodies discriminating XO versus XDH forms, will be useful tools to identify if XO is crucially involved in cartilage calcification and degradation in OA. Taken together, our findings suggest that XOR inhibitors may be of therapeutic benefit in OA.
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X-linked hypophosphatemia (XLH) is the most common form of genetic rickets. Mainly diagnosed during childhood because of growth retardation and deformities of the lower limbs, the disease affects adults with early enthesopathies and joint structural damage that significantly alter patient quality of life. The conventional treatment, based on phosphorus supplementation and active vitamin D analogs, is commonly administered from early childhood to the end of growth; unfortunately, it does not allow complete recovery from skeletal damage. Despite adequate treatment during childhood, bone and joint complications occur in adults and become a dominant feature in the natural history of the disease. Our previous data showed that the Hyp mouse is a relevant model of XLH for studying early enthesophytes and joint structural damage. Here, we studied the effect of conventional treatment on the development of bone and joint alterations in this mouse model during growth and young adulthood. Mice were supplemented with oral phosphorus and calcitriol injections, following two timelines: (i) from weaning to 3 months of age and (ii) from 2 to 3 months to evaluate the effects of treatment on the development of early enthesophytes and joint alterations, and on changes in bone and joint deformities already present, respectively. We showed that early conventional treatment improved bone microarchitecture, and partially prevented bone and joint complications, but with no noticeable improvement in enthesophytes. In contrast, later administration had limited efficacy in ameliorating bone and joint alterations. Despite the improvement in bone microarchitecture, the conventional treatment, early or late, had no effect on osteoid accumulation. Our data underline the usefulness of the Hyp murine model for preclinical studies on skeletal and extraskeletal lesions. Although the early conventional treatment is important for the improvement of bone microarchitecture, the persistence of osteomalacia implies seeking new therapeutic strategies, in particular anti-FGF23 approach, in order to optimize the treatment of XLH.

Keywords: rickets, osteomalacia, Hyp mice, phosphorus, conventional treatment, XLH, PHEX, fibroblast growth factor 23


INTRODUCTION

X-linked hypophosphatemia (XLH) is the most common form of genetic rickets. This rare disease is caused by inactivating mutations in the phosphate-regulating endopeptidase homolog X-linked (PHEX) gene, characterized by chronic hypophosphatemia. Impaired function of PHEX leads to elevated levels of phosphaturic fibroblast growth factor 23 (FGF23) resulting in renal phosphate-wasting hypophosphatemia and low levels of calcitriol [1,25(OH)2D3] via the inhibition of 1α-hydroxylase and the activation of 24-hydroxylase (Kinoshita and Fukumoto, 2018).

Clinically, children with XLH are characterized by progressive skeletal deformities (leg bowing, waddling gait, poor growth, and disproportional short stature), dental abscesses, and craniosynostosis. Adult patients present various symptoms of osteomalacia such as bone pain, insufficiency fractures, and myopathy. In addition, adults may develop hearing loss, odontomalacia, mineralizing enthesopathy, and osteoarthropathy (Linglart et al., 2014). In adult patients with XLH, the aforementioned manifestations significantly reduce quality of life (Che et al., 2016; Steele et al., 2020). We showed that Hyp mice, a murine model of XLH, developed early osteoarticular lesions and the severity of these lesions gradually increased over 12 months, demonstrating the relevance of this murine model for osteoarticular preclinical studies (Faraji-Bellee et al., 2020).

Current medical treatment of XLH consists of oral active vitamin D [calcitriol or 1α-(OH)D3] and multiple daily doses of phosphate supplements. To optimize the final outcomes (recovery of rickets, normalization of elevated alkaline phosphatase (ALP) levels, growth improvement, restoration of leg deformities, and dental mineralization), treatment should be started as soon as the diagnosis of XLH is made. Supplementation is commonly prescribed from early childhood to the end of growth but is also essential in certain periods of adult life such as pregnancy or breastfeeding, before planned surgical interventions, and in all symptomatic patients with XLH (recurrent dental abscesses, fractures, etc.) (Linglart et al., 2014). Nonetheless, despite this treatment during growth, musculoskeletal symptoms due to enthesopathies and osteoarthritis remain the major manifestations in the clinical progression of XLH. Further, there is a paucity of data on the effects of conventional treatment (i) if started early, on the abnormal bone phenotype in XLH, beyond the traditional goals, and (ii) if started early, on prevention of and/or recovery from osteoarticular manifestations of XLH such as osteoarthritis and enthesopathies. The main limitations of the studies on the effect of conventional treatment in XLH performed so far are small sample sizes and their retrospective cross-sectional observational design that does not take into account the age when the treatment is started.

Therefore, we designed a prospective study in a murine model of XLH (Hyp mice) aiming to evaluate whether, if started early in life, conventional treatment is capable of preventing and/or ameliorating the skeletal and extraskeletal manifestations of hypophosphatemia.



MATERIALS AND METHODS


Mice

The Hyp mouse model B6.Cg-Phex Hyp/J was used in this study. Heterozygous breeding was carried out and tail snips were collected for genotyping. DNA was extracted from the snips using DNeasy Blood and Tissue Kit (Qiagen, France) and the genotype was determined by PCR using primers for the Phex gene. Wildtype (WT) and Hyp littermate male mice were used in experimental procedures. All experiments were performed with a protocol approved by the Animal Care Committee of the Université de Paris (project agreement 20-008, APAFiS #27827 N°202001171429974). Animals were maintained in accordance with the ethical protocol approved by the Animal Care Committee of French Veterinary Services (DPP Haut de Seine, France: agreement number D9204901). All mice were housed under standard conditions of temperature (23 ± 2°C) with a 12:12 h light-dark cycle and unlimited access to water and standard pelleted food (1.20% calcium and 0.83% phosphorus, rodent diet 3800PMS10, Provimi Kliba, Kaiseraugst, Switzerland).

Two groups of treated Hyp mice were carried out in this study (n = 6 mice per group): (1) to study the effect of long-term treatment on skeletal/extraskeletal manifestations if started early during growth, Hyp mice received the conventional treatment during the whole study period from the juvenile stage starting at weaning, which occurs at 3 weeks (W), to the beginning of the mature adult stage which occurs at 3 months (M) of life and (2) Hyp mice which received the conventional treatment from M2 (corresponding to the end of juvenile stage) to M3 to study the effect of the conventional treatment on skeletal/extraskeletal manifestations if started later during growth. Both treated groups of Hyp mice were compared to control WT and Hyp mice, which were not given conventional treatment (n = 6 per group).

The conventional treatment consisted of intraperitoneal injections of calcitriol 175 pg/g every other day [1,25(OH)2D3, Cayman Laboratory] and phosphate supplementation (phosphate-enriched water 1.93 g phosphate element per liter of beverage, Phosphoneuros). Doses of calcitriol were adjusted once a week according to the animals’ weight.



In vivo Study


The Growth Parameters

Growth parameters (body weight and total length) were measured once a week. Precision scales and a graduated ruler were used for weight and length measurements, respectively. Additionally, the length of the rachis was measured on X-ray micro-computed tomography (Micro-CT) images.



X-Ray Micro-computed Tomography Analysis

Wildtype and Hyp mice were scanned at W3, M2, and M3 using a high-resolution X-ray micro-CT system (Quantum FX Caliper, Life Sciences, Perkin Elmer, Waltham, MA, United States) hosted by the PIV Platform (UR2496, Montrouge, France). Standard acquisition settings were applied (setting the voltage at 90 kV and intensity at 160 mA), and scans were performed with a field of view alternatively focused on the right paw (scan time of 180 s and voxel size of 20 μm3), focused on the hip (120 s and 50 μm3), or covering the full body (36 s and 236 μm3). Micro-CT datasets were analyzed using the built-in multiplanar reconstruction tool, Osirix 5.8 (Pixmeo, Switzerland), to obtain time series of images aligned anatomically for each region of each animal.

Axial and coronal images of the sacroiliac and hip joints, sagittal images of the spine, and axial and sagittal images of the hind paw were reconstructed. The following were evaluated: hip osteoarthritis (defined as the presence of osteophytes on joint margins, narrowing of the joint space or altered shape of the bone ends); enthesopathies (defined as new bone formation at enthesis sites) on the iliac bone, spine or paw; erosion of the sacroiliac joint and periarticular calcification. The analysis was focused on these areas because they are the most frequent sites of structural involvement in adults with XLH. Erosion of the sacroiliac joints was assessed following Faraji-Bellee et al. (2020) protocol, which was developed by rheumatologists specialized in the field of rare bone diseases and bone inflammatory diseases. The reader was blind to the status of the mouse (Hyp vs WT) but was aware of the different analysis time points (W3, M2, M3). A semi-quantitative score was established, ranging from 0 (normal) to 3 (most severe feature assessed) for sacroiliac erosions (see Supplementary Table 1).

The angle of dorsolumbar kyphosis of mice was defined for each mouse at W3, M2, and M3. Using sagittal images of mice spines from full-body CT scans, endplate orientations of thoracic and lumbar vertebrae have been marked using ImageJ (Rasband, W.S., ImageJ, U.S. National Institutes of Health, Bethesda, MD, United States1 1997–2016). The apical thoracic vertebrae of the rachis were identified and the angle of kyphosis defined by the means of (1) the tangent to the lower vertebral endplate of the fourth lower vertebra and (2) the tangent of the upper vertebral endplate of the fourth upper vertebra, from the apical vertebra. A script in MATLAB (MATLAB R2012b, The MathWorks Inc., Natick, MA, United States, 2000) was used to measure these angles at each age in each of the mice.

The trabecular bone was analyzed at the distal metaphysis of the femur. The following parameters were used: bone volume/total volume (BV/TV) ratio, trabecular number (TbN), trabecular separation (TbSp), trabecular thickness (TbTh), and trabecular pattern factor (TbPf) (Bouxsein et al., 2010).



Ex vivo Study


Murine Bone Tissue Preparation

Bones were fixed overnight at 4°C in 70% ethanol solution and dehydrated in a graded ethanol series. Undecalcified samples were embedded in methyl methacrylate (Merck, Rahway, NJ, United States). Serial sections, 4 μm thick, were cut on a microtome (Polycut E microtome, Leica, Wetzlar, Germany). Series of consecutive sections representative of micro-CT images were stained with von Kossa (5% silver nitrate solution, Sigma-Aldrich, St Louis, MO, United States) and counterstained with toluidine blue (pH 3.8), stained with Masson’s Trichrome (Sigma–Aldrich), Safranin O Lillie’s Trichrome (Sigma–Aldrich).



Enzyme Histochemistry

Tartrate-resistant acid phosphatase (TRAP) was used to evaluate osteoclasts by using 2.5 mM naphthol-ASTR-phosphate (Sigma–Aldrich), 0.36 M N–N-dimethyl-formamide (Sigma–Aldrich), and 4 mM salt in pH 5.2 acetate buffer. Non-osteoclastic acid phosphatase activity was inhibited with 100 mM L(+)-tartaric acid (Sigma–Aldrich) added to the substrate solution.

Alkaline phosphatase was used to reveal the layer of osteogenic cells by incubating the sections with naphthol ASTR phosphate (Sigma–Aldrich) and diazonium fast blue RR salt (Sigma–Aldrich) for 30 min at 37°C (pH 9) in the presence of MgCl2.



Immunohistochemistry

Sections embedded in methyl methacrylate were deplasticized in methyl glycol acetate. After rehydration in a graded ethanol series to pure distilled water, non-specific peroxidases were blocked for 15 min with ortho-periodic acid and background activity was blocked at room temperature using 5% bovine serum albumin (BSA). Sections were then incubated in a humid atmosphere for 12 h at room temperature in a dark chamber with primary antibody against sclerostin (SOST) (R&D Systems, Minneapolis, MN, United States) diluted at 5 μg/mL. Sections were washed and then incubated with polyclonal antigoat immunoglobulin (Dakocytomation) diluted at 1/200 for 1 h at room temperature in a dark chamber. Peroxidase activity was detected using diaminobenzidine (DAB) substrate (Sigma–Aldrich). Control incubations to assess non-specific staining consisted of the same procedure except that the primary antibody was replaced by non-immune serum.



Statistical Analysis

Statistical analysis was carried out and graphs plotted with GraphPad Prism for Windows, version 7.0. The distribution of variables was tested with Kolmogorov–Smirnov test. The results are expressed as the mean ± SD for continuous variables and comparisons being performed using ANOVA. Data are expressed as median with interquartile range in Figures 4B,C and mean ± SD in Figure 4D using Mann–Whitney and Student’s t-test for statistical analysis, respectively. P-values of less than 0.05 were considered significant.



RESULTS


Effect of Conventional Treatment on Growth and Dorsolumbar Kyphosis

Seeking to understand the effect of the conventional treatment on parameters such as growth and dorsolumbar kyphosis, we analyzed changes in spine length and changes in dorsolumbar kyphosis (expressed in degrees of curvature) by group (Figure 1).
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FIGURE 1. (A) Total body images of WT mice, untreated Hyp mice, and Hyp mice on conventional treatment started early at M3. (B) Spine length, gain in length, and spine curvature at baseline (W3), M2 and M3 evaluated with micro-CT in WT mice, untreated Hyp mice, and Hyp mice on conventional treatment started early. (C) Spine length, gain in length, and spine curvature at baseline (M2) and M3 evaluated with micro-CT in WT mice, untreated Hyp mice, and Hyp mice on conventional treatment started late. (D) Spine length and curvature of Hyp mice on conventional treatment started early compared to Hyp mice on conventional treatment started late. W3, 4, 6, 8, 10, 12: 3, 4, 6, 8, 10, 12 weeks; M2: 2 months; M3: 3 months; *p < 0.05; **p < 0.01; ***p < 0.001.



Early Start of Conventional Treatment

At baseline, Hyp mice had significantly shorter spine lengths than WT animals (Figure 1B). After starting the treatment, Hyp mice in the early treatment group showed much larger gains in length than WT or untreated Hyp mice (Figure 1B). On the other hand, micro-CT analysis showed that at M3, WT mice were significantly longer than treated Hyp mice, and there were no significant length differences between treated and untreated Hyp mice (Figure 1B).

Regarding dorsolumbar kyphosis, spinal kyphosis increased between baseline and the end of the study in untreated Hyp mice whereas it decreased over time in the WT group. No significant difference in spine curvature was observed at M3, i.e., at the end of the study, between the Hyp mice treated early and WT groups (Figure 1B).



Late Start of Conventional Treatment

Hyp mice did not show a significant increase in length after initiating the treatment at M2, and no differences in spine length were seen between treated and untreated Hyp mice at M3 (Figure 1C). Stature growth was not statistically enhanced by conventional treatment when initiated as an adult. Nevertheless, at M3, Hyp mice with treatment showed a gain in length comparable to that in WT animals (Figure 1C).

Regarding dorsolumbar kyphosis, though not statistically significant, spinal kyphosis tended to decrease in Hyp mice after initiating treatment, following the same pattern as in the WT group. In contrast, in untreated Hyp mice, kyphosis increased over time (Figure 1C).

Hyp mice with late treatment showed a spine length and curvature comparable to Hyp mice with early treatment (Figure 1D).



Effect of Conventional Treatment on Bone Microarchitecture


Early Start of Conventional Treatment

3D reconstructed images demonstrated that treated Hyp mice had bone microstructure very similar to that in the WT group by the end of study (M3) (Figure 2A). Regarding the parameters of bone quantity, both BV/TV and TbN were significantly higher (p < 0.05) by M2 in Hyp mice with early treatment than in untreated animals, and this difference was maintained at M3 (Figure 2B). There were no differences in TbTh between WT and Hyp mice (treated or not) at any point in the follow-up (Supplementary Figure 1A). Regarding the trabecular connectivity (expressed as TbPf), there were significantly more connections between bone trabecula (p < 0.05) in treated than untreated Hyp mice, though this difference was only observed at M3 (Supplementary Figure 1A).
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FIGURE 2. Parameters of bone microarchitecture evaluated with micro-CT in WT mice, untreated Hyp mice, and Hyp mice on conventional treatment started early and late. (A) 3D-images of bone microarchitecture at baseline (W3), M2 and M3 in WT mice, untreated Hyp mice, and Hyp mice on conventional treatment started early, and at M2 and M3 in WT mice, untreated Hyp mice, and Hyp mice on conventional treatment started late. (B) BV/TV and TbN at baseline (W3), M2 and M3 in WT mice, untreated Hyp mice, and Hyp mice on conventional treatment started early. (C) BV/TV and TbN at baseline (M2) and M3 in WT mice, untreated Hyp mice, and Hyp mice on conventional treatment started late. (D) BV/TV and TbN at M2 and M3 in Hyp mice on conventional treatment started early compared to Hyp mice on conventional treatment started late. BV/TV, bone volume/total volume ratio; TbN, trabecular number. W3: 3 weeks; M2: 2 months; M3: 3 months; *p < 0.05; **p < 0.01; ***p < 0.001.




Late Start of Conventional Treatment

3D reconstructed images demonstrated a slightly greater bone mass in treated than untreated Hyp mice, although the bone microstructure in treated Hyp mice was far from that in the WT group (Figure 2A). The study of bone microarchitecture showed that there were no statistically significant differences in BV/TV, TbN, TbTh, or TbPf between treated and untreated Hyp mice by the end of study (M3) (Figure 2C and Supplementary Figure 1B).

Compared to Hyp mice in the early treatment group, Hyp mice treated late showed lower BV/TV and TbN at M3, although the statistical significance was not reached (Figure 2D). There were no differences in TbTh and TbPf between Hyp mice with early or late treatment groups (Supplementary Figure 1C).



Effect of Conventional Treatment on Bone and Joint Structural Damages


Bone and Joint Alterations in the Axial Skeleton (Sacroiliac Joint)


Early start of conventional treatment

Micro-CT images, performed at baseline (W3), showed alterations in the sacroiliac joint in Hyp mice, in comparison to WT (Figure 3A). Two out of six untreated Hyp mice and two out of six Hyp mice in the early treatment group already displayed a high sacroiliac joint score for erosion at baseline (score between 2 and 2.5 out of 3 which means <25% and ≥25% to <50% of the articular surface area affected, respectively) (Supplementary Table 2). At M2 and M3, multiple erosions and an irregular and blurred appearance of the cortical margins were noted in untreated Hyp mice, whereas Hyp mice started on the conventional treatment early showed fewer erosions and a more regular appearance of the sacroiliac joint, compared to that observed in WT animals (Figure 3A). These results were confirmed by the sacroiliac joint scores for erosion at M3 which were lower in Hyp mice with early treatment compared to untreated Hyp mice. At M3, three of six Hyp mice with early treatment had a mean score of 0, whereas none of untreated Hyp mice had such a mean score (Figures 3B–D and Supplementary Table 2).
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FIGURE 3. Micro-CT evaluation of sacroiliac joints at W3, M2, and M3 in WT mice, untreated Hyp mice and Hyp mice on conventional treatment started early or late. (A) Multiple erosions and irregular cortical margins of sacroiliac joints are indicated with arrows in untreated Hyp mice. In Hyp mice on conventional treatment started early, there is improvement in extraskeletal manifestations at M2 and M3, but without complete restoration ad integrum. No improvement in extraskeletal manifestations is noticeable in Hyp mice on conventional treatment started late. Sacroiliac score evaluated at Micro-CT scans at M3 (B) in WT mice, untreated Hyp mice, and Hyp mice on conventional treatment started early, (C) in WT mice, untreated Hyp mice, and Hyp mice on conventional treatment started late, and (D) in Hyp mice on conventional treatment started early compared to Hyp mice on conventional treatment started late. W3: 3 weeks; M2: 2 months; M3: 3 months; *p < 0.05; **p < 0.01.




Late start of conventional treatment

Multiple erosions and irregular and blurred cortical margins of sacroiliac joints were noticed on micro-CT either at M2 or M3 in untreated Hyp mice, in comparison to WT animals. Hyp mice given treatment, even when initiated late, showed a slight trend of amelioration of these alterations present at M2 before treatment, nonetheless, there were no differences in sacroiliac joint score for erosion between untreated Hyp mice and Hyp mice with late treatment (Figures 3A,C and Supplementary Table 3).

Compared to Hyp mice in the early treatment group, Hyp mice treated late had a significant higher score at M3 (Figure 4D and Supplementary Tables 2, 3).
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FIGURE 4. Masson’s Trichrome and Von Kossa staining of sacroiliac joint of 3-month-old WT mice, untreated Hyp mice, and Hyp mice on conventional treatment started early or late. Masson’s Trichrome and Von Kossa staining showed a weaker mineralization (in dark) of the collagen matrix revealing an enlarged osteoid (red arrows) characteristic of features of osteomalacia bone in Hyp mice compared to WT. Despite the conventional treatment, Hyp mice treated early or late show an accumulation of osteoid (red arrows).




Effect of conventional treatment on bone markers

To confirm the micro-CT results and study the pathophysiological mechanism, we performed histological analyses of sacroiliac joints of the 3-month-old mice (Figures 4, 5).
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FIGURE 5. ALP and TRAP enzyme histochemistry of sacroiliac joint of 3-month-old WT mice, untreated Hyp mice, and Hyp mice on conventional treatment started early or late. The TRAP reaction stained for osteoclast cell activity and the osteogenic layer stained with ALP reaction indicate that both early and late start of conventional treatment in Hyp mice hardly changed ALP/TRAP activity. ALP, alkaline phosphatase; TRAP, tartrate-resistant alkaline phosphatase.


Von Kossa and Masson’s Trichrome staining of the sacroiliac joint confirmed altered mineralization with accumulation of osteoid in untreated Hyp mice, compared to WT mice. The accumulation of osteoid was still evident in Hyp mice with early or late treatment (Figure 4). As expected, Hyp mice showed strong ALP staining (a marker of ALP activity), especially at the periphery of the osteoid. In contrast, in untreated Hyp mice, TRAP staining indicated that osteoclasts were present but concentrated in large “clusters” in the peripheral zone of sacroiliac joint. Both early and late start of conventional treatment in Hyp mice hardly modified ALP/TRAP activity (Figure 5).

We further studied the expression of sclerostin as a marker of differentiated osteocytes and bone turnover. Immunohistochemistry showed sclerostin expression in osteocytes of subchondral bone in WT mice (Supplementary Figure 2). Interestingly, untreated Hyp mice and Hyp mice treated late showed only faint sclerostin expression. In contrast, in the Hyp mice given early treatment, sclerostin expression was somewhat higher, and this finding is suggestive of improved regulation of bone turnover by terminally differentiated osteocytes.



Peripheral Enthesophytes (Calcaneus)


Early start of conventional treatment

Micro-CT images of hind paws showed similar features in 3-month-old Hyp mice of both treated and untreated groups (Supplementary Figure 3). Histological sections revealed mineralizing fibrochondrocytes expanding into both Achilles tendon and plantar fascia ligament insertions of calcaneal tuberosity in Hyp mice (Figure 6).
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FIGURE 6. Histological analysis of the calcaneus of 3-month-old WT mice, untreated Hyp mice, and Hyp mice on conventional treatment started early or late. Masson’s Trichrome and Von Kossa staining of undecalcified sections of calcaneal area confirmed the cellular expansion of mineralizing fibrochondrocytes into Achilles tendon and plantar fascia ligament insertions (red arrows) of the calcaneal tuberosity in Hyp mice. ALP and TRAP staining in the area of the enthesophytes at the insertion of the Achilles tendon and plantar fascia ligament was similar in Hyp mice that received treatment, either early or late, and in both cases (red arrows) more than that observed in WT mice. ALP, alkaline phosphatase; TRAP, tartrate-resistant alkaline phosphatase.




Late start of conventional treatment

The multiple calcaneal enthesophytes present in untreated Hyp mice were also seen in Hyp mice on conventional treatment started late (Figure 6).



Effect of conventional treatment on bone markers

Alkaline phosphatase and TRAP staining in the area of the enthesophytes at the insertion of the Achilles tendon and plantar fascia ligament was similar in Hyp mice that received treatment, either early or late, and in both cases more than that observed in WT mice (Figure 6). That is, these alterations persisted in Hyp mice regardless of early conventional treatment. Neither early nor late conventional treatment seems able to prevent excessive bone mineralization at the Achilles tendon (enthesopathies) and restore ALP and TRAP activity (Figure 6).

In WT mice, sclerostin labeling was not observed in the Achilles tendon. In contrast, labeling was observed in both untreated and treated (early or late) Hyp mice at the insertion of the tendon, corresponding to the area where enthesopathies develop (Supplementary Figure 2).



DISCUSSION

The main focus of conventional treatment (phosphate supplements and active vitamin D) is growth restoration, and the impact of this type of treatment on XLH manifestations has been poorly investigated after the end of growth. In this context, we studied its effect on the main manifestations of XLH, in particular, skeletal features. Our study is the first to demonstrate that conventional treatment of XLH started early significantly improves bone microarchitecture and sacroiliac joint lesions but has little effect on enthesopathies assessed at the calcaneus. Empirically, it is assumed that current medical treatment of XLH should be started as early as possible to optimize final clinical outcomes in children (Linglart et al., 2014; Haffner et al., 2019). Nonetheless, this has yet to be proven in prospective studies. We have demonstrated that early conventional treatment has a significantly positive effect on impaired skeletal development. Micro-CT analysis showed that Hyp mice with early treatment showed a progressive increase in parameters of bone quantity (BV/TV, TbN) and structure (TbPf) resulting in a bone microarchitecture similar to WT mice. Interestingly, patients with XLH show compromised trabecular microarchitecture despite conventional treatment received since childhood (Cheung et al., 2013; Shanbhogue et al., 2015; Colares Neto et al., 2017). The major limitation of these studies is their retrospective design without taking into account age at the start or the duration of conventional treatment.

Importantly, our histological analyses showed a persistence of osteoid accumulation in treated Hyp mice by Von Kossa staining. Regardless of improvement of bone microarchitecture, neither early nor late treatment cured osteomalacia. However, restoration of sclerostin expression at the sacroiliac joint in Hyp mice in the early treatment group suggested that terminally differentiated osteocytes may regulate bone turn over, even if ALP and TRAP activities presented similar features in treated and untreated Hyp groups.

The effect of conventional treatment on skeletal manifestations depends on the bone involved. A significant reduction in the sacroiliac alterations was demonstrated in Hyp mice treated early, compared to Hyp mice treated late. Regarding the peripheral skeleton, conventional treatment, both early and late, has little effect on enthesopathies. Hyp mice in both treatment groups had persistent heel enthesophytes at the end of the study. The ALP expression in Achilles tendon in treated Hyp mice ultimately confirmed the expansion of mineralizing fibrochondrocytes in ligaments. Interestingly, we noticed sclerostin expression by fibrochondrocytes at the tendon of Hyp mice treated early. These results are concordant with Karaplis et al. (2012) findings and also the clinical study by Connor et al. (2015), which also demonstrated the limited effect of conventional treatment on enthesopathies in patients with XLH. From a pathophysiological point of view, hyperplastic fibrocartilaginous chondrocytes in the tendon are independent of improved mineralization of the bony part at the calcaneus. In this condition, newly mineralized bone is likely not strong enough to prevent the expansion of mineralizing fibrocartilaginous chondrocytes within the enthesis at the points of mechanical strain, a process that may be a compensatory mechanism to respond to biomechanical properties of poorly mineralized bone.

Nowadays, the mechanism of early osteoarthritis and enthesopathies in XLH is poorly understood. The degenerative osteoarthropathy principally depends on the accumulation of unmineralized immature bone (Liang et al., 2011; Wei and Bai, 2016). Additionally, high levels of FGF23 may promote the Wnt/ß-catenin pathway in chondrocytes which activates the genes responsible for increased chondrocyte differentiation and osteoarthritis progression. Consequently, low expression of inhibitors of the Wnt/ß-catenin pathway such as sclerostin is usually associated with the promotion of cartilage degradation (Meo Burt et al., 2018). Indeed, the results of our study confirm that accumulation of osteoid in the subchondral bone and lack of sclerostin expression are associated with the appearance and progression of numerous erosions at the sacroiliac joint in non-treated Hyp mice. On the contrary, sclerostin expression was restored in Hyp mice treated early, suggesting a link with the reduction of sacroiliac bone erosion in this group compared to Hyp mice with late treatment.

Early conventional treatment did not completely restore spine length in Hyp mice. Conventional treatment significantly increased the gain in length in Hyp mice treated early or late, though it did not have a significant impact on final length. In fact, we found no significant differences in length as assessed by micro-CT between non-treated and treated Hyp mice (early or late) at the end of the experiment. These results are in line with other studies performed in children with XLH. Specifically, healing active rickets promotes growth and after 2 years of successful treatment growth velocity is restored to its maximal potential in the majority of patients; however, 25–40% of patients with well-controlled XLH show linear growth failure despite optimized treatment (Linglart et al., 2014). It may be explained by several reasons. First, linear growth depends on bone mineralization and also on the cartilage growth plate (Fuente et al., 2018). Partial growth restoration might result from a poor effect of the conventional treatment on growth plate maturation. Second, the conventional treatment, being a supplementary treatment, does not have influence on other players involved in XLH pathogenesis such as high levels of FGF23 (Carpenter et al., 2010; Zhukouskaya et al., 2020) or accumulation in the extracellular matrix of other proteins or peptides (osteopontin, ASARM peptides, etc.) (Salmon et al., 2013, 2014; Coyac et al., 2018).

The major strength of our study lies in its clinical implications. This is the first preclinical research demonstrating the beneficial effects of early conventional treatment in a well-designed prospective study, the findings underlining the importance of this treatment in the management of XLH. Our results were confirmed by several different methods, from clinical manifestations to radiological and histological analysis. Overall, the data provided highlight the usefulness of the Hyp murine model for preclinical studies on skeletal and osteoarticular lesions.



CONCLUSION

We have shown that conventional treatment given since an early stage improves bone microarchitecture and prevents joint erosions, though it does not have a notable effect on the formation of enthesophytes. Despite the improvement of bone microarchitecture, the persistence of osteomalacia implies seeking new therapeutic strategies. Further studies are needed to compare these outcomes with the potential benefits of new therapies such as anti-FGF23 to improve the treatment of XLH.
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Neurogenic Heterotopic Ossifications Recapitulate Hematopoietic Stem Cell Niche Development Within an Adult Osteogenic Muscle Environment

Dorothée Girard1*, Frédéric Torossian2, Estelle Oberlin2, Kylie A. Alexander3, Jules Gueguen1, Hsu-Wen Tseng3, François Genêt4, Jean-Jacques Lataillade1, Marjorie Salga4, Jean-Pierre Levesque3, Marie-Caroline Le Bousse-Kerdilès2 and Sébastien Banzet1

1INSERM UMRS-MD 1197, Institut de Recherche Biomédicale des Armées (IRBA), Clamart, France

2INSERM UMRS-MD 1197, Université Paris-Saclay, Hôpital Paul Brousse, Villejuif, France

3Mater Research Institute—The University of Queensland, Woolloongabba, QLD, Australia

4INSERM U1179, Université de Versailles Saint-Quentin-en-Yvelines (UVSQ), Versailles, France

Edited by:
Monzur Murshed, McGill University, Canada

Reviewed by:
Chan Gao, McGill University, Canada
Zohreh Khavandgar, National Institute of Dental and Craniofacial Research (NIDCR), United States

*Correspondence: Dorothée Girard, dorothee.girard@inserm.fr

Specialty section: This article was submitted to Molecular Medicine, a section of the journal Frontiers in Cell and Developmental Biology

Received: 29 September 2020
Accepted: 17 February 2021
Published: 05 March 2021

Citation: Girard D, Torossian F, Oberlin E, Alexander KA, Gueguen J, Tseng H-W, Genêt F, Lataillade J-J, Salga M, Levesque J-P, Le Bousse-Kerdilès M-C and Banzet S (2021) Neurogenic Heterotopic Ossifications Recapitulate Hematopoietic Stem Cell Niche Development Within an Adult Osteogenic Muscle Environment. Front. Cell Dev. Biol. 9:611842. doi: 10.3389/fcell.2021.611842

Hematopoiesis and bone interact in various developmental and pathological processes. Neurogenic heterotopic ossifications (NHO) are the formation of ectopic hematopoietic bones in peri-articular muscles that develop following severe lesions of the central nervous system such as traumatic cerebral or spinal injuries or strokes. This review will focus on the hematopoietic facet of NHO. The characterization of NHO demonstrates the presence of hematopoietic marrow in which quiescent hematopoietic stem cells (HSC) are maintained by a functional stromal microenvironment, thus documenting that NHOs are neo-formed ectopic HSC niches. Similarly to adult bone marrow, the NHO permissive environment supports HSC maintenance, proliferation and differentiation through bidirectional signaling with mesenchymal stromal cells and endothelial cells, involving cell adhesion molecules, membrane-bound growth factors, hormones, and secreted matrix proteins. The participation of the nervous system, macrophages and inflammatory cytokines including oncostatin M and transforming growth factor (TGF)-β in this process, reveals how neural circuitry fine-tunes the inflammatory response to generate hematopoietic bones in injured muscles. The localization of NHOs in the peri-articular muscle environment also suggests a role of muscle mesenchymal cells and bone metabolism in development of hematopoiesis in adults. Little is known about the establishment of bone marrow niches and the regulation of HSC cycling during fetal development. Similarities between NHO and development of fetal bones make NHOs an interesting model to study the establishment of bone marrow hematopoiesis during development. Conversely, identification of stage-specific factors that specify HSC developmental state during fetal bone development will give more mechanistic insights into NHO.
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INTRODUCTION

Heterotopic ossification (HO) is an abnormal development of bone tissue within soft tissue. HO can be hereditary such as Fibrodysplasia Ossificans Progressiva (FOP) or acquired following traumatic injuries and burns (Meyers et al., 2019). Among acquired HO, neurogenic heterotopic ossifications (NHO) are pathological formations of ectopic bones in peri-articular muscles following severe central nervous system (CNS) lesions such as traumatic brain injuries (TBI), stroke, cerebral anoxia or spinal cord injuries (SCI) (Genêt et al., 2011). NHOs develop near or around the hip, knee, elbow, and shoulder causing decreased range of motion which can extend to complete joint ankylosis, severe pain, nerve and vessel compression as it grows (Brady et al., 2018; Figure 1A). Large NHOs hamper functional recovery after CNS lesion and interfere with the rehabilitation program delaying potential neurological recovery (van Kampen et al., 2011). NHO incidence ranges from 10 to 23% in TBI patients, 10–53% in SCI patients (Garland, 1988; Brady et al., 2018) and up to 65% following blast injuries (Potter et al., 2007; Forsberg et al., 2009). The only curative option is surgical excision, but surgery remains challenging, especially when NHO entraps the affected joint, as well as proximal vessels and nerves.
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FIGURE 1. Macroscopic and microscopic views of NHO. (A) 3D scan of a NHO (white arrow) located in the right hip of a patient; (B) NHO biopsy resected during surgery displaying vascularized medullary cavities (scale bar 1 cm); (C) Alcian Blue-Nuclear Red staining of an NHO section showing the endochondral ossification process with the presence of chondrocytes (ch) and osteocytes (oc) (scale bar 100 μm). Hematoxylin-Phloxine-Safran staining of an NHO section showing the presence of (D) osteoblasts (ob), osteocytes (oc), and medullar cavities displaying adipocytes (ad), hematopoietic cells (he) (scale bar 100 μm) and (E) a megakaryocyte (black arrow) (scale bar 50 μm).


Despite identifying NHOs in World War I injured soldiers (Dejerine and Ceillier, 1918), their pathogenesis is still poorly understood. Since most of the previous studies in SCI/TBI patients were retrospective, only a clinically relevant animal model could provide insights into the early events of NHO pathogenesis. Until recently there was no animal model that included the CNS lesions (Brady et al., 2018). Most models of heterotopic ossification (HO) were based on the activation of bone morphogenetic proteins (BMPs) pathway or a constitutively active ACVR1 receptor mutations as found in FOP, an extremely rare genetic disease caused by activating point mutations of the ACVR1 gene encoding a type I BMP receptor (Kan et al., 2004; Shore et al., 2006; Chakkalakal et al., 2012). The relevance of these models to NHO is questionable because NHOs develop in a broad range of ethnicities in subjects otherwise genetically normal. To fill this knowledge gap, we established the first mouse model of NHO (Genêt et al., 2015). As NHO prevalence is high in multi-traumatic combat casualties (Forsberg et al., 2009; Citak et al., 2012), our model combines a SCI with muscle damage induced by an intramuscular injection of cardiotoxin. NHO only develops in the injured muscle when SCI is associated to the muscle injury, suggesting that it requires a dual insult (Alexander et al., 2020).

In NHO located near the hip, one of the most striking features is the presence of richly vascularized mature trabecular bones which contain medullary cavities filled with hematopoietic cells (HCs) (Davis et al., 2013; Torossian et al., 2017; Figure 1B). The pathological formation of an ectopic bone containing a hematopoietic bone marrow tissue in the adult is of foremost interest and the underlying mechanisms are yet to be fully elucidated. This review focuses on how animal models and studies performed with patient-derived cells can help further understand two key events of the establishment of ectopic hematopoiesis in NHO: the occurrence of a heterotopic ossification within skeletal muscle tissue, and the development of a functional hematopoiesis tissue within this heterotopic bone.



FIBRO-ADIPOGENIC PROGENITORS AND ALTERED MUSCLE ENVIRONMENT, TWO MAJOR PLAYERS IN THE PATHOGENESIS OF NHO

It is currently admitted that NHOs are the result of an endochondral ossification process although intramembranous ossification has also been suggested (Cipriano et al., 2009; Cholok et al., 2018). Foley et al. have highlighted the presence of chondrocytes and a cartilaginous matrix on NHO biopsies and pinpointed different stages of NHO development including lymphocytic infiltration, fibro-proliferation, neovascularization, cartilage formation, and endochondral bone formation (Foley et al., 2018). A similar thick cartilaginous matrix displaying chondrocytes adjacent to cancellous bone and marrow is described in NHO 3–4 months after initial injury and becomes thinner at a later stage of NHO development named the “maturation” stage (Wang et al., 2018). Our group and others have evidenced the presence of hematopoietic sites associated with chondrocytes, osteoblasts/osteocytes, and adipocytes in mature trabecular bone in human NHO biopsies (Davis et al., 2013; Torossian et al., 2017; Figures 1C,D). Thus, the progressive formation of a cartilage intermediate maturing into a mineralized bone matrix associated with a vascularization network offers a suitable environment for the recruitment and homing of circulating HCs (Figure 1E; Chan et al., 2009; Kollet et al., 2012).


Muscle Fibro-Adipogenic Progenitors: The Cells-of-Origin of NHO?

The development of heterotopic bones in muscles after severe CNS trauma raises interesting stem cell biology questions particularly regarding the cells-of-origin of NHO. Adult skeletal muscles contain two major types of progenitor cells participating in muscle regeneration. Myogenic satellite cells (SCs) are CD56 expressing stem cells located between the basal lamina and myofiber plasma membrane. To regenerate damaged myofibers, activated SCs proliferate, differentiate into myoblasts and fuse to form multinucleated myofibers with the support of macrophages, endothelial cells (ECs), fibroblasts and pericytes (see reviews: Collins et al., 2005; Bentzinger et al., 2013). On the other hand, fibro-adipogenic progenitors (FAPs) are interstitial mesenchymal stromal cells (MSCs) expressing platelet-derived growth factor receptor α (PDGFRα). FAPs provide growth factors and extracellular matrix to support SC proliferation and myogenic differentiation (see review: Joe et al., 2010; Wosczyna and Rando, 2018).

The cellular origin of NHO is still under investigation but numerous arguments incriminate FAPs rather than SCs. Both human SCs and FAPs show a capacity of osteoblastic differentiation in vitro, however, only PDGFRα+ FAPs maintained their osteogenic capacity in an in vivo ectopic bone model in immune-deficient mice (Oishi et al., 2013). In a burn injury/tenotomy mouse model, parabiosis experiments highlighted the involvement of circulating PDGFRα+ FAPs in the development of burn-induced HO in tendons (Loder et al., 2018). Another study combining parabiosis and a BMP-2-induced HO mouse model reported an abnormal accumulation PDGFRα+ FAPs associated with an in vivo osteogenic potential, although no circulating FAPs were detected (Eisner et al., 2020). In lineage-tracing experiments in which either SCs (via the endogenous Pax7 gene promotor) or FAPs (via a Prrx1 gene enhancer transgene) are specifically labeled, we find that following SCI, NHO are derived from Prrx1 expressing FAPs, not from Pax7 expressing SCs (Tseng et al., 2019).

The involvement of pericytes in HO remains debated (Matthews et al., 2016; Dey et al., 2017). Interestingly, a pericyte population expressing Glast was identified in a BMP-4-induced HO model with a subset co-expressing PDGFRα (Kan et al., 2013). Scleraxis (Scx)+ PDGFRα+ tenocytes are also involved in HO development in tendons using burn/tenotomy and BMP-induced mouse models and represent another interesting lead (Agarwal et al., 2017; Giordani et al., 2019). However, this model of burn-induced calcifying tendinopathy may be different from intramuscular NHO.



Hypoxia and Inflammation as Drivers of NHO Development in Skeletal Muscles?

The molecular microenvironment of the muscle can dramatically affect the behavior and fate of SCs and FAPs (Malecova et al., 2018). A hypoxic microenvironment, mainly linked to inflammation and vascular damage, is an initiator and driver of ossification in acquired HO and FOP mouse models through the activation of Hypoxia Inducible Factor-1α (Agarwal et al., 2016; Wang et al., 2016). The local or systemic production of inflammatory mediators that stimulate the recruitment of MSCs, endothelial progenitors or other stem cells from the bone marrow and alter tissue repair have been proposed to provide a microenvironment/matrix supporting mineralization (Wang et al., 2004; Davis et al., 2013). Signaling molecules including BMPs and TGF-β could contribute in this altered microenvironment (Dey et al., 2017; Wang et al., 2018). Mononucleated phagocytes recruited in the injured muscle play a key role, as treatment with clodronate loaded liposomes, which deplete phagocytes in vivo, abolished NHO onset (Genêt et al., 2015). In contrast, polymorphonuclear (neutrophils) and polynucleated (osteoclasts) phagocytes are not necessary for NHO development (Genêt et al., 2015; Tseng et al., 2020). SCI exacerbates macrophage infiltration into injured muscles with increased and persistent expression of oncostatin M (OSM) (Torossian et al., 2017), a cytokine participating in both inflammation and hematopoiesis (Tanaka and Miyajima, 2003; Stawski and Trojanowska, 2019). The persistent OSM expression in injured muscles was associated with a constant activation of JAK1/2-STAT3 signaling pathway in muscles developing NHO (Alexander et al., 2019). Conversely, NHO development was attenuated in OSM receptor deficient mice (Torossian et al., 2017) or after inhibition of JAK1/2-STAT3 signaling with the small JAK1/2 tyrosine kinase inhibitor ruxolitinib (Alexander et al., 2019). Likewise, over secretion of TGF-β1 by myeloid cells via CD47 in response to extended body burns has been shown to promote burn-induced HO development (Wang et al., 2018). The increased prevalence of NHO in SCI/TBI patients with infections or concomitant inflammation (Hendricks et al., 2007; Citak et al., 2012; Reznik et al., 2014) as well as the occurrence of peri-articular HO in mechanically ventilated and immobilized severe cases of COVID-19 further support the crucial role of inflammation in this process (Meyer et al., 2020; de l’Escalopier et al., 2021; Stoira et al., 2021).

Overall, these data provide a mechanistic link between persistent inflammation driving FAPs into an osteogenic fate and NHO development. Interestingly, histological sections of these ectopic bones reveal the presence of hematopoietic cells suggesting causality between abnormal FAP activation, inflammation and hematopoiesis within an osteogenic muscle microenvironment (Figure 2).


[image: image]

FIGURE 2. Schematic representation of mechanisms involved in ectopic hematopoietic bone development in NHO pathology. NHOs are the results of an endochondral ossification within peri-articular muscles of TBI/SCI adult patients. NHOs are characterized by the formation of a trabecular bone tissue housing HSC niches. A wide range of regulatory mechanisms are suggested to be involved in NHO pathogenesis including altered neuronal control, inflammation, macrophages and profound changes in muscle tissue environment. The singular localization of NHOs suggests a role of muscle-resident mesenchymal cells such as PDGFRα+ FAPs and bone metabolism in the development of ectopic hematopoiesis in adults. CNS, central nervous system; ECM, extra-cellular matrix; ECs, endothelial cells; FAP, fibro-adipogenic progenitor; HPA, hypothalamic-pituitary-adrenal; HSC, Hematopoietic stem cells; MSC, mesenchymal stromal cells; NHO, neurogenic heterotopic ossification; PR, peripheral response; SCI, spinal cord injury; SNS, sympathetic nervous system; TBI, traumatic brain injury.




CNS Lesion and NHO Development

Both peripheral (denervation) and central (SCI) neurologic lesions have an effect on FAPs, inducing STAT3 activation, high IL-6 secretory activity and abnormal proliferation (Madaro et al., 2018). Furthermore, CNS lesions deregulate the neuro-endocrine system causing the abnormal systemic release of a number of mediators that may trigger NHO development such as substance P (SP) or TGF-β (Genêt et al., 2015). High CNS lesions can also cause autonomic dysreflexia (AD), a life-threatening complication caused by the loss of the central control of the post-ganglionic sympathetic flow below the SCI. In retrospective studies, AD has been associated with higher prevalence of NHO in SCI and TBI patients (Hendricks et al., 2007; van Kampen et al., 2011; Putz et al., 2014). AD causes a major physiological challenge with high norepinephrine release, extreme hypertension combined with bradycardia. Whether any of the systemic drivers of AD lead to NHO development remain unexplored (Alexander et al., 2020). Severe CNS trauma also profoundly changes muscle spasticity and physical environment. The resulting mechanical stress and downstream mechano-transduction signals could facilitate NHO development because of their known effect on MSC osteogenic fate (Frith et al., 2018; Sun et al., 2018). Evidence of an abnormal activation of mechano-transductive effectors Rho/ROCK and YAP1 has recently been reported in a FOP model (Stanley et al., 2019). More interestingly, Daud et al. (1993) have shown that delayed start of passive movements to paralyzed limbs in SCI patients correlates with increased NHO occurrence.



NHO, A FAVORABLE ENVIRONMENT FOR THE DEVELOPMENT OF HEMATOPOIETIC STEM CELL NICHES IN ADULTS

The presence of ectopic hematopoietic bones developing in muscles following CNS injuries is puzzling for the hematologist since, in adults, hematopoiesis is physiologically restricted to the BM of skeletal bones.

During fetal development, blood formation occurs in discrete anatomical extraembryonic and intraembryonic niches, generating different hematopoietic cell (HC) types (Dzierzak and Speck, 2008; Waas and Maillard, 2017). First HCs emerge in the yolk sac (YS) and generate primitive erythroblasts, macrophages and megakaryocytes. A second wave of erythro-myeloid progenitors also derived from the YS gives rise to definitive erythroid, megakaryocyte, myeloid, and multipotent progenitors initiating fetal liver (FL) hematopoiesis (Luckett, 1978; Silver and Palis, 1997). Bona fide definitive HSCs emerge by budding from specialized ECs, known as hemogenic endothelium, in the dorsal aorta, vitelline and umbilical arteries (Oberlin et al., 2002, 2010; Boisset et al., 2010). These definitive HSCs then migrate to the FL where they undergo significant proliferation (Rybtsov et al., 2016; Zhang et al., 2019) and finally reach the fetal bones and especially the BM, their life-long residence, where they become predominantly quiescent in adults (Bowie et al., 2007; Copley and Eaves, 2013). In adults, BM HSCs act as a reserve for the blood system, remaining dormant for months or years, and yet can rapidly proliferate when needed following inflammatory or cytotoxic/radiotoxic challenges (Wilson et al., 2008; Batsivari et al., 2020). Apart from some pathological situations, the BM will remain the only hematopoietic tissue in healthy adults.


HSC Niches and Their Main Players Along Development and in Adult BM

Schofield first used the term “niche” to describe a putative HSC-specific environment in the BM that “preserved the reconstituting ability of stem cells” (Schofield, 1978). Successive specialized niches were identified during development, from the emergence of functional HSCs in the dorsal aorta, amplification in the FL and homeostasis in the adult BM (Gao et al., 2018; Daniel et al., 2020). The formation of the BM niche during fetal development has not been fully investigated, and the impact of specific niche components on fetal BM HSC phenotype, proliferation and function has still to be deciphered. In the adult, the precise nature of BM HSC niches has long been debated (Morrison and Scadden, 2014). The presence of two anatomically different niches was initially suggested: the central and the endosteal niches. Such a distinction is more and more challenged since HSCs tend to be more frequent in perivascular areas of the BM, in close proximity to ECs and perivascular stromal cells (Kokkaliaris et al., 2020) that are particularly numerous in the endosteal region (Nombela-Arrieta et al., 2013).

Within these niches, HSCs are maintained quiescent by a complex molecular interplay between cells from mesenchymal origin, ECs, neuronal cells and HSC progenies, such as megakaryocytes and macrophages. Diffusible factors including inflammatory cytokines and extra-cellular matrix components perfect this molecular network, subtly controlling the fate of HSCs (Méndez-Ferrer et al., 2020).

Apart from stromal cells, macrophages are essential to HSC regulation within niches. They are the most abundant HCs in the dorsal aorta when the number of intra-aortic hematopoietic cluster peaks, and are suggested to promote definitive HSC formation from the dorsal aorta hemogenic endothelium through pro-inflammatory signaling cascades (Yokomizo and Dzierzak, 2010). Among these pro-inflammatory signals (Luis et al., 2016; Hayashi et al., 2019), tumor necrosis factor (TNF) (Espín-Palazón et al., 2014), interferons (IFN) (Sawamiphak et al., 2014), IL-1 (Orelio et al., 2009), and OSM (Miyajima et al., 2000) play a major role in the regulation of embryonic and fetal hematopoiesis. Macrophages are also initiators of the endothelial-to-hematopoietic transition since hemogenic ECs that receive these cues, undergo endothelial-hematopoietic transition and form HSCs (Mariani et al., 2019). In adult hematopoiesis, macrophages exert several other functions in the BM niches. They participate in the retention of HSCs through their interactions with MSCs and possibly ECs and the modulation of the expression of proteins such as CXCL12 (Winkler et al., 2010), VCAM-1 and KIT ligand. Furthermore, supraphysiological expansion of the monocyte/macrophage compartment by prolonged administration of a stable recombinant form of macrophage colony-stimulating factor (CSF-1) expand the HSC compartment in the BM (Kaur et al., 2021). Reciprocally, BM-resident macrophages are necessary to reconstitute HSC niches after lethal irradiation and support HSC engraftment (Kaur et al., 2017, 2018). The stromal expression of CXCL12 follows a circadian regulation that is under the control of sympathetic nerve fibers, connecting macrophages and the nervous system in the regulation of HSC trafficking (Katayama et al., 2006; Méndez-Ferrer et al., 2020). In the context of infections or inflammatory stresses, macrophages and ECs produce G-CSF that participates in the mobilization of HSCs from the BM into the circulation while promoting myelopoiesis. G-CSF also contributes in suppressing osteoblast function by directly down-regulating CXCL12 expression in the endosteal niche or by indirect mechanisms including signals from the sympathetic nervous system (SNS) (Winkler et al., 2010; Christopher et al., 2011) (for review: Mitroulis et al., 2020).



Neuronal and Neuroendocrine Regulation of Bone and HSC Niche

In the context of NHO, it is noteworthy to integrate the role of the nervous system as an important regulator of bone remodeling and hematopoiesis homeostasis. Since the discovery of skeleton innervation by Calvo (1968), other groups including that of Paul Frenette have further explored from this pioneering observation and described the neuronal regulation of bone and BM (see for review: Maryanovich et al., 2018). In addition to a mineral constituent regulation, bone homeostasis is controlled by long-range signals such as leptin, glucocorticoids and parathyroid hormone produced by the adipose tissue, the adrenal glands, and the parathyroid glands, respectively, and by signals originating from the nervous system.

Besides its role in energy homeostasis, leptin plays a major role in neuroendocrine regulation and bone metabolism. The expression of leptin receptor on adult MSCs, osteoblasts and chondrocytes, suggests direct effects on bone growth and metabolism. Leptin can also indirectly modulate bone formation through effectors downstream of the hypothalamus such as estrogen, cortisol, IGF-1 and parathyroid hormone, and through activation of local adrenergic signaling at the osteoblast level via β2 adrenergic receptors (AR) (Upadhyay et al., 2015; Wang et al., 2020 for review). Leptin also inhibits the neuronal activity of serotonergic neurons and decrease brain-derived serotonin synthesis (see for review: Maryanovich et al., 2018; Karsenty, 2020). Sensory and sympathetic nerves also participate in bone homeostasis through neurotransmitters including nerve growth factor (NGF), calcitonin gene-related peptide (CGRP), SP, and semaphorin 3A and through norepinephrine/noradrenaline released by the SNS (Wang et al., 2020).

As reported above, HSCs are mainly located in perivascular areas of the adult BM, comprising both sinusoidal and arteriolar blood vessels. The arteriolar structures are highly innervated by SNS fibers. The neuroreticular complex formed by SNS nerves and perivascular MSCs has been reported to be a central regulator of HSC quiescence within BM niches (see for review: Maryanovich et al., 2018). Interestingly, a variable proportion of these perivascular stromal cells expressed neural-related markers such as LepR, NG2, and Nestin.

The close relationship between CNS, SNS, Parasympathetic Nervous System, bone metabolism and HSC migration, differentiation and self-renewal is illustrated by the important role of the circadian norepinephrine release by SNS nerves which triggers β3 AR and β2 AR expressed by BM mesenchymal cells and osteoblasts in both humans and mice (Golan et al., 2018, 2019). Cholinergic signaling in the BM via neurons from both the PNS and SNS in tandem with adrenergic signaling derived from the SNS is also reported to contribute to regulate the circadian regulation of CXCL12 expression in the BM (García-García et al., 2019; García-García and Méndez-Ferrer, 2020). Likewise, the CNS exerts long range regulation of HSCs. For instance, muscarinic type 1 acetylcholinergic receptors in the brain regulate HSC mobilizing response by stimulating the hypothalamic-pituitary-adrenal (HPA) axis and glucocorticoid secretion (Pierce et al., 2017). Similarly, afferent sensory nociceptive nerves in the BM have been found to regulate HSC expansion, differentiation and mobilization in concert with SNS nerves via CGRP release (Gao et al., 2020).

Beside its role in adult stem cell niche homeostasis, the neural system is also an early regulator of the embryonic niches when stem cells are specified. Apart from a direct innervation of the HSC niche, recent findings show different modes of neural control, including systemic delivery of CNS-derived hormones, locally by neural crest-derived MSCs, and intrinsically by HCs expressing neural receptors and neurotransmitters (Fitch et al., 2012; Damm and Clements, 2017). During development, hypoxia-induced neuronal synthesis of serotonin is a key process for embryonic HSC production in the aorta region. Neuronal serotonin activates the HPA axis and glucocorticoid receptor activity, which in turn, induces HSC production (Kwan et al., 2016). Although hypoxia was the only stress-inducing stimulus tested, it is conceivable that other common stresses that the embryo experiences such as temperature, metabolic, or oxidative stress would also promote blood cell formation through the HPA axis. Such mechanisms were also described in adults, where muscarinic acetylcholine receptors in the brain regulate HPA axis and glucocorticoid release by the adrenal glands that impact HSC trafficking (Pierce et al., 2017).



NHO: An Osteogenic Muscle Tissue That Houses HSC Niches!

Addressing whether HOs form bona fide HSC niches is challenging since these ectopic bone tissues develop in inflamed muscles following severe neurological lesions. Few groups have reported the presence of marrow-like tissue in HOs. Histological descriptions are reported after abdominal surgery (Wang et al., 2004; Christofi et al., 2008), aortic valve graft (Lis et al., 2009; Singh and Fleshman, 2011) or cervical spine meniscoid (Farrell et al., 2017). Furthermore, clonogenic hematopoietic progenitors associated with histologically-defined stromal cells have been described in HOs from severe combat-injured orthopedic patients (Davis et al., 2013). However, the evidence for functional HSC niches comes from studies in SCI and TBI patients (Torossian et al., 2017). These studies identified phenotypic CD34+ hematopoietic stem/progenitor cells in NHO marrows. Depending on patients, their level was equivalent or slightly lower than in the healthy BM. Some of those CD34+ cells were quiescent, expressed a side-population phenotype (Goodell, 2005) and were capable of long-term human hematopoietic reconstitution when transplanted into immunodeficient mice, thus meeting the functional definition of HSCs. NHO marrow also contained functional CD45–CD34–CD73+CD90+CD105+ MSCs able to differentiate in osteoblasts, adipocytes and chondrocytes and to support long-term human hematopoiesis in culture. More importantly, when seeded on hydroxyapatite scaffolds and implanted into nude mice, NHO-derived MSCs created a supportive osteogenic microenvironment for murine hematopoiesis (Torossian et al., 2017). In agreement with these results, their transcriptomic signature showed a molecular network required for HSC support. Intriguingly, this signature was associated with a neuronal imprinting, arguing in favor of the brain-bone-blood triad concept proposed by Lapidot (Lapidot and Kollet, 2010). ECs and their progenitors could also be isolated from NHO marrow according to their CD45–CD31+CD144+CD34+ phenotype. They were functional as demonstrated by colony formation on plastic, expansion in culture as a cobblestone monolayer, vascular network development in matrigel and overexpression of VCAM-1 and ICAM-1 after TNFα stimulation (Torossian et al., 2017).

By demonstrating that NHOs contain a marrow tissue in which HSCs can proliferate and differentiate within a suitable and functional osteogenic/mesenchymal and vascular microenvironment, these studies acknowledge that NHO ectopic bones house HSC niches. It is noteworthy that, in NHO patients, the altered neuronal control most likely contributes to the generation of hematopoietic bones comparable to the BM, in muscles. More importantly, the NHO paradigm emphasizes the role of muscle microenvironment and inflammation in their development (Figure 2).

Intriguingly, while the role of central, sympathetic and parasympathetic nervous systems in regulating hematopoiesis in the BM of skeletal bones is well described, it is not known whether the hematopoietic BM of NHOs is actually innervated, and if so, what roles these nerves would play in establishing, maintaining and regulating hematopoiesis in the NHO marrow.



Lessons From NHO for a Better Understanding of HSC Development

Independent studies of vertebrate hematopoietic development (Waas and Maillard, 2017; Dzierzak and Bigas, 2018) and NHO pathogenesis (Davis et al., 2013; Torossian et al., 2017) reveal that embryonic and adult NHO HSCs share similarities. Both develop in soft tissues within niches under the control of regulatory mechanisms including macrophages, inflammation, and the nervous system. However, significant changes in the composition of the HSC pool, as well as in their cell cycling properties and repopulating abilities are observed between the fetal hematopoietic tissues and the adult BM (Copley and Eaves, 2013; Mirshekar-Syahkal et al., 2014).

In Osterix-null (Osx–/–) mice that lack osteoblasts and osteolineage cells, the vasculature within the nascent bones and bone marrow can sustain multilineage proliferative progenitors but not long-term HSCs. As a result, wild-type HSC transplanted in Osx embryos engraft the liver but not the nascent BM. Therefore, interactions with osteoblasts within fetal bone regulate HSC quiescence and homing ability (Coşkun et al., 2014). In the adult BM, the role of osteolineage cells is more questionable since the deletion of Cxcl12 or Kitl gene from Osx+ osteoprogenitors has more effect on hematopoietic progenitors than on proper HSCs (Ding and Morrison, 2013). In contrast, both genes need to be expressed in ECs and in immature Lepr+ MSCs (that form osteoprogenitors) for HSCs to be maintained (Greenbaum et al., 2013). These results emphasize the importance of osteolineage cells, and most likely other cells from mesenchymal origin, in establishing and sustaining HSC phenotype, cell cycling balance and function during development and adult life.

Understanding the development of hematopoiesis in an adult osteogenic muscle environment as observed in NHO could help gain further insights on the role of bone forming cells in this process. Identification of stage-specific factors that orientate HSC developmental state during fetal bone development must be harnessed to gain more mechanistic insights into NHO development. Similarly, understanding the cellular origin of NHO, the role of inflammation and muscle environment might contribute to a better understanding of the impact of specific niche components on fetal BM HSC properties.



CONCLUSION

In the recent few years, knowledge about NHO pathogenesis has been considerably improved as accredited by the rapidly increasing number of publications in the field. These progresses were mainly due to the development of more suitable animal models and to the availability of patient samples thanks to well organized cohorts. The current review focusing on the hematopoietic features of NHO ossifications, attempts to recapitulate how a favorable environment for the development of bone with HSC niches can develop in adult muscles following central neurological lesions. It emphasizes the role of a persistent inflamed muscle environment driving FAPs to an osteogenic fate initiating the development of ossification followed by the establishment of a mature hematopoietic bone tissue.

However, there are still numerous questions in respect to the molecular mechanisms underlying this complex and multifactorial pathological process. Among those, the potential differences between normal endochondral ossification and neurogenic HO in terms of signaling events, cell type involvement and environment remains unanswered. Likewise, how an inflamed adult muscle environment becomes pro-osteogenic and thereafter hematopoietic, and what is the influence of altered nervous and neuroendocrine systems as well as hypoxia in this process? Does the neoformation of hematopoietic bones in muscles mimic what happens during development and can we learn from NHO for a better identification of stage-specific factors that specify HSC developmental state during fetal bone development? Is the impaired mobility of patients a trigger in the development of NHO and does an early and adequate mobilization of patients can avoid or at least reduce its evolution?

Gathering surgeons, clinicians, specialists in physical medicine/rehabilitation and researchers within a European/International consortium would be a provocative initiative for developing translational collaborative projects to better understand NHO pathogenesis and, armed with this knowledge, enable the identification of new targets to treat and if possible prevent NHO development. Moreover, such knowledge may also provide new insights for cell therapy needs and for improving treatment of blood and bone disorders.
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It has been known for decades or even centuries that arteries calcify as they age. Vascular calcification probably affects all adults, since virtually all have atherosclerotic plaques: an accumulation of lipids, inflammatory cells, necrotic debris, and calcium phosphate crystals. A high vascular calcium score is associated with a high cardiovascular mortality risk, and relatively recent data suggest that even microcalcifications that form in early plaques may destabilize plaques and trigger a cardiovascular event. If the cellular and molecular mechanisms of plaque calcification have been relatively well characterized in mice, human plaques appear to calcify through different mechanisms that remain obscure. In this context, we will first review articles reporting the location and features of early calcifications in human plaques and then review the articles that explored the mechanisms though which human and mouse plaques calcify.
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ATHEROSCLEROTIC PLAQUE CALCIFICATIONS: THE SMALLER, THE SCARIER


Different Types of Human Plaque Calcification

Cardiovascular diseases are the leading cause of death worldwide (Roth et al., 2017). Atherosclerotic plaque rupture is the primary mechanism responsible for myocardial infarction and accounts for about 20% of cases of ischemic stroke (Ornello et al., 2018). Since coronary artery calcium scores correlate with cardiovascular mortality in asymptomatic individuals (Greenland et al., 2004), it was long believed that plaque calcification had a detrimental impact on plaque stability. In the last two decades, however, clinical and preclinical studies suggested that plaque calcification may have either beneficial or detrimental effects depending on the amount of calcium and type of calcification. Human plaques, in particular, can present very different types of calcification (Figure 1; Herisson et al., 2011; Jinnouchi et al., 2020). Microcalcifications, defined by size <15 or 50 μm depending on the author, can be observed in early type I lesions (Roijers et al., 2011; Chatrou et al., 2015). They sometimes coalesce to generate punctate calcifications with a size between 15 μm (or 50 μm) and 1 mm (Jinnouchi et al., 2020). Bigger calcifications comprise fragment calcifications, which measure more than 1 mm, and sheet calcifications, defined by size more than 3 mm (Jinnouchi et al., 2020). Nodular calcifications result from the fracture of calcified sheets under mechanical stress, such as that associated with coronary hinge motion (Lee et al., 2017). Finally, plaque ossification, with trabecular-like structures and bone marrow, is also sometimes observed although predominantly in peripheral arteries (Herisson et al., 2011). If macrocalcifications were historically considered to be harmful, a new paradigm has recently emerged, suggesting that heavily calcified plaques are in fact more stable. This paradigm relies in particular on the assumption that, with progressive calcification, plaque inflammation becomes pacified, and the necrotic core walled off from the blood (Dweck et al., 2016). On the other hand, biomechanical studies still indicate that macrocalcifications likely generate a significant mechanical stress that may negatively affect plaque stability [reviewed in Barrett et al. (2019)]. It is not our aim in this article to discuss the clinical impact of macrocalcifications but to describe the molecular mechanisms through which calcification is initiated in atherosclerotic plaques.


[image: image]

FIGURE 1. Calcifications in human coronaries. (A,B,D,G,H,I,J) Images in the top row are Movat pentachrome stained, and (C,E,F) Images are H&E stained; lower row shows high power image; corresponding to (A) Is Von Kossa staining and all others are H&E. Non-decalcified arterial segments (A) And all others are decalcified segments (B–J). (A) Pathological intimal thickening characterized by a lipid pool (IP) that lacks VSMCs. Corresponding high power image (Von Kossa staining) of the boxed area shows microcalcification <15 μm in diameter within the LP. (B) Fibroatheroma showing an early necrotic core (NC) infiltrated by macrophages which are calcified, seen as punctate (≥15 μm) areas of calcification. (C) Fibroatheroma with a late NC and fragmented calcification seen toward the medial wall. (D) Late fibroatheroma with larger area of calcification occupying an area greater than 1 mm that shows calcification of the NC. (E) Fibrocalcific plaque with sheet calcification and calcifying NC, which is incompletely calcified. (F) Fibrocalcific plaque showing sheet calcium with both fibrous tissue and NC completely calcified. (G) Fibrocalcific plaque with sheet calcium without a NC. (H) Nodular calcification showing fragment of calcium separated by fibrin and lumina I coverage by fibrous cap. (I) Calcified nodule showing nodules of calcium within the lumen and an overlying thrombus. (J) Fibrocalcific plaque with an area of ossification at the edge of sheet calcification. Ca++, calcification; FC, fibrous cap; H&E, hematoxylin and eosin; N, nodule. From Jinnouchi et al. (2020), with permission from Elsevier.




Microcalcifications: New Suspects for Plaque Rupture

The discovery of microcalcifications, as opposed to large calcifications, in soft plaques undergoing pathology analysis (Vengrenyuk et al., 2006; Maldonado et al., 2012; Kelly-Arnold et al., 2013) suggested a role in acute events involving stress-induced plaque rupture, a mechanism long suspected in coronary arteries (Richardson et al., 1989). Microcalcifications are probably dangerous when they form in the fibrous cap (Vengrenyuk et al., 2006; Maldonado et al., 2012; Kelly-Arnold et al., 2013). Fibrous cap thickness is known to correlate with plaque vulnerability (Burke et al., 1997), and the presence of >5 μm microcalcifications might be particularly harmful, generating mechanical stress (Kelly-Arnold et al., 2013). In addition, microcalcifications exacerbate plaque inflammation, stimulating macrophages to release more tumor necrosis factor alpha (TNF-α) (Nadra et al., 2005, 2008), which also likely has detrimental effects on plaque progression.

While there is still no experimental proof that microcalcifications are indeed the most likely to trigger plaque rupture, an increasing number of studies using positron emission tomography (PET) with sodium fluoride 18 radiotracer (18F-NaF) have spotlighted the risk. Fluoride ions replace hydroxyl ions preferentially in newly formed, immature apatite crystals and are therefore a very interesting tool for detecting microcalcification (Hawkins et al., 1992). 18F-NaF PET has long been used to detect abnormal bone formation (Hawkins et al., 1992), but it was not until 2010 that a hybrid PET-CT camera enabled detection of 18F-NaF fixation in atherosclerosis plaque (Derlin et al., 2010, 2011). Seminal studies showed that 18F-NaF uptake was associated with features of instability and was more pronounced in clinically adjudicated culprit plaques in patients with myocardial infarction or ischemic stroke (Joshi et al., 2014; Vesey et al., 2017). However, it is now established that not only microcalcifications but also bigger ones that are actively growing are 18F-NaF positive, complicating the clinical interpretation of 18F-NaF PET-CT (Irkle et al., 2015; Høilund-Carlsen et al., 2020). Nevertheless, whereas the classical CT calcium score for macrocalcification is used to assess atherosclerotic load in coronary arteries, whole-body 18F-NaF PET-CT may be used as a marker of atherosclerotic plaque burden characterizing the patient’s global risk rather than focusing exclusively on the culprit plaque (Arbab-Zadeh and Fuster, 2015). In the clinical setting, PET-MRI will certainly help to better characterize the microcalcification process in plaque composition and will be more suitable for longitudinal studies. In a recent review on PET-MRI, Evans et al. (2020) pointed out the importance of combining 18F-NaF molecular calcification imaging and high-resolution MRI plaque characterization. An initial study by our group found that 18F-NaF-positive lesions were not associated with known MRI criteria of vulnerability (Mechtouff et al., 2020), but further longitudinal studies could helpfully use contrast-enhanced MRI to check whether 18F-NaF uptake precedes the vulnerable state. As longitudinal clinical studies are still lacking and are also rare in preclinical models of microcalcification (Hsu et al., 2020), the mechanisms underlying 18F-NaF uptake and the link with specific inflammatory processes are not fully elucidated. We are currently performing a preclinical study in mice with 18F-NaF PET to determine the impact of microcalcifications on plaque development.

If, in the near future, the harmful impact of microcalcifications is experimentally proven, it will be crucial to better understand how they form. Two models can be drawn from the literature. First, vascular smooth muscle cells (VSMCs) may undergo phenotypic changes to transform into osteochondrocyte-like cells. Many factors have indeed been shown to induce this phenotypic transformation. An alternative hypothesis is that calcification initiates independently of osteochondrocyte markers; this is supported by histopathological findings. In the next two chapters, we review the arguments in favor of each hypothesis.



ARGUMENTS IN FAVOR OF THE PHENOTYPIC CHANGE HYPOTHESIS


Plaques Are Calcified by Endochondral Ossification in Mice

Since it is obviously extremely difficult to analyze the longitudinal process of plaque calcification in humans, atherosclerotic mice have been widely used to investigate how plaques calcify. Two mouse models have been explored in depth: mice deficient in apolipoprotein E (ApoE) were used in most studies and mice deficient in low-density lipoprotein receptor (Ldlr) in some others. When ApoE-deficient mice are given a high-fat diet from 10 weeks of age, calcification can be detected in the aorta from the age of 20 weeks (Aikawa et al., 2007). Histological examination of animals aged between 45 and 75 weeks revealed the presence of chondrocyte-like cells, expressing type II collagen in calcified regions, suggesting that plaque calcification develops through a process mimicking endochondral ossification (Qiao et al., 1995; Rattazzi et al., 2005). Importantly, in these studies, the authors observed chondrocytes before calcifications and concluded that plaque calcification results from cartilage metaplasia (Rattazzi et al., 2005).

If plaque calcification is indeed an active process relying on chondrocyte differentiation, and if VSMCs are involved, then deletion of RUNX2 in VSMCs should prevent it. RUNX2 is the master transcription factor governing the differentiation and maturation of mineralizing cells, i.e., hypertrophic chondrocytes and osteoblasts (Komori et al., 1997). Among other transcriptional targets, RUNX2 stimulates the expression of tissue-non-specific alkaline phosphatase (TNAP), a promineralizing enzyme (Murshed et al., 2005). TNAP allows mineralization to occur by hydrolyzing inorganic pyrophosphate (PPi), a constitutive mineralization inhibitor (Hessle et al., 2002; Murshed et al., 2005). Mineralization is physiologically restricted to growth-plate cartilage and bone despite TNAP being relatively ubiquitous because mineralization requires a fibrillar collagen as a template for crystal deposition and because TNAP and fibrillar collagens are only coexpressed in growth-plate cartilage and bone (Murshed et al., 2005). Two independent groups produced and analyzed atherosclerotic mice deficient in RUNX2 specifically in VSMCs. In ApoE–/– mice, RUNX2 deletion almost completely prevented TNAP expression and calcification (Sun et al., 2012). VSMC-specific deletion of RUNX2 in Ldlr–/– mice reduced plaque calcification, with a decrease in several RUNX2 transcriptional targets such as TNAP and type X collagen (Lin et al., 2016). These two articles clearly suggest that most calcium deposition in mouse plaque relies on VSMC phenotypic change into hypertrophic chondrocytes. Many factors have been shown to stimulate VSMCs to transdifferentiate into mineralizing cells, but the vast majority are associated with inflammation and oxidative stress, which often go hand in hand (Demer and Tintut, 2011).



Plaque Ossification Appears to Be Stimulated by Inflammation in Mice

Interestingly, early calcification was associated with inflammation in the aorta of ApoE–/– mice (Aikawa et al., 2007). A wide range of inflammatory molecules relevant to atherosclerosis have been shown in vitro to trigger the phenotypic change of VSMCs into RUNX2-expressing osteoblast-like cells and/or chondrocyte-like cells. Inflammatory phenotypic change cytokines such as TNF-α, interleukin (IL)-1β, and IL-6 are particularly potent calcifying factors in human and murine VSMCs [reviewed in Bessueille and Magne (2015)]. These promineralizing effects of inflammatory cytokines on VSMCs may not only be in vitro findings, since treatment of Ldlr–/– mice with an anti-IL-1β (Awan et al., 2015) or anti-TNF-α (Al-Aly et al., 2007) antibody reduced plaque calcification. In addition, toll-like receptor (TLR)-2 and TLR-4 agonists such as lipopolysaccharide also stimulated VSMC change into chondrocytes in vitro, and ApoE–/– mice also deficient in TLR-2 developed reduced plaque calcification with reduced cartilage metaplasia (Lee et al., 2019). This effect of LPS might be relevant to plaque calcification, since endotoxemia occurs after virtually all fatty meals (Herieka and Erridge, 2014), and is associated with atherosclerosis (Wiedermann et al., 1999).

This stimulatory effect of inflammation on VSMC phenotypic change into RUNX2-expressing chondrocytes is in contrast to the known inhibitory effect of inflammation on chondrocyte differentiation (Lencel et al., 2011). One possible explanation is that inflammation stimulates expression of bone morphogenetic protein 2 (BMP2), a strong bone anabolic factor, in VSMCs (Ikeda et al., 2012), which may induce VSMC differentiation into chondrocytes when inflammation begins to resolve (Li et al., 2008; Liberman et al., 2011). Interestingly, reduced plaque calcification in Ldlr–/– mice with anti-TNF-α treatment was associated with reduced BMP2 levels (Al-Aly et al., 2007). In addition, VSMC-targeted overexpression of BMP2 in ApoE–/– mice resulted in increased plaque calcification (Nakagawa et al., 2010). More importantly, inhibition of BMP2 with a small chemical inhibitor or with a recombinant BMP antagonist decreased plaque calcification, lipid deposition, and inflammation in Ldlr–/– mice (Derwall et al., 2012). Furthermore, ApoE–/– mice also deficient in BMP endothelial cell precursor-derived regulator (Bmper) exhibited increased BMP activity in endothelial cells and developed larger and more calcified atherosclerotic lesions (Pi et al., 2012). Finally, inhibition of plaque calcification by overexpression of matrix Gla protein (MGP), which is suspected to act as an inhibitor of BMP2 signaling (Zebboudj et al., 2002; Malhotra et al., 2015), decreased plaque calcification and lesion development in ApoE–/– mice, in association with reduced BMP activity, strongly reduced macrophage infiltration and inflammation (Yao et al., 2010). Taken together, these results suggest that plaque calcification is dependent on BMP2 and therefore on chondrocyte differentiation. They also suggest that the development of calcified cartilage adversely impacts plaque development. This hypothesis, however, has to be considered with caution because chemical BMP inhibition reduced cholesterol biosynthesis and attenuated liver steatosis, suggesting that indirect effects might account for BMP2’s impact on plaques (Derwall et al., 2012). Moreover, MGP may inhibit vascular calcification independently of BMP2-stimulated VSMC change into chondrocytes (Leroux-Berger et al., 2011; Khavandgar et al., 2014), and MGP deficiency, which strongly increases vascular calcification, also protected against lesion development and inflammation in ApoE–/– mice (Yao et al., 2010).

Similarly to pathogen-associated molecular patterns (PAMPs), such as LPS, and inflammatory cytokines, oxidized lipids may represent danger-associated molecular patterns (DAMPs), activating receptors in the toll-like receptor superfamily (Miller et al., 2011), and stimulate calcification in VSMCs culture (Demer and Tintut, 2011). Oxidative stress generated by H2O2 induced RUNX2 expression through AKT in mouse VSMCs (Mody et al., 2001; Byon et al., 2008). Acetylated low-density lipoproteins (LDLs) induced greater calcification than native LDL in human VSMCs (Proudfoot et al., 2002). In bovine VSMCs, oxidized LDL increased TNAP activity and calcification (Parhami et al., 2002). Oxidized LDL stimulated calcification in human VSMCs through TLR-4 and expression of osteochondrogenic factors (Song et al., 2017). Chondrogenic differentiation and calcification in response to oxidized LDL in human VSMCs involve activation of transforming growth factor (TGF)-β (Yan et al., 2011). These in vitro findings are, nevertheless, in contradiction with the recent report that VSMC-specific ablation of TGF-β signaling in ApoE–/– mice leads to aortic aneurysms, with extensive lipid and calcium accumulation throughout the aorta (Chen et al., 2020); in this study, deletion of TGF-β signaling in VSMCs led to their dedifferentiation toward mesenchymal stem cells, enabling commitment toward chondrocytes and adipocytes (Chen et al., 2020). Finally, while inflammatory and oxidized molecules promote VSMC phenotypic change and calcification in vitro, how they act in vivo and whether they activate BMP and TGF-β growth factors still needs to be better understood. Moreover, there are solid arguments supporting the hypothesis that, in vivo, plaque calcification begins independently of VSMC phenotypic change.



ARGUMENTS AGAINST THE PHENOTYPIC CHANGE HYPOTHESIS


Not So Many Human Plaques Calcify Through an Ossification-Like Process

While plaque calcification incontestably develops by a process similar to endochondral ossification in mice (Rosenfeld et al., 2000; Rattazzi et al., 2005; Lin et al., 2016), studies in humans showing the presence of chondrocytes or cartilage are rare to say the least and remain controversial (Tyson et al., 2003; Aigner et al., 2008; Kuzan et al., 2017). In addition, bone-like structures, regardless of whether they formed through endochondral or intramembranous ossification, are not the most common type of calcification in human plaques (Jinnouchi et al., 2020): they are frequently observed in femoral arteries but not, for instance, in carotids (Herisson et al., 2011). Furthermore, the increasing number of studies of microcalcifications in early plaques reported that they formed independently of chondrocyte- or osteoblast-like cells or markers. In coronary arteries, for instance, microcalcifications were observed in preatheroma type I lesions before BMP2, or the RUNX2 transcriptional target osteocalcin could be detected (Roijers et al., 2011; Chatrou et al., 2015). It seems unlikely that, in these studies, chondrocytes or osteoblasts were present and but not be detected because, in most cases, microcalcifications that had grown and coalesced generated macrocalcifications still devoid of osteoblast or chondrocyte activity (Herisson et al., 2011; Jinnouchi et al., 2020).

How can we explain that mouse plaques calcify through endochondral ossification, whereas human plaques more frequently develop independently of chondrocytes or osteoblasts? One explanation could be that, in mice as in humans, calcification initially occurs independently of chondrocyte differentiation, which is induced later on. It is noteworthy that, in mice, VSMC-specific deletion of RUNX2 reduces but does not fully prevent plaque calcification (Sun et al., 2012; Lin et al., 2016). It is, however, difficult to know whether calcifications that formed despite the absence of RUNX2 in VSMCs did so independently of RUNX2 or rather under the control of RUNX2 in cells other than VSMCs (Lin et al., 2016). In the next section, we will review the main mechanisms that may lead to calcification independently of RUNX2 and of chondrocytes or osteoblasts.



Calcification May Begin on Cell Debris

One very plausible mechanism of early microcalcification formation involves cell debris (Kim, 1995). Whereas extracellular calcium phosphate precipitation is mainly prevented by the presence of mineralization inhibitors such as PPi, intracellular calcification is normally prevented by the physical separation of calcium ions and inorganic phosphate (Pi). Calcium is mainly stored in the endoplasmic reticulum and is present at very low concentrations in the cytoplasm, where Pi levels are higher than in the extracellular fluids (Romero-Garcia and Prado-Garcia, 2019). Apoptosis normally does not compromise this separation, or at least does not allow intracellular calcification to propagate extracellularly, because integrity of the cell membrane and of the membrane of apoptotic bodies (ABs) is preserved. However, when ABs are not phagocytosed rapidly enough by macrophages, they undergo necrosis, characterized by membrane rupture, allowing calcium, and Pi to precipitate. It is well known that apoptotic debris clearance is impaired in atherosclerotic plaque (Schrijvers et al., 2005), and calcification on apoptotic debris is frequent in early plaques. Histological examination of thousands of coronary arteries revealed that microcalcifications often form in proximity to apoptotic VSMCs, and that calcifying apoptotic macrophages are often seen in association with punctate calcifications resulting from microcalcifications (Jinnouchi et al., 2020). The role of apoptosis in initiating calcification is strengthened by the report that inhibition of apoptosis by a broad caspase inhibitor reduced calcification in cultured human VSMCs (Proudfoot et al., 2000). Impaired AB clearance rather than ABs themselves is likely involved in calcification, since induction of apoptosis specifically in VSMCs in vivo does not lead to arterial inflammation or calcification in wild-type mice, whereas it leads to reduced fibrous cap thickness and collagen content, together with increased inflammation and calcification in ApoE–/– mice (Clarke et al., 2006, 2008).

These data strongly suggest that necrosis secondary to VSMC apoptosis induces or increases plaque calcification. Alternatively, or in addition to secondary necrosis, programmed necrosis, also known as necroptosis, may participate in plaque calcification. Necroptosis was discovered relatively recently as a proinflammatory type of programmed cell death controlled by receptor-interacting serine/threonine-protein kinase 1 (RIPK1) and RIPK3 (Choi et al., 2019). Upon induction of necroptosis, RIPK3 phosphorylates the mixed-lineage kinase domain-like (MLKL) protein, which leads to MLKL oligomerization, membrane translocation, and formation of a pore allowing extracellular release of intracellular molecules (Kolbrink et al., 2020). Interestingly, Ldlr–/–;Ripk3–/– mice develop smaller necrotic cores than Ldlr–/– mice, indicating that necroptosis is a significant form of cell death in plaques, and exerts negative effects (Lin et al., 2013). This was confirmed in ApoE–/–;Ripk3–/– mice, which showed less plaque inflammation and later mortality than ApoE–/– mice (Meng et al., 2015). In addition, treatment of ApoE–/– mice with necrostatin-1, an inhibitor of RIPK1–RIPK3 interaction and subsequent necroptosis, reduces lesion size and necrotic core formation (Karunakaran et al., 2016). Taken together, these studies suggest that necroptosis, like necrosis induced by impaired apoptotic cell clearance, has a detrimental effect in plaque development that might include induction of calcification. However, this interpretation, according to which necroptosis induces calcification and has harmful effects only in atherosclerosis, might be oversimplistic. Indeed, specific Ripk3 deletion in macrophages or endothelial cells protects ApoE–/– mice from lipid accumulation, suggesting that necroptosis impacts plaque development differently depending on the cell lineage in which it takes place (Colijn et al., 2020). Moreover, a recent study surprisingly showed that, while inhibition of MLKL expression in ApoE–/– mice predictably impaired necroptosis, it increased lipid accumulation within the plaques (Rasheed et al., 2020). To our knowledge, whether plaque calcification can be prevented by inhibition of necroptosis has not yet been specifically investigated; since necrosis is known to induce calcification and since microcalcifications are often associated with dying macrophages and VSMCs (Jinnouchi et al., 2020), more studies are warranted.

In addition to necroptosis, another form of cell death, called pyroptosis, may participate in plaque calcification. Pyroptosis is the form of cell death associated with secretion of IL-1β relying on NOD-like receptor family pyrin-domain-containing 3 (NLRP3) activation (Kesavardhana et al., 2020). It has long been known that NLRP3 activation leads to caspase-1-mediated cleavage of pro-IL-1β into mature IL-1β; however, how this mature IL-1β is released extracellularly was discovered only recently. Activated caspase-1 not only cleaves the cytoplasmic protein gasdermin D, allowing the N-terminal fragment of gasdermin D to polymerize in the membrane and form pores through which IL-1β is released (Shi et al., 2015), but also leads to cell death (Kesavardhana et al., 2020). IL-1β is a very important cytokine in atherosclerosis, which modulates multiple aspects of plaque formation (Bhaskar et al., 2011) and development (Gomez et al., 2018) and has emerged as a promising target in patients with previous myocardial infarction (Ridker et al., 2017). However, probably because IL-1β has both beneficial and detrimental effects on atherosclerotic plaque development in ApoE–/– mice (Bhaskar et al., 2011; Gomez et al., 2018), manipulation of caspase-1 and NLRP3 levels in ApoE–/– mice provided contradictory results (Menu et al., 2011; Zheng et al., 2014; Yin et al., 2015; van der Heijden et al., 2017). To our knowledge, the possibility that pyroptosis participates in plaque calcification in vivo has not been specifically addressed, but in vitro inhibition of inflammasome activation reduced IL-1β secretion and inhibited VSMC calcification (Wen et al., 2013).



Calcification May Result From the Release of Extracellular Vesicles and the Activation of TNAP

Finally, there are arguments suggesting that initiation of plaque calcification may be due to VSMCs that have acquired some functions of mineralizing cells, without truly differentiating into chondrocytes or osteoblasts. For instance, numerous in vitro studies and genetic models have shown that, often, the mere deficiency of a mineralization inhibitor or the mere upregulation of a promineralizing factor is sufficient to trigger calcification. In particular, several genetic diseases or mouse models indicate that a single enzyme, TNAP, is sufficient to induce arterial calcification. As described above, TNAP induces mineralization by hydrolyzing PPi (Hessle et al., 2002; Murshed et al., 2005), and constant physiological production of PPi is required to prevent vascular calcification. Deficient generation of PPi from extracellular ATP, due to mutations in the gene encoding ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1), leads to a disease known as generalized arterial calcification of infancy (GACI) (Rutsch et al., 2003). Logically, VSMC-specific overexpression of TNAP is sufficient to induce medial calcification in mice (Sheen et al., 2015). Interestingly, calcification in this model is associated with increased transcript levels of the osteochondrocyte markers Bmp2, Sox9, Acan, and Runx2 (Sheen et al., 2015), suggesting that TNAP not only stimulates calcification but also launches the whole phenotypic change process of VSMCs into osteochondrocyte-like cells. Molecular investigation of the mechanisms involved suggests that TNAP induces calcification in VSMCs, which in turn activates the bone anabolic factor BMP2 (Fakhry et al., 2017). Such a molecular sequence implies that TNAP is expressed before VSMC differentiation and independently of RUNX2. Another genetic disease, arterial calcification due to deficiency of CD73 (ACDC), offers a likely explanation (St Hilaire et al., 2011). CD73 is a relatively ubiquitous nucleotidase that dephosphorylates extracellular AMP into adenosine, to participate in the resolution of inflammation (Antonioli et al., 2013). Calcification in ACDC is due to upregulation of TNAP expression in the absence of adenosine, to compensate for decreased AMP dephosphorylation (Jin et al., 2016). TNAP has indeed recently been described as an anti-inflammatory nucleotidase, which explains its ubiquitous expression (Bessueille et al., 2020). Therefore, induction of TNAP expression in association with its inflammatory function may result in induction of plaque calcification, independently of RUNX2. The fact that TNF-α, IL-1β, or IL-6 stimulates TNAP expression in VSMCs supports this paradigm (Tintut et al., 2000; Shioi et al., 2002; Lee et al., 2010; Lencel et al., 2011; Zhao et al., 2012).

Finally, if TNAP emerges as a possible important contributor to microcalcification, it must be added that the role of TNAP in physiological mineralization is not to trigger crystal nucleation but to allow calcium phosphate crystals to grow (Fleisch et al., 1966; Millán and Whyte, 2016; Bottini et al., 2018). Crystal nucleation is thought to occur inside extracellular vesicles (EVs) released by hypertrophic chondrocytes and osteoblasts and generally named matrix vesicles (MVs) in the bone biology field (Bottini et al., 2018). Although still controversial, MVs are suspected to concentrate calcium and Pi through the channeling activity of annexins and Pit transporters, respectively (Yadav et al., 2016; Bottini et al., 2018). In addition, MVs may further concentrate Pi from phosphatidylcholine through the sequential activity of phospholipase A2, ectonucleotide pyrophosphatase/phosphodiesterase 6, and PHOSPHO1 (Roberts et al., 2007; Yadav et al., 2016; Stewart et al., 2018). Crystal formation inside MVs would then rely on phosphatidylserine-mediated nucleation (Wu et al., 1993; Cruz et al., 2020).

Increasing data suggest that VSMCs release EVs that may initiate vascular calcification similarly to the way MVs released by hypertrophic chondrocytes induce growth plate mineralization (Hutcheson et al., 2016). This suspected involvement of EVs in plaque calcification has been nicely reviewed recently (Kapustin and Shanahan, 2016; Bakhshian Nik et al., 2017; Blaser and Aikawa, 2018; Aikawa and Blaser, 2021). We will therefore briefly present what is known of their suspected contribution to plaque calcification. Electron microscopic exploration of human carotid plaques revealed that vulnerable plaques may contain more calcifying EVs than stable ones (Bobryshev et al., 2008). Interestingly, several distinct multilamellar vesicles were visible, suggesting that several types of vesicles may be involved in plaque calcification. In culture of VSMCs, calcification is reduced by inhibition of annexin A6 expression (Kapustin et al., 2011) or PHOSPHO1 activity (Kiffer-Moreira et al., 2013), two proteins thought to be important for MV-associated mineralization. However, there might be significant differences in the mechanisms governing EV and MV release and mineralization/calcification. It was particularly shown that, in VSMCs, sortilin regulates the load of TNAP into EVs and that sortilin deficiency reduces plaque calcification but not bone mineralization (Goettsch et al., 2016). Finally, not only MV-like EVs, which are membrane blebs but also exosomes, which have an intracellular origin, may be involved in VSMC-mediated calcification. Exosomes released from VSMCs were indeed shown to be enriched in factors involved in calcification, such as annexin A6 and phosphatidylserine (Kapustin et al., 2015; Kapustin and Shanahan, 2016). Finally and to add more complexity, macrophages have also been shown to release calcifying EVs (New et al., 2013; Aikawa and Blaser, 2021). Therefore, the origin and respective contribution EVs and exosomes to plaque calcification in vivo will be therefore a difficult task to assess, but which deserves intense efforts.



CONCLUSION

Arguments in favor of the phenotypic change hypothesis mainly come from mouse models of atherosclerosis, whereas human studies rather suggest that calcification begins independently of osteoblast or chondrocyte differentiation (Table 1). If microcalcification in mice, like in humans, originates independently of chondrocyte differentiation, then it will be interesting to understand why microcalcifications always lead to ossification in mice, but so infrequently in humans. Apatite crystals stimulate mouse VMSCs in vitro to express BMP2 (Sage et al., 2011), which triggers their chondrocyte differentiation (Fakhry et al., 2017). Human coronary plaques express BMP2 in association with calcifications (Boström et al., 1993; Dhore et al., 2001; Chatrou et al., 2015). Whether and why BMP2 is less potent in humans deserves investigation. Finally, it cannot be excluded that several different mechanisms initiate plaque calcification, since microcalcifications can be seen in the necrotic core of human plaques as floating debris or in the fibrous cap (Jinnouchi et al., 2020).


TABLE 1. Arguments in favor of, and arguments against the hypothesis that calcification is initiated by osteochondrocyte-like cells.
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Background: Short telomere length (TL) is associated with age-related diseases, in particular cardiovascular diseases. However, whether the onset and course of aortic stenosis (AS) is linked to TL in aortic valves remains unknown.

Objectives: To assess telomere dynamics (TL and telomerase activity) in aortic valves and the possible implication of TL in onset and course of AS.

Methods: DNA was extracted from aortic valves obtained from 55 patients (78.2% men; age, 37–79 years), who had undergone replacement surgery due to AS (AS group, n = 32), aortic valve regurgitation and aortic dilation (Non-AS group, n = 23). TL was measured by telomere restriction fragment analysis (TRF) in calcified and non-calcified aortic valve areas. Telomerase activity was evaluated using telomerase repeat amplification protocol (TRAP) in protein extracts from non-calcified and calcified areas of valves obtained from 4 additional patients (50% men; age, 27–70 years).

Results: TL was shorter in calcified aortic valve areas in comparison to non-calcified areas (n = 31, 8.58 ± 0.73 kb vs. 8.12 ± 0.75 kb, p < 0.0001), whereas telomerase activity was not detected in any of those areas. Moreover, patients from AS group displayed shorter telomeres in non-calcified areas than those from the Non-AS group (8.40 ± 0.64 kb vs. 8.85 ± 0.65, p = 0.01).

Conclusions: Short telomeres in aortic valves may participate in the development of AS, while concurrently the calcification process seems to promote further local decrease of TL in calcified areas of valves.

Keywords: telomere length, aortic valve, aortic stenosis, calcification, aging


INTRODUCTION

Aortic stenosis (AS), the most common valvulopathy among the aging population in developed countries, affects both tricuspid and bicuspid valves (Roberts and Ko, 2005; Huntley et al., 2018). Regardless of congenital abnormalities, the prevalence of AS increases with age (Roberts and Ko, 2005) and while estimated at 0.4% in the general adult population, it rises to 2.85% in subjects over 75 years (Nkomo et al., 2006). Degenerative AS, as a result of calcific aortic valve disease (CAVD) (Yutzey et al., 2014; Lerman et al., 2015), is characterized by progressive cusp calcification (Yutzey et al., 2014; Lerman et al., 2015). Calcific deposition in the leaflets is an active and highly regulated process, which involves mechanisms similar to those of atherosclerotic cardiovascular disease (ASCVD) (Mathieu and Boulanger, 2014; Pawade et al., 2015). Indeed, the pathogenesis of both diseases include lipid infiltration, chronic inflammation, and calcification (Mathieu and Boulanger, 2014; Pawade et al., 2015). In addition, CAVD shares many risk factors with ASCVD, such as hypertension (Stewart et al., 1997), diabetes (Larsson et al., 2018), obesity (Larsson et al., 2020), smoking (Larsson et al., 2017) and chronic kidney disease (Vavilis et al., 2019).

An increasing number of epidemiological studies focusing on telomere length (TL) have found that ASCVD and its risk factors are associated with short leukocyte TL (LTL) (Valdes et al., 2005; Haycock et al., 2014; D’Mello et al., 2015; Verhulst et al., 2016; Toupance et al., 2017; Benetos et al., 2018). Moreover, it was proposed that short LTL may be established early in life and precede the development of ASCVD (Benetos et al., 2019). Taken together these data suggest a role for TL in atherogenesis and, in parallel, potentially in CAVD and AS development. However, very little is known about the implication of TL in aortic valve calcification. Kurz et al. (2006) reported that short LTL was associated with AS in individuals older than 70 years, but no one, to the best of our knowledge, has ever studied the relation between CAVD and TL measured directly in aortic valves. Thus, the aim of the present study was to assess telomere dynamics (TL and telomerase activity) in aortic valves and its possible implication in AS and CAVD.



MATERIALS AND METHODS


Sample Collection

Aortic valves were obtained from patients (n = 83) undergoing aortic valve replacement for AS, aortic valve regurgitation, and aortic dilation at the Karolinska University Hospital (Stockholm, Sweden). The study was approved by the local ethical committee (2012/1633) and informed consent was obtained from all patients.

After surgical removal, valve leaflets were immediately immersed in a preservation liquid and stored at 4°C until shipped to the laboratory. For TL measurements, valves were collected in RNA Later solution (Qiagen, Hilden, Germany) and for telomerase activity determinations in phenol red-free DMEM supplemented with 10% fetal bovine serum. In the laboratory, samples were stored at −80°C until analysis.

Among the 83 valves, 79 were used for TL measurements and 4 for telomerase activity determination. In this study we used valves for which we obtained DNA at least for non-calcified valve areas. Thus, after DNA extraction, 24 valves were excluded due to insufficient amount or poor DNA quality (Supplementary Figure 1). In the subsequent analyses, valves were divided into two groups according to the diagnosis:


-AS group: aortic valves obtained from patients with a diagnosis of AS as the indication for surgery (n = 32).

-Non-AS group: valves obtained from patients without a diagnosis of AS, undergoing surgery for other indications (n = 23). This group included diagnoses of aortic regurgitation, and aortic dilation and was further dived into aortic sclerosis if valves displayed macroscopic signs of calcification (n = 7) and non-sclerosis for macroscopically normal valves (n = 16).





Macroscopical Dissection of Aortic Valves

Each valve was evaluated macroscopically for the presence of normal, thickened and calcified areas and then dissected based on this assessment, as described previously (Nagy et al., 2011). In addition, a subset of non-sclerotic valves was dissected by separating the tip and the base of each aortic valve cusp.

These dissections allowed the comparison of TL in aortic valve tissue between different areas within the same valve (Supplementary Figure 2). Comparisons were performed in three situations. First, we compared TL between normal and thickened tissues derived from n = 10 valves. This analysis showed no significant difference between these two types of aortic valve tissues (Supplementary Figure 3A), which allowed us to regroup normal and thickened under the common term non-calcified tissue. Subsequently, we performed TL comparisons between non-calcified and calcified tissues within the same valve (n = 31). Third, we compared TL between the tip and base (n = 6) in non-sclerotic valves. The aim of this comparison was to study the influence of the anatomical areas on TL in the absence of macroscopic calcifications.

For some valves, DNA for TL measurements was obtained only from one tissue area; these valves were not included in the comparisons but used in other analyses (Supplementary Figure 2).

To assess TL independently of the presence of local calcifications, we used non-calcified areas from valves to compare between AS and Non-AS groups. The same valve areas were used also to assess the relations of TL with age, sex and bicuspidy.



Telomere Length Measurements

DNA was extracted from valves with the phenol/chloroform/isoamyl alcohol method after grinding up tissues in liquid nitrogen. Prior to the analysis, DNA quantity was assessed by spectrophotometry and DNA samples passed an integrity testing using a 1% (wt/vol) agarose gel. TL measurements were performed by Southern blot analysis of the terminal restriction fragments as described previously (Kimura et al., 2010). Briefly, DNA samples were digested (37°C) overnight with restriction enzymes HinfI (10U)/RsaI (10U) (Roche Diagnostics GmbH, Mannheim, Germany). Digested DNA samples and DNA molecular weight ladders were then resolved in 0.5% (wt/vol) agarose gels for 24 h at 40 V. After electrophoresis, the DNA was depurinated, denatured, neutralized and then blotted onto positively charged nylon membranes (Roche Diagnostics GmbH) by vacuum transfer (Bio-Rad, Hercules, CA, United States). Hybridization was performed at 42°C overnight with a digoxigenin-labeled telomeric probe after 1 h of prehybridization. Membranes were washed, blocked for proteins and incubated with an alkaline phosphatase conjugated anti–digoxigenin-antibody. Probe-target hybrids were detected using alkaline phosphatase conjugate cleavage of chemiluminescent CDP-Star substrate solution (Roche Diagnostics GmbH). A CCD camera (Las 4000, Fujifilm Life Sciences, Cambridge, MA, United States) was used for visualization of the chemiluminescence signal.

Different samples from the same individual were always run in adjacent lanes on the same membrane; for samples with sufficient amount of DNA (n = 70), measurements were performed in duplicate on separate membranes. The inter-assay coefficient of variation for the duplicate measurements was 2.02%.



Telomerase Activity Determination

Telomerase activity was evaluated by the modified telomerase repeat amplification protocol (TRAP) (Krupp et al., 1997). Measurements were performed for non-calcified and calcified areas of 4 valves obtained from 2 men and 2 women in the age range 27–70 years. Briefly, tissue specimens were snap-frozen and ground up in liquid nitrogen followed by lysis in CHAPS buffer for 20 min on ice. After incubation, lysates were centrifuged at 13,000×g for 20 min at 4°C. The supernatant was collected into new tubes and protein concentration was measured using the Quick StartTM Bradford Protein Assay (Bio-Rad). A protein extract from HeLa cells, which contain an active telomerase, was used as a positive control. For each sample, 50 μl of reaction mix was performed. Each reaction contained TRAP reaction buffer (final concentration: 20 mM Tris-HCl (pH 8.3), 1.5 mM MgCl2, 63 mM KCl, 1 mM EGTA, 0.005% Tween 20), 50 μM dNTPs, 22.5 pmol primer TS (5′-AATCCGTCGAGCAGAGTT), 22.5 pmol primer CXext (5′-GTGCCCTTACCCTTACCCTTACCCTAA), 2 units of fast-start Taq-polymerase (Roche Diagnostics GmbH) and 1 μg of protein extract. The TRAP reaction consisted of initial incubation at 37°C for 30 min for TS primer extension by telomerase, followed by deactivation of the telomerase and activation of Taq-polymerase for 2 min at 94°C and 33 amplification cycles (30 s 94°C, 30 s 52°C, 30 s 72°C) with a final extension step of 10 min at 72°C. PCR products were resolved on a 12% non-denaturing polyacrylamide gel (19:1) and stained with 1 × SYBR Green I (Thermo Fisher Scientific, Waltham, MA, United States). DNA bands were visualized with UV on a GelDoc imager (Bio-Rad).

In order to rule out false positive and negative results, two additional control reactions were assayed alongside each sample. First control, applied to detect false positive results due to primer-dimer formation during PCR, contained heat inactivated protein at 95°C for 10 min before subjecting it to the TRAP reaction. Second control, designed to avoid false negative results caused by PCR inhibitors in tissue extracts, consisted of 60 ng of protein extract from HeLa cells added with each sample of interest before subjecting it to the TRAP reaction.



Statistical Analysis

Discrete variables are presented as percentages and continuous variables as mean ± SD. The characteristics of the patients were compared using the Mann–Whitney U and χ2-tests, as appropriate. Comparisons between patient groups were performed using a two-sample t-test. Adjustments for age and sex were made by using a general linear model. Differences in TL between tissue areas were evaluated with paired t-test. Bivariate relations between continuous variables were determined using Pearson correlation coefficients. P < 0.05 was considered as statistically significant. The software packages used to analyze the data were NCSS 9 (NCSS, Kaysville, UT, United States) and GraphPad Prism 8.4.0 (GraphPad, San Diego, CA, United States).



RESULTS


Patient’s Characteristics

Overall, TL was measured in aortic valves from 55 patients (Supplementary Figure 1). Among them, 32 patients were in the AS group and 23 in the Non-AS group. Characteristics of all individuals are presented in Table 1. No differences were observed in age and sex between the two groups. All patients but one in the AS group presented macroscopical calcifications. In the Non-AS group, 7 patients displayed aortic sclerosis.


TABLE 1. Characteristics of the patients.
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Telomere Length Dynamics Within Different Areas of Aortic Valve

Calcified areas of aortic valves had significantly shorter telomeres than non-calcified areas. The gap between the means of the two areas was 0.46 kb (non-calcified: 8.58 ± 0.73 kb; calcified: 8.12 ± 0.75 kb; p < 0.0001; Figure 1A). Notably, no telomerase activity was detected either in non-calcified or in calcified areas (Figure 1B). This lack of telomerase activity was observed in all samples, either bicuspid or tricuspid valves, sclerotic, or stenotic valves originating from patients of different ages (27–70 years-old, Supplementary Figure 4). In addition, the comparison between the base, a more calcification-prone area (Otto et al., 1994), and the tip of non-sclerotic aortic valves did not reveal any difference in TL between these two anatomical areas (Supplementary Figure 3B).
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FIGURE 1. Telomere length dynamics in different areas of the AS and sclerotic valves. (A) Telomere length in non-calcified and calcified areas. Matched circles stand for individual patients. Statistical analysis was performed using paired t-test. (B) Representative picture of telomerase activity evaluation by TRAP in non-calcified and calcified areas of the valve tissue (n = 4 for each type of tissue). Lines correspond to telomerase activity in 1 μg of protein extract. Samples, which contain HeLa cell extract mixed with tissue extract, represent controls for false-negative results and heat-treated samples serve as controls for false-positive results. Extracts from HeLa cells were used as the positive control. kb, kilobase.




Comparison of TL Between AS and Non-AS Patients

TLs in non-calcified aortic valve areas were significantly shorter in the AS compared with the Non-AS group (8.40 ± 0.64 kb vs. 8.85 ± 0.65 kb; p = 0.01; Figure 2A). Additional adjustment of TL values for age and sex made this association stronger (p < 0.01). Of note, comparison of TL between Non-AS sclerotic and Non-AS non-sclerotic groups revealed no differences (Figure 2B).
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FIGURE 2. Relation between telomere length in non-calcified valve tissues and patient groups. (A) Telomere length in Non-AS and AS subjects. (B) Telomere length in Non-AS non-sclerotic and Non-AS sclerotic subjects. Data are presented as mean ± SD and differences between groups was assessed using two-sample t-test. AS, aortic stenosis; kb, kilobase.




Relation of TL in Non-calcified Areas of Aortic Valves With Age, Sex, and Bicuspidy

TL in non-calcifed areas of aortic valves was not influenced by sex or the presence of bicuspid valve abnormality (Supplementary Figure 5). There was a trend toward shorter TL in older subjects (p = 0.13; Supplementary Figure 6).



DISCUSSION

Two main findings arise from this study. First, TL was shorter in calcified than in non-calcified areas of aortic valves from patients with CAVD. Second, valves derived from patients suffering from AS displayed shorter telomeres also in non-calcified areas as compared to the corresponding valve areas from individuals without AS. Taken together, these data suggest a role of TL in the development of clinically significant AS, as well as a potential local change in TL during the calcification process.

The present study raises a first notion that connects locally accelerated valvular aging with calcification and AS. Indeed, our results revealed that aortic valve areas with macroscopic calcifications displayed shorter telomeres compared with areas without calcifications within the same valve. These findings provide a first suggestion for site-specific telomere dynamics in the aortic valve, which may appear either as a consequence of calcification, or as part of a local valvular aging process that culminates in valve calcification and AS.

To decipher if the biomechanical forces acting on aortic valves (Bäck et al., 2013), which potentially could directly affect TL at different anatomical locations within the valve, the tip and the base were separated from valves macroscopically free of calcification. Given that calcification processes start preferentially at the base of the valve and expands toward the tip (Otto et al., 1994), the lack of significant TL differences between these areas (Supplementary Figure 3B) suggests that differences in valvular TL dynamics are minor in the absence of calcification. Likewise, the lack of detectable telomerase activity in aortic valves points to other underlying mechanisms for the observed local decreased TL with valve calcification in the present study.

Oxidative stress and chronic inflammation can be possible common denominators for TL shortening and early valve changes, since they may cause local telomere attrition and valve calcification (Miller et al., 2008; Branchetti et al., 2013; De Meyer et al., 2018; Mercier et al., 2020). In fact, previous studies in atherosclerotic lesions, which exhibit similar oxidative stress and inflammation as stenotic aortic valves, reported the presence of shorter telomeres compared with healthy vessels (Okuda et al., 2000; Matthews et al., 2006; Nzietchueng et al., 2011). Moreover, smooth muscle cells and endothelial cells of atherosclerotic arteries have been shown to display features of telomere-based senescence (Minamino et al., 2002; Matthews et al., 2006). However, another mechanism can be proposed to explain the decrease in TL observed in calcified tissue. In the present study, TL was measured in bulk tissue areas. Thereby, short telomeres measured in calcified areas can partially reflect increased presence of immune cells, which abundantly infiltrate lesions (Otto et al., 1994; Coté et al., 2013) and have relatively shorter TL than other somatic tissues (Friedrich et al., 2000; Daniali et al., 2013; Benetos et al., 2018).

It has been previously reported that AS patients compared with contemporary controls have shorter telomeres measured in leukocytes (Kurz et al., 2006). Here we report that non-calcified areas in valves derived from patients with AS exhibited shorter telomeres compared with the corresponding tissues in valves derived from patients without clinically significant AS, even in the presence of sclerotic valvular changes. Our findings provide a first suggestion that short TL may precede aortic valve calcification and render the valve more prone to progress to clinically significant AS. This assumption is consistent with a recent study in mice, which suggested TL-dependent gene regulation in aortic valve calcification (Theodoris et al., 2017). Further support comes from results observed in ASCVD patients. Clinical studies reported that individuals with shorter TL were at higher risk of developing ASCVD (Chen et al., 2014) and progressing to advanced stages of the disease over periods of 5 years (Willeit et al., 2010) and 10 years (Toupance et al., 2017). Likewise, shorter TL was associated with early onset ASCVD (Toupance et al., 2017). Moreover, Mendelian randomization studies, using TL-associated single nucleotide polymorphisms, showed that alleles associated with shorter TL are overrepresented in individuals with clinical manifestations of ASCVD (Codd et al., 2013; Scheller Madrid et al., 2016; Haycock et al., 2017), inferring a causal role of short TL in ASCVD development.

As far as we are aware, this is the first clinical study investigating telomere dynamics in human aortic valve tissue. We should however acknowledge that the observational design of the study cannot ascertain causality between TL and either valve calcification or AS. It should be noted also that we detected a low level of inhibition of the TRAP reaction by protein extracts from valve tissues, which might have affected the sensitivity of telomerase detection. In addition, for some sub-group analyses, the modest sample size limited the power to detect differences.



CONCLUSION

In conclusion, this study demonstrates that short telomeres in aortic valves may participate in the development of AS, whereas at the same time the calcification process seems to induce a further decrease of TL in calcified areas. For a better understanding of the complex relation between telomere dynamics and the aortic valve calcification process, mechanistic studies are required.
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Microarchitecture of Heterotopic Ossification in Fibrodysplasia Ossificans Progressiva: An HR-pQCT Case Series
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It is challenging to study heterotopic ossification (HO) in patients with fibrodysplasia ossificans progressiva (FOP) due to the contraindication of invasive techniques (i.e., bone biopsies), which can trigger flare-ups. The aim of this case study was to assess mature HO at the microarchitectural level non-invasively with high-resolution peripheral quantitative computed tomography (HR-pQCT). Depending on the patient’s mobility, HR-pQCT scans were acquired of peripherally located HO and standard distal radius and tibia regions in two FOP patients, a 33-year-old woman and a 23-year-old man, with the classical mutation (p.R206H). HO was located around the halluces, the ankles, and in the Achilles tendon. Standard HR-pQCT analyses were performed of the distal radius, tibia, and HO to quantify bone mineral density (BMD) and bone microarchitecture. Micro-finite element analysis was used to estimate failure load (FL). The outcomes were compared between HO and neighboring skeletal bone and with an age- and gender-matched normative dataset from literature. The bone parameters of the radius were within the interquartile range (IQR) of normative data. In contrast, in the tibiae of both patients, total and trabecular BMD were below the IQR, as were trabecular bone volume fraction, number, and thickness, cortical thickness, and FL. Trabecular separation and heterogeneity were above the IQR. Isolated HO in the Achilles tendon had a lower total, trabecular, and cortical BMD, trabecular bone volume fraction, and cortical thickness than the normative tibia data. Trabecular microarchitecture was within the IQR, and FL was approximately 10% higher than that of the neighboring tibia after accounting for areal differences. Other scanned HO could only be qualitatively assessed, which revealed coalescence with the neighboring skeletal bone, development of a neo-cortex, and partial replacement of the original skeletal cortex with trabeculae. To conclude, isolated HO seemed microarchitecturally more comparable to reference tibia data than the peripheral skeleton of the FOP patients. HO and skeleton also appear to be able to become one entity when contiguous.

Keywords: fibrodysplasia ossificans progressiva, heterotopic ossification, high-resolution peripheral quantitative computed tomography, bone strength, bone microarchitecture


INTRODUCTION

Fibrodysplasia ossificans progressiva (FOP) is a rare genetic disease that is characterized by the formation of heterotopic ossification (HO) in ligaments, tendons, and muscles (Rogers and Geho, 1979; Cohen et al., 1993; Kaplan et al., 2008). The formation of HO is often preceded by a clinical flare-up whose clinical signs are, among others, pain, redness, and swelling (Kaplan et al., 2008; Pignolo et al., 2016). The histology of these flare-ups developing into HO has previously been studied through biopsies that were obtained for other purposes, mainly to exclude malignancies in non-diagnosed FOP patients (Kaplan et al., 1993; Gannon et al., 1998). It is thought that, in the early stage of this HO development, the infiltration of inflammatory cells, such as lymphocytes, mast cells, and macrophages, causes cell death of the affected connective tissue. Proliferation of fibroblasts is thought to play a crucial role in the successive HO stage (Gannon et al., 2001). Finally, the fibroproliferative tissue develops into cartilage before it develops into endochondral bone (Kaplan et al., 1993; Gannon et al., 1998; Pignolo et al., 2011).

Less is known about mature HO. The few histological and radiological case reports suggest HO to follow a normal endochondral process, with deposition of bone matrix that visually appears indistinguishable from skeletal bone matrix with similar bone modeling and remodeling (Lutwak, 1964; Kaplan et al., 1994; Mahboubi et al., 2001). When mature, HO seems to consist of both compact and lamellar bone structures and apparently normal bone marrow (Jayasundara et al., 2012; Kamal et al., 2015). In FOP patients with the classic mutation (p.R206H), the skeletal bone is also assumed to develop normally despite developmental anomalies such as the frequently present shortened toes and the less frequently present short femoral neck and fusion of cervical facet joints (Kaplan et al., 2008). These case reports are mainly qualitative as a quantitative comparison of mature HO and skeletal bone remains difficult. Furthermore, histological examinations of mature human FOP HO are limited due to a contraindication of invasive techniques, such as bone biopsies, in FOP patients, as these techniques can trigger a flare-up and consequently aggravate the disease (Kitterman et al., 2005; Pignolo et al., 2016).

High-resolution peripheral quantitative computed tomography (HR-pQCT) may possibly alleviate the difficulty in investigating mature HO. This high-resolution imaging modality allows non-invasive and quantitative assessment of peripheral bones at the microarchitectural level, including quantification of geometry, density, and microarchitecture of the cortical and trabecular bone compartments and of the biomechanical properties of bone. Until now, HR-pQCT has mainly been used to study the distal radius and tibia (Boutroy et al., 2005), and to our knowledge, it has not yet been applied in FOP patients. Therefore, the aim of this case study was to assess mature HO with HR-pQCT and to compare with neighboring skeletal bone. To evaluate whether the skeletal bone of FOP patients is representative, the FOP skeletal bone and HO were also compared with an age- and gender-matched reference. It was hypothesized that mature HO contains less and thinner trabeculae and a thinner cortex compared to neighboring skeletal bone because it is often non-functional and non-weight bearing. The skeletal bone was expected to show differences with an age- and gender-matched reference because of reduced mobility related to the disease.



MATERIALS AND METHODS


The Patients

Two FOP patients with the classical mutation (R206H), treated at the FOP Expertise Center of Amsterdam, underwent HR-pQCT imaging for this case study. Patient 1 is a 33-year-old woman who is ambulant: she can cover short distances, but she is not able to walk longer distances and to run. She is known with peripheral HO around both first metatarsals and in the left Achilles tendon. The peripheral HO has been present for over 20 years, and the patient has not noticed any flare-up or changes of this HO in the past 5 years. She has not been taking any glucocorticoids in the past 12 months but is on chronic non-steroidal anti-inflammatory drug (NSAID) treatment because of chronic pain due to HO at several sites. Patient 2 is a 23-year-old man. Peripheral HO is located around both first metatarsals and both ankles, all formed after a surgical correction of the hallux valgus early in childhood. The HO has been present for over 15 years, and the patient has not noticed any flare-up or changes of this HO in the past 5 years. He is wheelchair dependent when covering longer distances. He has not been using glucocorticoids and NSAIDs in the past 12 months. The peripheral HO in the patients was identified by physical examination and images acquired earlier by computed tomography (CT) and [18F] sodium fluoride (NaF) positron emission tomography (PET)-CT. They resembled mature bone as defined by a density >200 HU on CT and were not metabolically active as assessed by peak standardized uptake values on [18F]NaF PET-CT (Botman et al., 2019). Both patients have been participating in the LUMINA-1 clinical trial with Activin A blocking antibody Garetosmab for 3 and 4 months, respectively, at the time of HR-pQCT scanning. The HR-pQCT scans were not obtained as part of this double-blind placebo-controlled study. The patients signed the informed consent form to publish their data anonymously, and this form was approved by the Medical Ethics Review Committee of the Amsterdam UMC (Amsterdam, Netherlands).



HR-pQCT Imaging Protocol

If the mobility of the patients allowed proper and comfortable positioning, HR-pQCT scans were obtained using the second-generation HR-pQCT scanner (XtremeCT II, Scanco Medical, Switzerland) with standard clinical settings defined by the manufacturer (X-ray tube voltage of 68 kV, intensity of 1,460 mA, and integration time of 43 ms). For the distal radius and tibia, one 10.2-mm stack was scanned at the standard location according to the standard protocol, starting 9.5 and 22.5 mm proximally from the radial and tibial endplate, respectively, and extending proximally. For the peripherally located HO, customized 30.6-mm regions (three consecutive stacks of 10.2 mm each) were scanned to ensure full capturing of the HO. The scout view, as part of the standard HR-pQCT procedure, was used to confirm a full capturing. To scan the HO in the halluces and ankles, the patients were carefully positioned with the hip and knee in flexion and the foot in plantar flexion. During acquisition of all scans, the lower arm or lower leg was placed in a standard motion restraining holder, and foam was added to the holder when necessary to ensure the patient’s comfort. Quality of the scans was graded by the operator during scan acquisition by inspection of a single low-resolution slice of each stack using the clinically used grading system provided by the manufacturer (Pialat et al., 2012). A scan was repeated when the quality of at least one stack had a grade >3 out of 5. Acquisition of one stack takes 2 min, resulting in total acquisition time of 2 min for each radius and tibia scan and 6 min for each HO scan. Effective radiation dose is approximately 5 μSv per stack, leading to an effective dose of approximately 5 μSv per radius and tibia scan and of approximately 15 μSv per HO scan. The scans were reconstructed with an isotropic voxel size of 61 μm, resulting in 168 consecutive slices per radius and tibia scan and in 504 consecutive slices per HO scan.



Evaluation of the HR-pQCT Scans

The peripherally located HO were visually assessed by a musculoskeletal radiologist (BT) affiliated to the FOP Expertise Center; the isolated HO in the Achilles tendon of patient 1 was also quantitatively evaluated as were the distal radius and tibia. For the quantitative analysis, the isolated HO was manually segmented, and the distal radius and tibia were segmented using an automatic contouring algorithm provided by the manufacturer of the scanner. Thereafter, standard methods were used to quantify bone geometry, density, and microarchitecture of the segmented HO and distal radius and tibia. Geometric parameters included total, trabecular, and cortical area [Tt.Ar, Tb.Ar, and Ct.Ar, respectively (mm2)]. Densitometric parameters included volumetric bone mineral density of the entire, trabecular, and cortical bone [Tt.BMD, Tb.BMD, and Ct.BMD, respectively (mg HA/cm3)]. Microarchitectural parameters included trabecular bone volume fraction [Tb.BV/TV (−)], trabecular number [Tb.N (mm–1)], thickness [Tb.Th (mm)], separation [Tb.Sp (mm)], and heterogeneity [Tb.1/N.SD (mm)], and cortical thickness [Ct.Th (mm)], and porosity [Ct.Po (−)]. Additionally, failure load (FL) was estimated of the segmented HO and distal radii and tibiae by means of micro-finite element (μFE-) modeling. Linear three-dimensional μFE-models were generated by converting the bone voxels of the HR-pQCT scans to equally sized brick elements, which were assigned a Poisson’s ratio of 0.3 and a Young’s modulus of 8,748 MPa (Whittier et al., 2020). An axial compression to 1% strain was then simulated along the longitudinal axis (i.e., compression with constraint of lateral expansion at the bone endings) to estimate FL, for which Pistoia’s criterion was used (Pistoia et al., 2002). For this estimation of FL, it was assumed that the HO experiences a tensile load in the direction of the calve muscles and thus in the direction of the compression load on the tibia; simulating either tension or compression gives, apart from the sign, the same results in FE-modeling.

The resulting values of the bone parameters from all analyses were compared to an age- and gender-matched normative reference group. This normative dataset was obtained in a general Canadian male and female population using the same generation HR-pQCT scanner and analyses as in this case study and has recently been published by Whittier et al. (2020).



RESULTS


Scan Acquisition

The patients’ mobility allowed acquisition of HR-pQCT scans of HO in the left Achilles tendon and around both metatarsals of patient 1 and around the right ankle of patient 2. The HO in the Achilles tendon was visible on the standard scan of the left tibia and required no separate scan. HR-pQCT scans could not be acquired of the halluces and left ankle of patient 2 as he was not able to position his foot in plantar flexion due to ankle ankylosis. His right ankle could be scanned without plantar flexion of the foot, but with additional foam for comfort during scan acquisition. Due to the inability of both patients to properly position before the scanner, a distal radius scan could only be made of the left side of patient 1. Distal tibia scans could be obtained of the left and right tibia of both patients. All obtained HR-pQCT scans were of good quality (≤grade 3 for all stacks); therefore, none of the scans had to be repeated.



Evaluation of the Distal Radius and Tibia

A three-dimensional visualization of the scanned left radius and right tibia of patient 1 is shown in Figure 1. Geometry, density, microarchitecture, and FL of the dominant side, the left radius of this patient, were within the 25th–75th percentile (pctl), except for Ct.BMD that was considerably higher (90th–98th pctl) (Table 1). At the tibia, both patients had low Tt.BMD and Tb.BMD compared to the age- and gender-matched reference group (<2nd pctl) (Tables 1, 2). The trabecular microarchitectural parameters were below or above the interquartile range (IQR): Tb.BV/TV, Tb.N, and Tb.Th were lower (<2nd pctl, < 25th pctl, and <2nd pctl, respectively), and Tb.Sp and Tb.1/N.SD were higher (>75th pctl and >90th pctl, respectively). The FL of the tibiae of both patients was also lower than normative values (<2nd pctl). In patient 1, Ct.Ar and Ct.Th were lower in both tibiae (both <10th pctl), and Ct.BMD was in the lower half of the IQR. In patient 2, Ct.Ar and Ct.Th were <25th pctl in the right tibia, and Ct.BMD was in the upper half of the IQR in both tibiae.
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FIGURE 1. Three-dimensional visualization of the scanned left radius (A) and right tibia (B) of patient 1, obtained with HR-pQCT. (A) Quantification revealed a great resemblance of the radius of the fibrodysplasia ossificans progressiva (FOP) patient to that of an age- and gender-matched reference group, except for cortical density that was higher in the FOP patient. (B) Quantification revealed major dissimilarities with the age- and gender-matched reference group, especially in total and trabecular density (lower in the patient) and in trabecular and cortical microarchitecture.



TABLE 1. Bone parameters of the left distal radius and left and right distal tibia of patient 1, a 33-year-old woman including normative values of the distal radius and tibia of age- and gender-matched controls.
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TABLE 2. Bone parameters of the left and right distal tibia of patient 2, a 23-year-old man including normative values of the distal radius of age- and gender-matched controls.
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Evaluation of Heterotopic Ossification

The HO in the left Achilles tendon of patient 1 was isolated from the neighboring skeletal bone in the scanned region and could therefore be qualitatively as well as quantitatively evaluated (Figure 2). The HO constituted a clear cortex and trabecular structure. The cortex appeared thinner than in the neighboring left tibia, but a thickening was present in the axial middle of the scanned region of the HO. The results of the quantitative analysis of the isolated HO and neighboring left tibia are presented in Table 3. In the isolated HO, Ct.BMD was below the IQR of the normative dataset (< 2nd pctl), while it was within the IQR in the left distal tibia. Tt.BMD, Tb.BMD, and Ct.Th were below the IQR for both the isolated HO and left tibia. The trabecular microarchitectural parameters were within the IQR for the HO except for Tb.BV/TV (10th–25th pctl), whereas for the left tibia, Tb.BV/TV, Tb.N, and Tb.Th were lower than the IQR (<2nd pctl, 10th–25th pctl, and <2nd pctl, respectively), and Tb.Sp and Tb.1/N.SD were higher (75th–90th pctl and 90th–98th pctl, respectively). FL was approximately a factor 10 lower in the HO than in the left tibia. It was low compared to normative values (<2nd pctl). Total bone area was approximately a factor 10 higher in the HO than in the tibia.
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FIGURE 2. (A) Distal (left) and proximal (right) slice of the HR-pQCT scan of the left tibia of patient 1, a 33-year-old female fibrodysplasia ossificans progressiva (FOP) patient showing isolated heterotopic ossification (HO) in the Achilles tendon. Quantification showed dissimilarities between the HO and the patient’s tibia, especially in trabecular microarchitecture when compared to an age- and gender-matched reference. (B) Four slices from distal (left) to proximal (right) of the HR-pQCT scan of the left tibia showing HO in the Achilles tendon.



TABLE 3. Bone parameters of the left distal tibia and isolated heterotopic ossification (HO) in the left Achilles tendon of patient 1, a 33-year old woman including normative values of the distal tibia with age- and gender-matched controls.
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FIGURE 3. Three-dimensional visualization of the scanned metatarsals of the right (A) and left (B) foot of patient 1. The patient underwent surgery for the correction of a bilateral hallux valgus at the age of 1, resulting in heterotopic ossification (HO) at the operated sites. The pink color visualizes the sites with HO. It should be noted that, due to fusion, the exact border between HO and skeletal bone could not be established.
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FIGURE 4. Nine two-dimensional slices of the HR-pQCT scan of a 30.6-mm region of the right ankle of patient 2, a 23-year-old male fibrodysplasia ossificans progressiva (FOP) patient, from distal (S1) to proximal (S502). S1 shows the talus with heterotopic ossification (HO) attached. The original cortical layer of the talus seems disrupted at several sites where HO has fused. (S67–S502) HO has also fused to the fibula. However, a thin cortical layer seems to be present throughout the series. (S201–S502) HO has fused to the tibia; as with the talus, the cortical layer is disrupted at several sites of the fusion. TIB, TAL, and FIB represent tibia, talus, and fibula, respectively. On the right, HO, increased cortical bone, and the thinned cortex are visualized in blue, red, and yellow, respectively. It should be noted that, due to fusion, the exact border between HO and skeletal bone could not be established.


Although all HO lesions analyzed by HR-pQCT had a density of >200 HU and thus resembled mature bone, HU was lower in these lesions than in neighboring skeletal bone that had a density of >350 HU. The only exception was the HO around the ankle, which had a considerable higher HU value than the surrounding talus, tibia, and fibula.



DISCUSSION

The aim of this case study was to assess peripherally located mature HO and skeletal bone of two FOP patients with HR-pQCT and to compare those with each other and with an age- and gender-matched reference group from literature. The HO assessed in both patients was found to merge with neighboring skeletal bone. The cortex of the skeletal bone at sites of fusion appeared to be replaced by trabeculae to form one new entity, constituting trabecular bone surrounded by a (neo-)cortex. Most bone parameters of the isolated HO in the Achilles tendon of one of the patients were found to be within the IQR of age- and gender-matched reference tibia data, whereas most of the neighboring tibia were below or above the IQR. The bone parameters of the distal radius resembled the literature values, except for cortical BMD.

To the best of our knowledge, this is the first study examining HO non-invasively and at a microarchitectural level in living FOP patients. HO around the halluces and ankle of the patients was merged with the neighboring skeletal bone, and it appeared that a neo-cortex was formed, surrounding the HO where it fused with the skeletal bone. However, the thin lining of the original cortical layer of the skeleton was still visible at various regions, suggesting a yet incomplete coalescence. This may indicate that the fusion of HO and skeletal bone and associated remodeling is a slow process, considering the presence of the HO for over 15 years in both patients. The neo-cortex around the halluces appeared thinner than the original skeletal cortex, whereas HO around the ankle consisted of a relatively thick cortical layer, which is perhaps due to the weight-bearing function of the ankle and its associated HO. Both these fused HO and the isolated HO assessed in this case study showed a cortical and trabecular compartment as do skeletal bones, which, in that respect, agrees with previous case reports suggesting that HO of FOP patients has a similar morphology as the skeletal bone (Kaplan et al., 1993; Mahboubi et al., 2001). However, these earlier publications have mainly investigated biopsies of early HO lesions that were taken in children for other reasons (Kaplan et al., 1993; Jayasundara et al., 2012; Kamal et al., 2015), while we investigated mature HO lesions as confirmed by CT. Furthermore, the use of HR-pQCT instead of histology enables a quantitative evaluation of HO besides a qualitative assessment, which may provide new insights into HO in FOP.

Today, quantitative assessment of the microarchitecture of HO is scarce. Most mice studies mimicking FOP and HO formation have not quantified the HO microstructure despite the use of high-resolution imaging modalities (e.g., μCT) (Brownley et al., 2015; Hatsell et al., 2015; Chakkalakal et al., 2016; Upadhyay et al., 2017). In humans, the only study quantifying HO at the microarchitectural level concerned, to our knowledge, an ex vivo μCT study on bone biopsies of non-genetic HO. In that study, surgically removed HO at muscular tissue was analyzed, which revealed variations in microarchitecture between and within lesions and an affected strength of the HO lesions compared to the skeletal bone (Trieb et al., 2018). In contrast, we found FL of the isolated HO in the Achilles tendon to be approximately 10% higher than of the neighboring tibia when correcting for the difference in total bone area. This agrees with the assumption in literature that the strength of HO in FOP is preserved, which is based on the observation that (stress) fractures of HO are not often seen in FOP patients (Einhorn and Kaplan, 1994). The discrepancy in the findings on strength between the study on non-genetic HO and our case study on genetic HO may, among others, be caused by a different ossification process with distinct histological characteristics between genetic and non-genetic HO (Meyers et al., 2019). Furthermore, HO in tendons may not be representative for HO in muscles as, for example, trauma-induced muscle HO in FOP appears to be driven through another progenitor lineage than HO formed in ligaments and tendons (Dey et al., 2016). This may also contribute to the qualitative differences found at the microarchitectural level between the trauma-induced HO around the ankle of patient 2 and the spontaneously formed HO in the Achilles tendon of patient 1. Notably, the estimated FL in the isolated HO in the Achilles tendon is lower than the peak forces that occur in the Achilles tendon during daily life in healthy individuals [e.g., 1.3–1.5 kN during walking, up to 4 kN during running and jumping (Fukashiro et al., 1995; Finni et al., 1998; Hosseini et al., 2017)], which would suggest rupture of the Achilles tendon or fracture of the HO during such activities. However, such peak forces may not be reached in FOP patients due to their reduced ability or inability to fully perform these activities.

The comparison of the quantitative evaluation of the HO in the Achilles tendon with the neighboring tibia showed that the microarchitectural parameters of the HO had better agreement with the age- and gender-matched reference than the left tibia. It is not known what may have caused this difference between HO and neighboring tibia. A different mechanical stimulation may possibly play a role, but a study in larger datasets is needed before any conclusions can be drawn about the possible microarchitectural differences between HO and skeleton. These microarchitectural differences could have contributed to the 10% larger estimated FL of the HO compared to the tibia after accounting for areal differences. The comparison of the HO with the peripheral skeleton raises the question on whether the skeletal bone of FOP patients is comparable at the microarchitectural level to an age- and gender-matched reference (Burt et al., 2016). Unlike microarchitectural misbalances throughout the entire skeleton in other rare bone diseases, the microarchitecture of the analyzed radius of patient 1 was found to be comparable to an age- and gender-matched reference population (Folkestad et al., 2012; Kocijan et al., 2015; Arruda et al., 2016; Butscheidt et al., 2018). The tibiae of both FOP patients, in contrast, did show considerable deviations from age- and gender-matched normative data: the total and trabecular BMD were lower, and the trabecular compartment consisted of less and thinner trabeculae in a more heterogeneously formed network. Reduced mobility or a changed mechanical loading in the FOP patients could have contributed to these differences from the normative data, as could have the frequent glucocorticoid use of both patients (Ilias et al., 2000). Research in larger datasets is needed to further investigate possible microarchitectural differences between the skeleton of FOP patients and of the general population.

This study has shown that HR-pQCT allows visualization and quantification of BMD, microarchitecture, and the biomechanical properties of mature HO in FOP patients in vivo. This imaging modality enables analysis of mature HO in more detail than other imaging modalities while simultaneously exposing patients to a negligible amount of radiation. Furthermore, it is non-invasive, in contrast to bone biopsy for histological analysis; therefore, it does not trigger flare-ups as is the case with biopsy. Consequently, HR-pQCT may be an interesting technique for future research into mature HO in FOP, such as for sequential HR-pQCT imaging to study the development of mineralized HO during a flare-up or the effects of a study drug on mature HO. However, it is likely that the ability of FOP patients to properly position before the gantry of the scanner is restricted as shoulders, elbows, hips, and knees are frequently ankylosed in these patients (Pignolo et al., 2016), which may limit scan acquisition and affect scan quality. The right distal radius of patient 1 and both distal radii and the right ankle of patient 2 could not be scanned for that reason. As a result, it may be challenging to find patients eligible for HR-pQCT scanning, combined with the rarity of FOP and the restriction to peripheral bones, as HO in FOP patients mainly forms more centrally, while peripheral sites are often spared (Smith et al., 1976; Rogers and Geho, 1979; Connor and Evans, 1982; Pignolo et al., 2016).

Several limitations of this case study have to be mentioned. First, we examined HO of two FOP patients, which gives an interesting impression about the skeletal microarchitecture of bone in FOP patients but does limit interpretation. Larger datasets are needed to draw conclusions on the possible differences in BMD, microarchitecture, and strength between HO and skeletal bone and between the skeletal bone of FOP patients and an age- and gender-matched reference population. Second, the estimation of FL using μFE-analysis and Pistoia’s criterion is only validated for the distal radius, and thus its accuracy is not known for HO, further limiting the conclusions on the strength of HO compared to that of the skeletal bone. Third, the two patients in this study were participating in a double-blind placebo-controlled trial at the time of HR-pQCT imaging, and it is unknown whether they were on active treatment that could have influenced the bone parameters. Finally, the quantitative analysis of HO was limited to HO in the Achilles tendon of patient 1 as the other scanned HO was not isolated from the neighboring skeletal bone, which made it impossible to establish the exact border between the HO and the skeletal bone for segmentation of the HO. Nevertheless, qualitative analysis was possible for this HO.

In conclusion, this case study showed that HR-pQCT allows a non-invasive assessment of peripherally located HO and distal radius and tibia in FOP patients, which may provide new insights into skeletal and heterotopic bone in FOP patients at the microarchitectural level. Isolated HO seemed microarchitecturally more comparable to skeletal bone from reference data than the peripheral skeleton of FOP patients. Additionally, HO and skeleton appear to become one entity when contiguous.
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Mitochondria are crucial bioenergetics powerhouses and biosynthetic hubs within cells, which can generate and sequester toxic reactive oxygen species (ROS) in response to oxidative stress. Oxidative stress-stimulated ROS production results in ATP depletion and the opening of mitochondrial permeability transition pores, leading to mitochondria dysfunction and cellular apoptosis. Mitochondrial loss of function is also a key driver in the acquisition of a senescence-associated secretory phenotype that drives senescent cells into a pro-inflammatory state. Maintaining mitochondrial homeostasis is crucial for retaining the contractile phenotype of the vascular smooth muscle cells (VSMCs), the most prominent cells of the vasculature. Loss of this contractile phenotype is associated with the loss of mitochondrial function and a metabolic shift to glycolysis. Emerging evidence suggests that mitochondrial dysfunction may play a direct role in vascular calcification and the underlying pathologies including (1) impairment of mitochondrial function by mineral dysregulation i.e., calcium and phosphate overload in patients with end-stage renal disease and (2) presence of increased ROS in patients with calcific aortic valve disease, atherosclerosis, type-II diabetes and chronic kidney disease. In this review, we discuss the cause and consequence of mitochondrial dysfunction in vascular calcification and underlying pathologies; the role of autophagy and mitophagy pathways in preventing mitochondrial dysfunction during vascular calcification and finally we discuss mitochondrial ROS, DRP1, and HIF-1 as potential novel markers and therapeutic targets for maintaining mitochondrial homeostasis in vascular calcification.

Keywords: mitochondria, VSMCs, calcification, mitophagy, oxidative phoshorylation


INTRODUCTION

The process of calcification takes place due to the precipitation of insoluble salts of calcium carbonate and calcium phosphate. In soft tissues, three different types of calcifications are present, dystrophic (occurs in damaged or necrotic tissue), metastatic (hypercalcemia or hyperphosphatemia in blood) and calcinosis (deposition of calcium in the skin, subcutaneous tissue, muscles, and visceral organs) (Black and Kanat, 1985; Booth et al., 2017). Vascular calcification is the most frequent type of soft tissue calcification whereby calcium (Ca) and phosphate (Pi) accumulates in blood vessels and cardiac valves. Vascular calcification is a significant risk factor for cardiovascular morbidity and mortality in patients with end stage renal disease (ESRD), diabetes and atherosclerosis. Currently, there is no pharmaceutical strategy to prevent this pathological process.

Vascular calcification can be classified into three main types based on location: intimal arterial (associated with atherosclerosis), medial arterial (associated with ESRD and diabetes), and aortic valve (associated with calcific aortic valve disease) (Lanzer et al., 2014). The cell types that drive vascular calcification include vascular smooth muscle cells (VSMCs), endothelial cells, calcifying vascular cells, pericytes and valve interstitial cells. These cells types contribute to the formation of calcified nodules and undergo osteogenic phenotype switching. This phenotype switching can lead to either osteoblast or chondrocyte-like differentiation (Hortells et al., 2018). Indeed, both of these cell types are present within small areas of calcification in the innominate arteries in the advanced atherosclerotic lesions of atherosclerosis-prone apolipoprotein E-deficient (ApoE−/−) mice (Rosenfeld et al., 2000; Davaine et al., 2016). However, advanced atherosclerotic plaques in human patients do not contain osteoblast or chondrocyte-like cells. Instead, they are rich in apoptotic smooth muscle cells, macrophages and cells associated with inflammation (Herisson et al., 2011; Jinnouchi et al., 2020).

Vascular calcification is also associated with apoptosis (Ewence et al., 2008), matrix vesicle release (Chen et al., 2018), and subsequent hydroxyapatite [Ca10(PO4)6OH2] deposition within tissues (Lee et al., 2012). The source of hydroxyapatite nucleation has yet to be fully elucidated with three key origins discussed in the literature: (1) Nucleation of hydroxyapatite within the lumen of matrix vesicles and subsequent release into extracellular matrix (Buchet et al., 2013). (2) Hydroxyapatite nucleation within collagen fibrils (Weiner and Traub, 1986; Landis et al., 1996) and (3) Release of mitochondrial-derived vesicles to the extracellular space from Ca-overloaded mitochondria (Boonrungsiman et al., 2012). This process of hydroxyapatite deposition within the collagenous matrix of vascular cells likely shares important biological features with the process of bone formation (Doherty et al., 2003). While majority of the hydroxyapatite originates as calcium phosphate (Bertazzo et al., 2013), a small proportion of it is made up of calcium carbonate, particularly in the human atherosclerotic calcified plaques (Schmid et al., 1980). A group of isoenzymes called carbonic anhydrases facilitates calcium carbonate deposition by reversible conversion of carbon dioxide into bicarbonate (Adeva-Andany et al., 2015). Furthermore, in addition to hydroxyapatite, other sources of arterial calcification have also been reported, like carbonate-rich calcium phosphate dense granules in collagen matrix of calvarial osteoblasts (Nitiputri et al., 2016) and whitlockite, a magnesium-containing crystal [(Ca, Mg)3(PO4)2] observed in a mouse model of uremic arterial calcification (Verberckmoes et al., 2007; Schlieper et al., 2010).

Key molecular determinants of vascular calcification have been identified in health, disease, and pathological ectopic calcification (Giachelli, 1999). These include positive regulators including, msh homeobox-2 like Msx2 (Zhou et al., 2013; Andrade et al., 2017), runt-related transcription factor 2 (Runx2) (Speer et al., 2010), osteogenic morphogen like bone morphogenetic protein-2 (Bmp-2) (Hruska et al., 2005), the phosphate transporter PiT-1 (Li and Giachelli, 2007), and the release of matrix vesicles (Bakhshian Nik et al., 2017). Additionally, local enzymes including tissue-non-specific alkaline phosphatase (TNAP) and phosphate-regulating endopeptidase homolog X-linked (PHEX) are able to degrade calcification inhibitors such as inorganic pyrophosphate (PPi) and osteopontin (Quarles, 2003; Murshed and McKee, 2010; Barros et al., 2013). Failure of this enzyme-substrate relationship can lead to an accumulation or degradation of these key inhibitors of calcification (Reznikov et al., 2020). Furthermore, ankylosis homolog (ANKH) protein and the enzyme ecto-nucleotide pyrophosphatase/phosphodiesterase-1 (ENPP1) inhibit VSMC calcification through enhancing extracellular PPi levels (Ho et al., 2000; Mackenzie et al., 2012; Back et al., 2018; Roberts et al., 2020). The mechanisms through which PPi inhibits vascular calcification include direct binding to hydroxyapatite; increased levels of osteopontin induced via the Erk1/2 and p38 MAPK signaling pathways, and inhibition of TNAP activity (Addison et al., 2007). Moreover, cells expressing ankylosis homolog (ANKH) release PPi and citrate (Ca chelator) along with other tricarboxylic acid cycle (TCA) intermediates including succinate and malate (Hu et al., 2010; Szeri et al., 2019). Interestingly, citrate treatment attenuates vascular calcification (Yao et al., 2018) in a chronic renal failure rat model and reduces high Pi-induced vascular calcification (Ciceri et al., 2016; Ou et al., 2017; Yao et al., 2018). Furthermore, Matrix Gla protein (MGP) binds to Ca and hydroxyapatite to function as a potent inhibitor of vascular calcification (Hauschka et al., 1989; Luo et al., 1997).

Given that vascular calcification is mainly driven by mineral (Ca and Pi) overload and mitochondria are the key regulators of intracellular Ca and Pi levels (Pozzan and Rizzuto, 2000; Pozzan et al., 2000; Rizzuto et al., 2000), their physiology and metabolic function is likely to be effected by this pathological process. It has been demonstrated that an uncontrolled increase in cytoplasmic Ca leads to significant Ca overload within the mitochondria relative to the cytoplasm (Rizzuto et al., 1993). VSMCs containing calcified mitochondria have been reported as early as 1976 (Kim, 1976). Moreover, VSMCs in healthy vessels show calcified mitochondria when exposed to high Ca and Pi concentrations in vitro (Shroff et al., 2010). Besides, swollen mitochondria enriched with calcific nodules are a feature of a skeletal muscle injury model of dystrophic calcification in mice (Zhao et al., 2009). Additionally, mitochondrial dysfunction, oxidative stress, altered mitochondrial metabolism and mtDNA damage are reported in common diseases associated with vascular calcification including ESRD (Gamboa et al., 2016; Roshanravan et al., 2016), atherosclerosis (Madamanchi and Runge, 2007) and type 2 diabetes (Nishikawa et al., 2000). Thus, mitochondria offer a novel potential therapeutic target for inhibiting vascular calcification. However, the mechanisms through which Ca and Pi overload impact specific mitochondrial components have yet to be determined.

In this review, we discuss the role of mitochondria in maintaining VSMC function, highlight important mechanisms underpinning the cause and consequence of mitochondrial dysfunction in vascular calcification and consider key mitochondrial markers as targets for developing future therapeutic strategies for the prevention of vascular calcification.



ROLE OF MITOCHONDRIA IN VSMC FUNCTION

VSMCs within blood vessels require high concentrations of intracellular Ca to maintain their contractile phenotype. This influx of Ca takes place via voltage-activated L-type Ca channels on the plasma membrane. Blocking Ca channels with therapeutics such as verapamil and nifedipine (Ca channel antagonist) reduces calcification both in VSMCs in vitro and in patients with coronary calcification (Motro and Shemesh, 2001; Chen et al., 2010). Importantly, mitochondrial oxidative metabolism is the key source of energy for VSMC contraction (Paul, 1983).

VSMCs are the most abundant cells of the tunica media in the vessel wall. Their pivotal role is to maintain vessel structure and function. VSMCs in the vessel wall are often exposed to blood pressure variability, particularly in disease settings e.g., increased blood pressure variability during hypertension (Parati, 2005). Recently, it has been shown that maintenance of physiological blood pressure is required for preserving optimal mitochondrial structure and function in VSMCs (Bartolak-Suki and Suki, 2020). Any fluctuation in blood pressure variability can alter ATP production, increase ROS generation and disturb the mitochondrial network within VSMCs. Mitochondrial fission and fusion proteins including mitofusins (MFN), mitochondrial dynamin like GTPase (OPA1) and dynamin-related protein 1 (DRP1) regulate this mitochondrial reorganization during blood pressure variability (Bartolak-Suki and Suki, 2020).

Additionally, VSMCs maintain a contractile phenotype under physiological conditions, which facilitates blood flow through the arteries. However, under biological stress or injury, the cells differentiate into an osteogenic phenotype with an acquired ability to proliferate, migrate and synthesize extracellular matrix vesicles. These differentiated VSMCs migrate into the intima layer of the vessel wall and can induce arterial stiffening (Lacolley et al., 2017). This acquired ability of VSMCs to proliferate is regulated by mitochondrial outer membrane proteins such as mitofusin-2 (Mfn-2) (Li et al., 2015). Mitofusin-2 is required for mitochondrial fusion (Santel and Fuller, 2001; Chen et al., 2003) and is a primary determinant of oxidative stress-induced VSMC apoptosis (Guo et al., 2007). Increased expression of Mitofusin-2 in VSMCs induces apoptosis through upregulated mitochondrial bcl-2-associated X protein expression, increased Bax/Bcl-2 ratio, cytochrome c release and activation of caspase-9 and caspase-3 (Guo et al., 2007).

Glycoprotein cartilage oligomeric matrix protein (COMP) has a crucial role in maintaining mitochondrial homeostasis in VSMCs. COMP is present both in the extracellular matrix and in the cytoplasm where it binds to mitochondria. Mitochondrial transplantation experiments in VSMCs suggest that mitochondrial COMP regulates the contractile phenotype of VSMCs (Jia et al., 2018). In VSMCS, COMP deficiency leads to decreased mitochondrial membrane potential, defective oxidative phosphorylation and significant mitochondrial fragmentation/fission (Jia et al., 2018). COMP also interacts with prohibitin 2, a mitochondrial inner membrane protein, to maintain mitochondrial homeostasis. Prohibitin 2 plays a key role in maintaining mitochondrial genome stability and mitochondrial respiratory chain complex assembly (Bogenhagen et al., 2003; Strub et al., 2011). Blocking the COMP-prohibitin2 interaction results in a marked reduction in mitochondrial respiration, ATP production and the membrane potential, along with increased VSMC differentiation (Jia et al., 2018). Together these data illustrate the crucial role of mitochondria in the maintenance of VSMC homeostasis for healthy blood vessels.



MECHANISMS OF MITOCHONDRIAL DYSFUNCTION IN VASCULAR CALCIFICATION

The mechanisms underlying mitochondrial dysfunctional during vascular calcification have yet to be elucidated. Indeed, current literature suggests mitochondrial dysfunction as both a cause and consequence of vascular calcification, as discussed below (Figure 1).
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FIGURE 1. Mitochondrial dysfunction as a cause or consequence of vascular calcification. Increased ROS generation and mineral dysregulation via damaged mitochondrial electron transport chain (ETC) complexes are the likely key cause and consequence of mitochondrial dysfunction observed during vascular calcification. (A) Calcium released from the hydroxyapatite crystals from the extracellular matrix can enter the cytoplasm via endosomes and make its way to the mitochondrial matrix causing calcium (Ca) and phosphate (Pi) overload. This calcium and phosphate overload can damage the electron transport chain complexes and generate ROS. (B) AGEs are glycotoxins which are elevated in diabetes. AGEs and the receptor for AGEs (RAGE) generate ROS from mitochondria and play a significant role in accelerating the vascular calcification process by enhanced synthesis of extracellular matrix components. Furthermore, ROS production is enhanced in aging vascular cells. (C) Enhanced ROS leads to vascular stiffening, vascular calcification, VSMC transition to osteoblast or chondrocyte-like cells and the metabolic switching from oxidative phosphorylation to glycolysis. All these pathways are commonn denominators in pathologies including calcific aortic valve disease, atherosclerosis, type-II diabetes, CKD, and ESRD.



Mitochondrial Dysfunction as a Cause of Vascular Calcification

Vascular calcification is associated with cardiovascular diseases, metabolic disorders hereditary conditions and renal dysfunction. Vascular calcification is also induced by advanced glycation end products (AGEs) and oxidative stress caused by ROS, which are by-products of aerobic metabolism (Nowotny et al., 2015; Zhu et al., 2018). Excessive ROS production causes oxidative stress, which is heavily implicated in the initiation and progression of vascular calcification, notably during the osteogenic transdifferentiation of VSMCs. Here we discuss the role of mitochondrial dysfunction as a cause of vascular calcification in different calcification pathologies and the key mechanisms potentially driving the calcification process.


Calcific Aortic Valve Disease

Calcific aortic valve disease starts with fibrotic thickening followed by extensive calcification of valve leaflets. This leads aortic stenosis and subsequent obstruction of left ventricular outflow. Currently, aortic valve replacement by surgery is the only available treatment for degenerative aortic stenosis.

Recent studies have revealed key evidence for a role of mitochondrial dysfunction in the onset and advancement of calcific aortic valve disease. Mitochondrial (mt) DNA haplogroup analysis in a cohort of aortic stenosis patients has revealed an increased presence of haplogroup H, suggesting haplogroup H as a risk factor in developing aortic stenosis (Serrano-Teruel et al., 2019). Indeed, mitochondrial haplogroup H is an established risk factor for diseases including ischemic cardiomyopathy and idiopathic dilated cardiomyopathy and is associated with increased oxygen consumption and electron transport chain-coupled ROS release (Fernandez-Caggiano et al., 2012, 2013).

Interestingly, increased accumulation of ROS in the form of hydrogen peroxide (H2O2) is reported in human stenotic aortic valves (Miller et al., 2008) and is implicated in the progression of calcific aortic valve disease (Liberman et al., 2008). Inversely, treating VSMCs with non-toxic concentrations of hydrogen peroxide (H2O2) induces calcification with a concomitant increase in osteogenic markers including TNAP, collagen type I alpha1 (Col Iα1), Runx2 and osteocalcin (Byon et al., 2008). However, shRNA -mediated silencing of Runx2 abrogates (H2O2) induced VSMC calcification, suggesting a pivotal role for Runx2 in regulating oxidative stress-mediated vascular calcification (Byon et al., 2008).

Importantly, a metabolic shift from fatty acid to glucose utilization is seen in patients with aortic stenosis. Cardiac biopsy samples taken from these patients during valve replacement surgery show a decrease in expression of proteins involved in fatty acid transport, β-oxidation, the TCA cycle and oxidative phosphorylation, with a concomitant upregulation of glycolysis mediators including GLUT1 and 4 proteins (Heather et al., 2011).



Atherosclerosis

Atherosclerosis is a major cause of stroke, myocardial infarction and angina, whereby arteries become clogged with plaques rich in fat, cholesterol and Ca (Ross, 1999; Abedin et al., 2004). Vascular calcification, endothelial dysfunction, intimal thickening and inflammation are the main features of atherosclerosis (Abedin et al., 2004; Spagnoli et al., 2007; Tesauro et al., 2017). Mitochondrial dysfunction in terms of mtDNA damage, increased mitochondrial ROS production and dysfunctional oxidative phosphorylation are present in both human and mouse models of atherosclerosis (Ballinger et al., 2002). Mitochondrial dysfunction-induced apoptosis can lead to plaque rupture thus accelerating atherosclerotic lesion formation (Madamanchi and Runge, 2007).

Recent clinical studies have reported increased mtDNA damage in the peripheral blood mononuclear cells from human atherosclerotic patients (Fetterman et al., 2016). The underpinning role of mtDNA damage in atherosclerosis has been interrogated in polymerase-γ proof reading deficient ApoE−/− mice (polG−/−/ApoE−/−) (Yu et al., 2013). These mice display defective exonuclease activity of mtDNA polymerase and thus accumulate mtDNA mutations and deletions, leading to mtDNA damage (Trifunovic et al., 2004). This study revealed that mtDNA damage fuels atherosclerosis and generates higher-risk plaques. VSMCs from polG−/−/ApoE−/− mice exhibited reduced ATP, reduced proliferation and increased apoptosis and early senescence. Furthermore, monocytes from polG−/−/ApoE−/− mice showed increased release of interleukin-1β and tumor necrosis factor-α, indicating a pro-inflammatory phenotype. Future studies investigating the vascular calcification phenotype of polG−/−/ApoE−/− mice would be of great interest.

COMP, which has a role in maintaining VSMC mitochondrial homeostasis, prevents VSMC osteochondrogenic transdifferentiation by directly binding to BMP-2 (Du et al., 2011). Calcifying VSMCs and arteries show reduced expression of COMP. Over-expression of COMP ameliorates vascular calcification both in vivo and in vitro (Du et al., 2011). Conversely, ApoE−/− mice lacking COMP show an increase in size of atherosclerotic lesions in the brachiocephalic artery (Bond et al., 2014). Together these studies highlight COMP as an important regulator of vascular calcification and a novel target in the prevention of atherosclerosis.

Extensively calcified aortic tissues and advanced atherosclerotic plaques in patients show an increased expression of mitochondrial carbonic anhydrases (Yuan et al., 2019). Mitochondrial carbonic anhydrases generate ROS via the generation of mitochondrial bicarbonate necessary for oxidative glycolysis. Carbonic anhydrases catalyze the conversion of CO2 to HCO3 − and H+ thus increasing cellular acidification (Swietach et al., 2010). This acidification can also precipitate calcium from calcium carbonate, a potential; driver of aortic calcification in CKD patients on calcium carbonate supplements (Phan et al., 2008). Blocking the activity of mitochondrial carbonic anhydrases with acetazolamide alleviates calcification in VSMCs along with the inhibition of inflammatory cytokines associated with atherosclerosis (Yuan et al., 2019). Acetazolamide exerts its effects through the prevention of mitochondrial membrane depolarization and hydrogen peroxide (H2O2) generation, thus reducing ROS (Yuan et al., 2019).



Type-II Diabetes

In type-II diabetic patients, medial calcification is a strong independent predictor of cardiovascular mortality. Compared with non-diabetic subjects, patients with diabetes show increased vascular calcification and upregulation of bone-related proteins, such as osteopontin, type I collagen, bone morphogenetic protein-2 (BMP-2) and TNAP in the medial layer of the vessels (Yahagi et al., 2017). Hyperglycemia, hyperlipidemia and insulin resistance (the hallmarks of diabetes), play an active role in the progression of vascular calcification. Hyperglycemia induces vascular calcification through ROS and superoxide production, either from mitochondria or from alternative sources, such as NADPH oxidase (Nishikawa et al., 2000). Oxidative stress is an important driver of atherosclerotic calcification in diabetes in conjunction with additional factors including endothelial dysfunction, alterations in mineral metabolism, increased inflammatory cytokine production and formation of osteoprogenitor cells. Furthermore, the generation of advanced glycation end products (AGEs) is accelerated in diabetic patients, leading to the subsequent enhancement of vascular calcification through receptor of AGEs (RAGE) (Wei et al., 2013). The role of AGEs in mitochondrial dysfunction is discussed in detail below.



Hutchinson-Gilford Progeria Syndrome

Hutchinson-Gilford Progeria Syndrome (HGPS) is a rare premature aging disorder. A recent study investigated the mechanisms underpinning excessive vascular calcification in HGPS patients (Villa-Bellosta et al., 2013). Typically, these patients carry a non-inherited autosomal dominant de novo heterozygous mutation at codon 608 of the LMNA gene encoding prelamin A. This mutation leads to synthesis of progerin, a truncated version of the lamin A protein. The aorta and aortic valves of these patients showed excessive calcification (Nair et al., 2004; Salamat et al., 2010; Hanumanthappa et al., 2011). Using the LmnaG609G knock-in mouse model, which expresses the human HGPS mutation of progerin, it was shown that LmnaG609G/+ VSMCs exhibit reduced mitochondrial ATP production along with reduced function of cytochrome c oxidase (COX), a crucial component of the mitochondrial electron transport chain (Villa-Bellosta et al., 2013). These VSMCs also demonstrate a diminished capacity to synthesize the calcification inhibitor PPi. As ATP is required for the generation of extracellular PPi by ecto-nucleotide pyrophosphatase/phosphodiesterase-1 (ENPP1), reduced ATP availability, due to the dysfunctional electron transport chain may play a direct role in progressing calcification in HGPS, and warrants future investigation.



Chronic Kidney Disease

CKD is a gradual loss of kidney function. The reduced kidney function in CKD patients is concomitant with an increase in vascular calcification, which is a significant contributor to cardiovascular mortality in these patients. The mechanisms which regulate calcification in the CKD vessels have yet to be fully elucidated. However, mitochondrial dysfunction is reported within various cells types and tissues during the progression of the disease. Increased oxidative stress is observed throughout the progression of CKD (Dounousi et al., 2006). Additionally, increased skeletal muscle dysfunction is reported in patients with CKD, mediated through decreased activity of mitochondrial TCA enzymes including citrate synthase and hydroxyacyl CoA dehydrogenase (Gamboa et al., 2016). An association between reduced mitochondria number and sarcopenia has also been noted in mouse models of CKD (Tamaki et al., 2014). Furthermore, skeletal muscle from ESRD patients show swollen mitochondria with increased levels of BCL2 and adenovirus E1B 19-kDa-interacting protein 3 (BNIP3), an adaptor protein for damaged mitochondria, suggesting enhanced mitophagy. However, the lysosomes from these patients show increased accumulation of lipofuscin, which may reduce their capacity to degrade damaged mitochondria via mitophagy. In addition, the peripheral blood mononuclear cells from these patients show reduced mtDNA copy number and increased lactate accumulation (Gamboa et al., 2016). Taken together, these data show that mitochondrial dysfunction in CKD is prominent in skeletal muscle and PBMCs; however, this needs further investigation in the blood vessels of CKD patients. Interestingly, there is an in vivo evidence demonstrating that mitochondria-derived ROS contributes to microvascular dysfunction in CKD patients (Kirkman et al., 2018). In addition, oxidative stress induced vascular calcification and osteoblastic transition of VSMCs is reported in an adenine diet-based rat model mimicking human ESRD (Shobeiri et al., 2010; Yamada et al., 2012; Neven et al., 2015).



Advanced Glycation End Products

Advanced glycation end products (AGEs) are post-translational modifications caused by the non-enzymatic binding of free reducing sugars and reactive carbonyls to proteins or lipids. AGEs are glycotoxins with pathological significance in diabetes, aging and several other chronic conditions (Uchiki et al., 2012; Roca et al., 2014). AGEs accumulate in the extracellular matrix and within the cells of the vessel wall, contributing to the development and progression of cardiovascular disease. Elevated levels of AGEs are typically seen in type-II diabetic patients with coronary heart disease, and in the macrophages and VSMCs from the atherosclerotic lesions (Kilhovd et al., 1999). AGE formation can cause a multitude of receptor-mediated and non-mediated harmful effects to accelerate the atherosclerotic process (Basta et al., 2004; Baumann, 2012). Many of these effects have a role in accelerating the vascular calcification process, including enhanced synthesis of extracellular matrix components leading to vascular stiffening (Sims et al., 1996), increased VSMC proliferation (Zhou et al., 2003) and fibronectin production (Sakata et al., 2000). AGEs and the receptor for AGEs (RAGE) generate ROS from mitochondria in the form of free radicals such as superoxide ([image: image]) and hydrogen peroxide (H2O2) and ROS. Generation of ROS leads to a vicious cycle of further ROS production, dysfunctional mitochondria and more AGEs (Nowotny et al., 2015). Comparably, diabetic RAGE−/− mice are protected against excess generation of both mitochondrial and cytosolic superoxide (Tan et al., 2010).

Recently, it has been shown that advanced glycation products promote both calcification and osteogenic switching of VSMCs by hypoxia-inducible factor-1-alpha, (HIF-1α)/ pyruvate dehydrogenase kinase 4, (PDK4) activation (Zhu et al., 2018). Both HIF-1α/PDK4 contribute toward the metabolic shift to glycolysis (Lambert et al., 2010; Jeong et al., 2012). Furthermore, AGEs downregulate p-AMPKα expression and upregulate p-mTOR expression, thus suppressing autophagy and accelerating the process of vascular calcification. Treatment with the mTOR inhibitor rapamycin reverses this effect and reduces osteoblastic differentiation of VSMCs (Liu et al., 2020). It is interesting to speculate that blocking AGE associated autophagy could have an adverse effect on clearance of dysfunctional mitochondria by mitophagy, which can limit the production of ROS and perhaps progression of vascular calcification.



Reactive Oxygen Species

Osteochondrogenic transdifferentiation of VSMCs is a key event during vascular calcification and elevated Pi is the most potent inducer of this transdifferentiation. Extracellular elevated Ca adds a synergistic effect to this phenotypic switching (Cui et al., 2017). In addition to Ca and Pi, there are several other known factors which contribute to this transdifferentiation, including bone morphogenetic factors, elevated glucose and AGEs, dexamethasone, vitamin D3, cytokines, oxidized low density lipoproteins and hypoxia (Tintut et al., 2000; Dorai and Sampath, 2001; Razzaque, 2011; Taylor et al., 2011; Alves et al., 2014; Bessueille et al., 2015; Ceneri et al., 2017; Bao et al., 2020; Lim et al., 2020). More recently, the role of ROS as a mediator of osteochondrogenic transdifferentiation has been recognized (Liberman et al., 2008; Zhao et al., 2011; Byon et al., 2016). Using an organic compound rose bengal to generate free radicals such as singlet oxygen and superoxide anions in rats, Minol et al. demonstrated that ROS induced oxidative stress is a trigger for smooth muscle cell migration, transdifferentiation and vascular calcification in atherosclerotic-like focal vascular degeneration (Minol et al., 2017). Furthermore, hypoxia, which is commonly seen in calcifying tissues, elevates mitochondrial ROS formation and osteogenic transdifferentiation in VSMCs (Chandel et al., 2000). Hypoxic ROS generation is dependent on mitochondrial electron transport chain complexes II and III (Chandel et al., 2000; Paddenberg et al., 2003). Studies have suggested an important role for mitochondrial ROS in the stabilization of HIF1-α, the key regulator of cellular and systemic responses to hypoxia (Sato et al., 2005; Hamanaka and Chandel, 2009). Indeed, this effect of mitochondrial ROS is reversed by N-acetyl cysteine, a ROS scavenger, which downregulates the expression of HIF-1α, RUNX2 and osteocalcin proteins and inhibits extracellular matrix calcification (Escobales et al., 2014).



Vascular Aging

Cardiovascular diseases are more prevalent in the aged compared to the younger population, with aging being a major risk factor for atherosclerosis. Furthermore, vascular calcification is a hallmark of age-associated vascular stiffness. Some of the key changes seen in aging cells include decline in the function of mitochondrial ETC function, enhanced oxidative stress and increased senescence (Beckman and Ames, 1998; Feng et al., 2001; Van Deursen, 2014). It is likely that oxidative stress and ROS is central to how aging and vascular calcification connect with each other. Perhaps, HGPS patients with accelerated aging, elevated ROS, early atherosclerosis and vascular calcification represent this connection. Indeed, prelamin A has emerged as a novel biomarker of vascular aging (Ragnauth et al., 2010), whereby accumulation of this molecule induces oxidative damage, mitochondrial dysfunction and premature cell senescence (Sieprath et al., 2015). Prelamin A accumulates not only in the blood vessels of older individuals but also in the blood vessels of young CKD patients on dialysis, where it colocalises with senescent and calcifying VSMCs (Olive et al., 2010; Ragnauth et al., 2010; Liu et al., 2013).

Mitochondrial dysfunction, increased ROS generation, increased mtDNA mutation, altered mitochondria fission and fusion processes and decreased ATP production are mutual to both aging and calcifying cells in the vessel walls (Chistiakov et al., 2014; Sobenin et al., 2015). Moreover, aging vascular cells show reduced expression of antioxidant genes such as mitochondrial superoxide dismutase 2 (Collins et al., 2009). Superoxide dismutase 2 binds to oxidative byproducts of oxidative phosphorylation and plays a crucial role in the defense against ROS (Collins et al., 2009; Van Raamsdonk and Hekimi, 2012). Tempol, a superoxide dismutase mimetic reduces ROS production and mitigates aortic stiffness and fibrosis in a diabetes mellitus mouse model (db/db) (Raaz et al., 2015). It also down-regulates Runx2 expression (Raaz et al., 2015) a key positive regulator of vascular calcification. Moreover, diabetes-accelerated calcification is prevented in rats by the antioxidant apocyanin (Brodeur et al., 2014). Use of antioxidant therapy in attenuating the progression of vascular calcification and vascular aging has been successful in animal models; however, the results are less convincing in humans (Fusco et al., 2007; Conti et al., 2016; Rossman et al., 2018). Interestingly, there is increasing evidence suggesting that ROS is only a part of the multifaceted signaling mechanism which works during aging (Doonan et al., 2008; Cabreiro et al., 2011) and warrants further investigation in understanding the progression of vascular calcification.




Mitochondrial Dysfunction as a Consequence of Vascular Calcification

Over recent years, several studies have clearly demonstrated that VSMCs undergo calcification in response to changes in extracellular Ca and Pi concentrations. Furthermore, it has been established that elevated Ca is a more potent stimulus to induce calcification than elevated Pi, suggesting Ca as a key mediator of VSMC damage and calcification in pathologies including CKD and ESRD (Deluca and Engstrom, 1961; Kowaltowski et al., 1996; Brookes et al., 2004; Oliveira and Kowaltowski, 2004). Patients with ESRD show high circulating Ca and Pi products and develop extensive vascular calcification. Persistent Ca overload induces mitochondrial permeability transition pore opening (Lemasters et al., 2009), which prompts mitochondrial release of Ca and ROS into the cytosol, which, in turn, compromises mitochondrial function. However, the mechanism underpinning the transportation of Ca and Pi inside the mitochondrial matrix and cytosol of calcifying cells remain poorly defined. Here we discuss the actions of Ca and Pi both individually and synergistically as a cause of mitochondrial dysfunction during vascular calcification.


Calcium and Phosphate Overload

A number of clinical studies in ESRD patients have shown an association between elevated serum Ca and Pi levels, increased risk of myocardial infraction and vascular calcification (Blacher et al., 2001; Goodman, 2001; Yamada et al., 2007). Although, the enrichment of Ca crystals within the mitochondrial matrix during the in vitro vascular calcification process has been extensively reported (Gonzales and Karnovsky, 1961; Martin and Matthews, 1970; Sutfin et al., 1971; Kristian et al., 2007; Shroff et al., 2010; Boonrungsiman et al., 2012). Albeit, it remains to be investigated whether ESRD patients have elevated cytoplasmic or mitochondrial Ca or Pi levels. Potentially during vascular calcification, diffusion of Ca into the mitochondrial matrix could be a cellular survival mechanism required for prevention of Ca burden in the cytoplasm strewn from the CaPi-enriched extracellular surroundings. However, prolonged mitochondrial Ca overload is the ultimate trigger to initiate apoptosis through MPTP openings, both of which are observed during late stages of vascular calcification (Zhu et al., 2019; Chen et al., 2020).

VSMCs calcified under high Pi conditions in vitro show cytosolic release of cytochrome C, increased caspase 9 and caspase 3 activity, and apoptosis (Kim et al., 2012; Chang et al., 2017). In vitro experiments from our laboratory have shown that VSMCs cultured in high Pi medium show increased expression of glycolytic enzymes including glucose transporter 1 (Glut1), hexokinase 1 (Hex1), and Pdk4 (Rashdan et al., 2020). This increase is associated with reduction of ATP-linked respiration, spare respiratory capacity, and maximal respiration in VSMCs (Rashdan et al., 2020), suggesting that Pi overload can block mitochondrial respiration and force the calcifying VSMCs into glycolysis for energy needs. Mitochondria isolated from rat brain, liver and heart following exposure to high concentrations of Pi, show increased ROS production (Oliveira and Kowaltowski, 2004). These mitochondria display a reduced mitochondrial matrix pH and altered mitochondrial membrane potential (Oliveira and Kowaltowski, 2004). It has been shown that Pi is capable of entering the mitochondrial matrix through a Pi/OH− exchanger and buffering intramitochondrial pH (Kaplan et al., 1986). Increased ROS production is also observed in calcifying aorta of CKD rats fed on a diet rich in Pi, Ca, and vitamin D (Agharazii et al., 2015). These studies suggest that high concentrations of Pi is capable of generating ROS, however, the presence of Ca and Pi together can amplify ROS generation, causing irreversible mitochondrial damage (Kowaltowski et al., 1996). Similarly, Ca and Pi synergistically have a more detrimental effect on mitochondrial function. For example, the opening of MPTPs in the presence of excess Ca becomes an irreversible process in the presence of increased Pi (Kowaltowski et al., 1996). Moreover, a recent study in cardiac mitochondria has revealed that its the CaPi precipitates rather than Ca overload which inhibits complex I activity and oxidative phosphorylation, and the associated reduction in ATP synthesis (Malyala et al., 2019). Together, these studies suggest that elevated levels of Ca and Pi together may play a crucial role in inducing mitochondrial damage during the calcification process. We therefore hypothesize that Ca and Pi overload is a critical trigger for mitochondrial damage and elevated ROS in patients with vascular calcification pathologies.





MITOCHONDRIAL QUALITY CONTROL IN VASCULAR CALCIFICATION

To maintain mitochondrial homeostasis a healthy cell needs to remove damaged mtDNA and the dysfunctional depolarised mitochondria. The cell carries out this function by “mitophagy,” a selective form of autophagy, which degrades these superfluous and damaged mitochondria and its components. However, the role of autophagy and mitophagy in vascular calcification has yet to be fully understood. Detailed reviews on autophagy and mitophagy can be found elsewhere (Montava-Garriga and Ganley, 2020; Nishimura and Tooze, 2020; Yim and Mizushima, 2020). Here we discuss the role of these processes in mitochondrial quality control during vascular calcification.


Autophagy in Mitochondrial Quality Control

Macroautophagy (autophagy) is the process of removal of unwanted cellular cytoplasmic contents via double membraned autophagosomes. This unwanted cytoplasmic content is passed over to the lysosome for degradation and further recycling. Recent studies have demonstrated the role of autophagy in protection against vascular calcification (Dai et al., 2013; Shanahan, 2013; Peng et al., 2017; Frauscher et al., 2018; Phadwal et al., 2020). Furthermore, the role of autophagy in mitochondrial quality control in VSMCs, specifically in atherosclerotic plaque development, has been recently investigated through VSMC-specific deletion of the essential autophagy gene Atg7 in the Atg7F/F Tagln-Cre+ mouse crossed with the ApoE−/− mouse model of atherosclerosis (Nahapetyan et al., 2019). For the first time, this mouse model allowed interrogation of the consequences of defective autophagy in the advancement of atherosclerosis. Atg7 is an E1-like activating enzyme, which facilitates autophagosome formation and expansion. The Atg7F/F Tagln-Cre+, ApoE−/− mouse showed significantly increased atherosclerotic lesions with increased macrophage number and apoptosis. Moreover, Atg7-deficient VSMCs from these mice revealed excessive mitochondrial superoxide sensor reactivity. Mitochondria from these transgenic VSMCs also demonstrated low mitochondrial membrane potential. In addition, clusters of fragmented mitochondria were seen present in the close proximity of the nucleus. These mitochondria also showed reduced respiratory reserve capacity indicating dysfunctional mitochondria and impaired clearance (Nahapetyan et al., 2019). Furthermore, these VSMCs show an accumulation of p62/SQSTM1, PINK1 and Parkin, indicating impaired mitophagy, a process of selective degradation of mitochondria via autophagy. This study therefore suggests that defective autophagy processes in VSMCs result in dysfunctional mitochondria and contribute to the progression of atherosclerosis. Similarly, a recent study has demonstrated that autophagy provides protection against Pi-induced mitochondrial dysfunction in kidney proximal tubular cells (PTECs) (Fujimura et al., 2020). Furthermore, proximal tubule-specific autophagy-deficient mice (Atg5F/F: kidney androgen-regulated protein mice) fed on a Pi-enriched diet show reduced mitochondrial respiration and increased oxidative stress, with aggregates of fragmented and swollen mitochondria observed in the cytoplasm, suggesting that damaged mitochondria are not cleared in this mouse model (Fujimura et al., 2020).

Autophagy declines with aging, and conversely enhancing autophagy has been shown to improve lifespan in yeast, mice, drosophila and C elegans (Hansen et al., 2018). Furthermore, a strong link between energy metabolism, autophagy induction and aging has been established. During cellular aging, energy metabolism controls autophagic activity via acetyl-CoA (Eisenberg et al., 2014; Marino et al., 2014). Acetyl-CoA works as a sentinel metabolite in metabolic regulation. High nucleocytosolic acetyl-CoA amounts are seen during a “nutrient rich” state, which leads to its utilization for lipid synthesis and histone acetylation. However, during “nutrient depletion,” which also induces autophagy, acetyl-CoA moves toward the mitochondria for synthesis of ATP and ketone bodies (Eisenberg et al., 2014; Shi and Tu, 2015). This shuttling of acetyl-CoA between nucleocytosolic and mitochondrial compartments holds the key to adapt under metabolic stress. Knockdown of nucleocytosolic acyl-CoA synthetase 2 (ACS2) leads to a strong induction of autophagy in chronologically aging yeast, however the loss of pathways for synthesis of mitochondrial acetyl-CoA blocks the autophagic flux, suggesting that mitochondrial acetyl-CoA is crucial for survival during aging. High fat diet is a risk factor for vascular calcification. Interestingly, suppression of either acetyl-CoA carboxylase or acyl-CoA synthetase blocks mineralization in vascular cells (Ting et al., 2011). Acetyl-CoA carboxylase plays a key role in fatty acid synthesis via nucleocytosolic acetyl-coenzyme (Pietrocola et al., 2015). Although the link between suppression of nucleocytosolic acetyl-CoA, autophagy induction and vascular calcification remains to be established in vascular cells, it can be speculated that induced autophagy will have a crucial role in suppressing high fat diet-induced vascular calcification and lipotoxicity (Nicoll et al., 2015).

Furthermore, calcifying VSMCs and calcified vessels of patients with atherosclerosis show increased expression of PDK4 and phosphorylated pyruvate dehydrogenase complex (Lee et al., 2015). Phosphate dehydrogenase complex is a mitochondrial enzyme complex that regulates the conversion of pyruvate into acetyl-CoA, whereas PDK4 inhibits this complex by phosphorylating one of its subunits. Under normoxic conditions, pyruvate produced by glycolysis is transported into the mitochondria and converted into acetyl-CoA by pyruvate dehydrogenase complex (Martinez-Reyes and Chandel, 2020). Acetyl-CoA then enters the TCA cycle. However, under hypoxic conditions, inhibition of pyruvate dehydrogenase complex prevents the conversion of pyruvate into acetyl-CoA, leading to decreased TCA cycle activity in the mitochondria and increased conversion of pyruvate into lactate in the cytosol also known as the Warburg effect (Eyassu and Angione, 2017). As discussed above, this metabolic shift is seen in both the calcified vessels of atherosclerotic patients (Lee et al., 2015) and calcified transdifferentiated VSMCs cultured under high Pi conditions (Rashdan et al., 2020). Recently, it has been demonstrated that PDK4 drives the metabolic reprogramming of VSMCs toward a high rate of glycolysis followed by lactic acid generation in the cytosol (Ma et al., 2020). Inhibition of PDK4 abrogates VSMCs calcification by inducing lysosomal function and autophagy (Ma et al., 2020). In conclusion, enhancing autophagy in vascular calcification pathologies may have a multitude of additional effects including inhibiting the Warburg effect, suppressing saturated fatty acid–induced vascular calcification and aiding cellular survival by clearing away the damaged mitochondria via mitophagy.



Mitophagy in Mitochondrial Quality Control

Under steady state conditions, dysfunctional mitochondria are identified by the upregulation of PINK1, which recruits Parkin, a cytosolic E3 ubiquitin ligase onto the depolarised outer mitochondrial membrane (Aguirre et al., 2017). Further to this, PINK1 and Parkin activate ubiquitin and poly-ubiquitin chains on the depolarised mitochondria, thus triggering their recognition by autophagy adaptors and receptors including p62/SQSTM1 and LC3 (Light chain 3), or the proteasome for degradation (Sarraf et al., 2013). Several outer mitochondrial membrane proteins such as BCL2 interacting protein 3 (BNIP3), FUN14 domain- containing protein 1 (FUNDC1), and NIP3-like protein X (NIX), function as mitophagy receptors by regulating damaged mitochondrial degradation in response to various stimuli. For example, under hypoxia, BNIP3-induced mitophagy is upregulated in VSMCs following lactate-induced calcification (Zhang et al., 2008; Zhu et al., 2019). Furthermore, BNIP3-induced DRP1-mediated mitochondrial fission is required for mitophagy (Lee et al., 2011). This unique process of removing damaged depolarised mitochondria is a crucial safeguard mechanism and an adaptive metabolic response against accumulation of mtDNA damage, ROS and cell death and is perhaps functional during vascular calcification. Depolarised mitochondria (Elmore et al., 2001) and oxidative stress are also known triggers for mitophagy (Frank et al., 2012). Whilst there is no direct evidence to show that mitophagy is upregulated during vascular calcification, it can be speculated that Ca overload during vascular calcification may trigger a mitophagy response.

A recent study in neuronal cells has shown that Ca binding controls mitochondrial motility on microtubules via mitochondrial Rho-GTPase (RHOT1) (Saotome et al., 2008). Under steady state conditions, RHOT1 mediates mitochondrial movement on microtubules promoting mitochondrial fusion. During Ca overload, RHOT1-mediated motility is blocked, which induces mitochondrial fission via Dynamin 1 Like protein (DNM1L) (Saotome et al., 2008). This important research therefore suggests that triggering mitochondrial fission via Ca overload is required for mitophagy.

Interestingly, pharmaceutical attenuation of vascular calcification by melatonin is attributed to reduced mitochondrial fission, increased mitochondrial fusion and mitophagy (Chen et al., 2020). Furthermore, melatonin increases LC3 and Parkin expression both in high fat diet-treated ApoE−/− mice and in oxidized low-density lipoprotein-treated macrophage cells, suggesting activation of mitophagy (Ma et al., 2018). Melatonin treatment also inhibits NLRP3 inflammasome activation in oxidized low-density lipoprotein (ox-LDL) treated macrophages via activation of mitophagy (Ma et al., 2018).

Conversely, knock down of PINK1 in human dental pulp stem cells (hDPSCs) results in impaired osteogenesis (Pei et al, 2018). Possibly, mitophagy is underpinning dual roles within VSMCs by (i) contributing to bone formation via exocytosis of Ca and Pi-filled mitochondrial-derived vesicles packed in autolysosomes to the extracellular matrix and (ii) clearing dysfunctional mitochondria within calcified VSMCs. Further studies employing ApoE−/− mice deficient in PINK1 would allow investigation of the direct role of mitophagy in the development of vascular calcification and atherosclerosis.




MITOCHONDRIA AND CELL SENESCENCE IN VASCULAR CALCIFICATION

Cellular senescence along with dysfunctional mitochondria are hallmarks of aging. Senescence of endothelial cells and VSMCs is a common feature of atherosclerotic arteries (Minamino et al., 2002) and ESRD vessels. Vessels from children with ESRD show increased oxidative DNA damage and increased expression of senescence markers p16 and p21. VSMCs isolated from these vessels show accelerated senescence with increased expression of osteogenic markers and calcification, with a concomitant increase in levels of the circulating osteogenic senescence-associated secretory phenotype (SASP) (Sanchis et al., 2019). Furthermore, human VSMCs cultured in the presence of matrix vesicles isolated from senescent endothelial HUVECs show enhanced calcification (Alique et al., 2017). These matrix vesicles were shown to be enriched with Ca and pro-calcification proteins including annexins A2 and A6 and BMP2 when compared to matrix vesicles from young HUVEC cells (Alique et al., 2017). In a similar study, mitochondrial versican-enriched exosomes from hyperglycemia-stimulated vascular endothelial cells were able to induce calcification and senescence in VSMCs cultured under high glucose conditions (Li et al., 2019), further suggesting a link between vascular calcification and senescence.

Inflammation is a common occurrence in atherosclerotic plaque calcification. Inflammatory cytokines including tumor necrosis factor-α (TNFα) and interleukin 1β (IL-1β) are known inducers of VSMC phenotype switching and calcification (Tintut et al., 2000; Ceneri et al., 2017). Interestingly, a 2020 study has revealed that calcified VSMCs from ESRD patients show upregulation of IL-1β, activation of senescence (p21) and elevated osteogenic markers such as bone morphogenetic protein-2 (BMP-2) (Han et al., 2020). Using human VSMCs, the authors further demonstrated that IL-1β-induced senescence is required for osteoblastic transdifferentiation in VSMCs. In addition, senescence-associated secretory phenotype (SASP) along with the DNA damage response dependent VSMC calcification is triggered by prelamin A in VSMCs isolated from human aorta (Liu et al., 2013). Prelamin A (implicated in HGPS) also induces mitochondrial dysfunction via elevation of ROS in human fibroblasts (Sieprath et al., 2015). However, mitochondrial function was not assessed in the VSMCs in these studies.

Together these experiments provide exciting evidence that the process of vascular calcification is able to induce cellular senescence and vice versa. However, it is not yet known if dysfunctional mitochondria are the drivers of VSMC senescence during the calcification process. Dysregulated mitochondrial Ca homeostasis, altered mitochondrial membrane potential, defective oxidative phosphorylation, reduced ATP generation and increased mitochondrial ROS are the key mitochondrial changes seen in senescent cells. Importantly, implementation of the cellular senescence programme specifically requires oxidative phosphorylation, highlighting mitochondria as the key drivers of senescence (Kaplon et al., 2013; Herranz and Gil, 2016). It has been shown that the use of senolytic compounds such as mitocans that target cells with increased mitochondrial potential selectively kills senescent cells by altering their oxidative phosphorylation levels and mitochondrial membrane potential (Hubackova et al., 2019). Furthermore, elamipretide, a mitochondria-targeted peptide, can partly alleviate kidney cellular senescence in porcine atherosclerotic renal artery stenosis by alleviating oxidative stress, and restoring mitochondrial biogenesis and mitophagy (Kim et al., 2019).

Recent elegant studies in fibroblasts have demonstrated that mitochondria underpin pro-aging characteristics of the senescent phenotype (Correia-Melo et al., 2016). Cellular senescence features including up-regulation of senescence-associated secretory phenotype (SASP), p21 and P16, are observed in a novel parkin-mediated mitochondrial clearance model (Narendra et al., 2008). Comparable studies in VSMCs would greatly advance our understanding of the role of mitochondria-derived cellular senescence in vascular calcification.



KEY MITOCHONDRIAL TARGETS IN VASCULAR CALCIFICATION

Current literature suggests that ROS is central to mitochondrial dysfunction during the progression of vascular calcification. Several natural dietary, natural non-dietary and synthetic antioxidant compounds, which can scavenge ROS, are being tested for therapeutic efficacy against vascular calcification in clinical trials (Roman-Garcia et al., 2011; Kim et al., 2012; Chang et al., 2017; Chao et al., 2019).

ROS generation is tightly coupled to mitochondrial ultrastructure changes of fusion and fission. Mitochondrial fusion/fission is linked with several physiological indicators of mitochondrial dysfunction, including loss of mitochondrial membrane potential, decreased respiration and oxidative phosphorylation, metabolic shift toward glycolysis, and accelerated mitochondrial ROS. Drp1 is a key regulator of mitochondrial fission (Twig et al., 2008), and is seen enriched in calcified regions of human carotid arteries (Rogers et al., 2017). In vitro studies suggest that DRP1 inhibition can attenuate mitochondrial damage both in calcifying VSMCs and in valve interstitial cells, concomitantly reducing vascular calcification (Rogers et al., 2017). Moreover, compounds such as metformin and melatonin abrogate vascular calcification by inhibiting DRP1-induced mitochondrial fission (Rogers et al., 2017; Chen et al., 2020). Metformin also suppresses diabetes-accelerated atherosclerosis via the inhibition of Drp1-mediated mitochondrial fission (Wang et al., 2017). It is interesting to speculate a three-way effect of metformin on mitochondrial function in diabetes-accelerated atherosclerosis, (1) by inhibiting redox shuttle enzyme mitochondrial glycerophosphate dehydrogenase and thus blocking glucose generation by gluconeogenesis, (2) by attenuating mitochondrial ROS generation by inhibiting mitochondrial complex I, and (3) by inhibition of DRP1-mediated mitochondrial fission (Madiraju et al., 2014; Hur and Lee, 2015).

Inhibition of DRP-1 mediated mitochondrial fission also prevents MPTP opening and cell death in HL-1 cells, a cardiac-derived cell line (Ong et al., 2010). Mitochondrial division inhibitor 1 (mdivi-1), a quinazonilone derivative and a DRP1 inhibitor, is able to attenuate oxidative stress-mediated calcification of murine VSMCs by reducing TNAP expression and calcified collagenous matrix production (Rogers et al., 2017). We hypothesize that DRP1 is a key regulator of mitochondrial damage in vascular calcification and underlying pathologies. We further hypothesize that ROS generated during calcifciation process leads to post-translational modifications of DRP1, which may hold the key to its regulation in vascular calcification pathologies. Indeed, several such post-translational modifications of DRP1 has been reported in various cell types. For example, DRP1 acetylation and s-nitrosylation enhances mitochondrial fragmentation in cardiomyocytes and neurons respectively, whereas oxidoreduction of Drp1 protects against mitochondrial fission and ROS generation in endothelial cells (Cho et al., 2009; Kim et al., 2018; Hu et al., 2020).

Hypoxia-inducible factor-1 (HIF-1) is a crucial regulator of vascular calcification. Increase in ROS levels stabilize and activate HIF-1α, which triggers VSMC transdifferentiation and calcification (Patten et al., 2010; Mokas et al., 2016). Osteocalcin, a bone derived hormone promotes phenotype switching in VSMCs and enhances their glucose metabolism and calcification through a HIF-1α-dependent mechanism (Idelevich et al., 2011). Furthermore, an increased nuclear staining for HIF-1α is observed in a CKD rat model (CKD induced by renal mass reduction) fed on a Ca and Pi-enriched diet (Mokas et al., 2016). Increased HIF-1α expression is accompanied by increased expression of HIF-1 regulated genes, such as vascular endothelial growth factor A (VEGFA) and GLUT-1, and reduced expression of VSMC specific markers including actin alpha 2 (ACTA2), Calponin 1 (CNN1), Smooth Muscle Protein 22 (SM22), and myosin heavy chain 11 (MYH11), triggering VSMC transdifferentiation. Furthermore, in calcified VSMCs, elevated Pi levels activate and stabilize HIF-1 independently of oxygen levels by targeting its oxygen-dependent degradation via the ubiquitin proteasome system (Mokas et al., 2016). Exposure of these VSMCs to a mitochondrial targeted antioxidant (SkQ1) and a mitochondrial complex III inhibitor (stigmatellin) blocks this Pi-induced HIF-1 upregulation and calcification (Mokas et al., 2016); suggesting mitochondrial ROS is required for HIF-1 stabilization in Pi-treated VSMCs.

In conclusion, mitochondrial ROS, DRP1, and HIF-1 are highly attractive markers for vascular calcification pathology and offer novel therapeutic targets to improve mitochondrial function during vascular calcification. Furthermore, targeting inhibitors including Fetuin-A, (to reduce Ca Pi precipitation) and, ENPP1, (to reduce Pi overload) could provide an upstream approach to restoring mitochondrial homeostasis in vascular calcification.



CONCLUDING REMARKS

This is a renaissance period for mitochondrial research in vascular calcification. Mitochondrial dysfunction seen in vascular calcification pathologies is strongly associated with mineral dysregulation, ROS generation, phenotypic switching of VSMCs and metabolic shift from oxidative phosphorylation to glycolysis. It would be beneficial to investigate the sequence of mitochondrial dysfunction in a spatiotemporal manner in vascular calcification models.

Whilst Ca and Pi overload during vascular calcification is a likely cause of mitochondrial dysfunction, the mechanisms of Ca and Pi transport to the mitochondrial matrix from the extracellular matrix remain elusive. Moreover, investigating mitochondrial dysfunction during the progression of vascular calcification in mouse models lacking key calcification regulators e.g., Runx2 (Lin et al., 2015) and Enpp1 (Li et al., 2013; Huesa et al., 2015) will further define the mechanisms of mitochondrial dysfunction during this process. Additionally, the employment of fluorescent tags fused to mitochondria such as mitoQC (McWilliams et al., 2016), Keima (Sun et al., 2015) or mitotimer (Hernandez et al., 2013) in vascular calcification murine models including mice with ApoE ablation or CKD induction will allow the investigation of mitochondrial architecture, biogenesis and turnover via mitophagy during the progression of calcification.

In conclusion, maintaining mitochondrial homeostasis is crucial to protect cells against vascular calcification. Future therapeutic strategies targeted toward molecular regulation of mitochondrial ROS, DRP-1 and HIF-1 could be successful tools in the prevention of vascular calcification pathology and warrant further investigation.
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Medial vascular calcification (MVC) is a degenerative process that involves the deposition of calcium in the arteries, with a high prevalence in chronic kidney disease (CKD), diabetes, and aging. Calcification is the process of precipitation largely of calcium phosphate, governed by the laws of thermodynamics that should be acknowledged in studies of this disease. Amorphous calcium phosphate (ACP) is the key constituent of early calcifications, mainly composed of Ca2+ and PO43– ions, which over time transform into hydroxyapatite (HAP) crystals. The supersaturation of ACP related to Ca2+ and PO43– activities establishes the risk of MVC, which can be modulated by the presence of promoter and inhibitor biomolecules. According to the thermodynamic parameters, the process of MVC implies: (i) an increase in Ca2+ and PO43– activities (rather than concentrations) exceeding the solubility product at the precipitating sites in the media; (ii) focally impaired equilibrium between promoter and inhibitor biomolecules; and (iii) the progression of HAP crystallization associated with nominal irreversibility of the process, even when the levels of Ca2+ and PO43– ions return to normal. Thus, physical-chemical processes in the media are fundamental to understanding MVC and represent the most critical factor for treatments’ considerations. Any pathogenetical proposal must therefore comply with the laws of thermodynamics and their expression within the medial layer.
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INTRODUCTION

Medial vascular calcification (MVC) represents a chronic, progressive disorder of calcium metabolism, eventually resulting in the formation of calcium deposits, already described by Virchow (1858). MVC is an important predictor of cardiovascular morbidity and mortality in patients with chronic kidney disease (CKD) or diabetes mellitus (DM) (Niskanen et al., 1994; Lehto et al., 1996; London et al., 2003; Aitken et al., 2012; Vlachopoulos et al., 2015). This is partially due to the persistent effects of MVC, such as increased arterial wall rigidity, systolic afterload of the left ventricle, and pulsatility (Vlachopoulos et al., 2010; Chirinos et al., 2019), as well as interference with arterial remodeling (Fok and Lanzer, 2018). MVC is also present in aging (Pescatore et al., 2019) and in a number of less common diseases, including pseudoxanthoma elasticum (Lefthériotis et al., 2013; Devriese et al., 2019); rheumatoid arthritis (Paccou et al., 2012); β-thalassemia (Aessopos et al., 1998); calciphylaxis (Seethapathy and Noureddine, 2019); Kawasaki disease (McCrindle et al., 2017); Singleton–Merten syndrome (Feigenbaum et al., 2013); secondary hyperparathyroidism (Terai et al., 2009); vitamin K deficiency (Shea and Booth, 2019), including warfarin administration (Poterucha and Goldhaber, 2016) and vitamin D metabolic disorders (Wang et al., 2018); Generalized Arterial Calcification of Infancy (GACI) (Rutsch et al., 2003); Arterial Calcification due to CD73 Deficiency (ACDC) (St Hilaire et al., 2011); and Idiopathic Basal Ganglia Calcification (IBGC) (Wang et al., 2012).

Despite extensive research on the mechanisms of MVC over the past 20 years, our understanding of vascular calcifications (VC) pathogenesis remains incomplete (Johnson et al., 2006; Stabley and Towler, 2017; Disthabanchong and Srisuwarn, 2019), and no therapy based on the etiology of MVC is available (Ruderman et al., 2018; Schantl et al., 2019), with the exception of a few experimental/preliminary data on restraining calcifications in CKD (Mendoza et al., 2008; Finch et al., 2013; Finer et al., 2014; Leibrock et al., 2016; Díaz-Tocados et al., 2017; Lang et al., 2018; Perelló et al., 2018). To date, a number of pathogenetic mechanisms of VC have been proposed and are reviewed in the literature (Sage et al., 2010; Durham et al., 2018; Rogers and Aikawa, 2019). In the aging, for example, both the accumulation of the nuclear protein, progerin (pre-Lamin A), and the disruption of nuclear lamina are correlated with MVC (Liu et al., 2013). In diabetes, the correlation occurs with the accumulation and binding of advanced glycation end-products (AGEs) to the lysine residues in elastin and collagen (Bruel and Oxlund, 1996; Conway et al., 2010). Under uremic conditions, the kidney releases injury factors into the blood flow, such as WNT inhibitors (Dkk1 or sclerostin) or activin A, which precedes the increase of alkaline phosphatase expression (Fang et al., 2014; Hortells et al., 2017). Heart activity and hemodynamics cause mechanical stress, the expression of Bmp2, and oxidative stress in vascular smooth muscle cells (VSMC) (Rutkovskiy et al., 2019). Reactive oxygen species induce the expression of Runx2 (Chang H. B. et al., 2008), and apoptotic bodies also contribute to MVC (Proudfoot et al., 2000). Damaged cells can also release elastin fragments, which increase the number of nucleation sites (Wanga et al., 2017) upon binding to the extracellular matrix (ECM). Membrane-bound matrix vesicles called exosomes behave like apoptotic bodies and seem to be released from VSMC (Kapustin et al., 2015). The degradation of elastin by matrix metalloproteinases increases the affinity for calcium ions and activates the transforming growth factor-ß signaling pathway (Pai et al., 2011).

From the aforementioned examples of conditions of unrelated diseases, in which MVC is only a part of the phenotype, it appears likely that different pathogenetical mechanisms will eventually result in ectopic VC. However, despite of these pathogenetical differences all of these diseases will have in common the processes of nucleation, precipitation, and crystallization of calcium phosphate deposits that follow the same physical processes governed by the laws of thermodynamics. Therefore, due to the universal validity and fundamental importance of these laws, any scientific theory of MVC pathogenesis, experimental model and even treatment’s proposal must ultimately comply with them. Thus, the compliance of experimental data with the laws of thermodynamics should be considered the litmus test of the data’s scientific validity. For example, in the case of CKD, hyperphosphatemia has been considered to play a predominant role as a cause of calcium precipitation and MVC, but thermodynamics reveals (see below) that the plasma phosphate concentrations observed in CKD do not suffice to cause calcium precipitation under these conditions, and even less in healthy human beings.

Here, we shall review the principles of biophysics of calcium deposition and the laws governing bio-mineralization, including the roles of promoters and inhibitors in the initiation and growth of calcification deposits. While this review may not provide definitive answers regarding the pathogenesis of MVC, it aims to establish the ground rules for studies on MVC pathogenesis.



THE FUNDAMENTAL THERMODYNAMICS OF CALCIUM-PHOSPHATE PRECIPITATION


Key Concepts

There are key facts in calcification that derive straightforward from the laws of thermodynamics, and therefore must always be obeyed. The most basic concept is the second law of thermodynamics, stating that the entropy of an isolated system can never decrease (see Box 1). This law sets forth the condition for spontaneous chemical processes governed by the Gibbs expression (Gibbs, 1874–1878): DG < 0, where DG is the variation of the Gibbs free energy, which it is related to the entropy change. In this review we use often the term precipitation concerning the process of calcium phosphate solid formation from its free ions in a solution state. With this term we refer to its classic definition: “a relatively rapid formation of a sparingly soluble crystalline—or sometimes amorphous—solid phase from a liquid solution phase” (Karpiński and Jerzy Bałdyga, 2019). Thus, translating the Gibbs condition to the precipitation of ions from solutions or biological matrices, it turns out that the activity product of free ions in solution must by higher than the corresponding activity in the solid. This relationship, expressed in terms of supersaturation (S), characterizes the thermodynamic conditions for all spontaneous calcifications as S > 1 (Myerson et al., 2019), with no exceptions. Thus, this expression means that the precipitate will be formed only if the product of the activities of free ions in the fluid state is higher than the product of the activities of ions in the solid state given by the solubility product, Ksp; when S < 1, the solid will dissolve. Thus, the key point for determining whether MVC is likely to occur is to determine the activity of the free ions in the tissues that compose the medial layer. However, this is not a trivial task, given that there are many factors that affect the activities of free ions in a fluid, such as ionic strength, phosphate proton dissociation equilibria, the sequestration of free ions by ligands, the precipitation of different calcium phosphate solids, and the viscosity of the medium. Due to such high level of biological complexity, the available values of Ksp and other related thermodynamic constants needed for these calculations that have been derived from in-vitro conditions may be only approximates. In addition, it is important to realize that the thermodynamic condition for solid growth is related to ionic activities and not the ionic concentration. While the latter can be determined by chemical analysis, the former are far more difficult to determine due to the biological and the structural complexity of the medial layer. Concentrations and activities are related by the activity coefficient, γ(a = γ⋅ conc), which, in turn, is related to the ionic strength, I (see Box 2 and Table 1).


BOX 1. The driving force of precipitation.

Similar to all chemical processes, the precipitation of calcium phosphates is governed by the Gibbs free energy of the component ions in the solid and the solution.1 A chemical system is at equilibrium when the Gibbs free energy is zero.
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ΔG is given by:
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which at constant pressure and temperature is reduced to:
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where μi is the chemical potential of component i, and ni is its number of moles. The chemical potential is defined as:
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where ai is the activity of component i.

For a binary solid in equilibrium with its component ions in aqueous solution.
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the equilibrium condition would be:
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considering that the activity of a solid is zero, the equation is reduced to:
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and
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From that expression, the solubility product is defined as
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Ksp is a constant that varies with the temperature as:
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For a crystal to grow from a solution:
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and
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From that expression, the ionic activity product is defined as
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and supersaturation as
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Thus, a solution would be supersaturated with respect to a given solid when S > 1.

S is the driving force for crystallization, and it is the key factor in precipitation processes.

In order to compare salts with different stoichiometry, it is better to use an expression of supersaturation weighted by the number of ions in the chemical formula of the compound, n,
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G, Gibbs function; V, volume; P, pressure; S (Niskanen et al., 1994), entropy; T, temperature; μ, chemical potential; n, number of moles; R, gas constant; a, activity coefficient; aq, aqueous; Ksp, solubility Product; IAP, ionic activity product; S (McCrindle et al., 2017; Seethapathy and Noureddine, 2019), supersaturation.




BOX 2. Activity coefficient and ionic strength, I.

The ionic strength, I, is the measure of the total amount of all the ions present in solution:
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where zi is the charge of ion i. The main ionic components of human serum are listed in Table 1. Applying this equation, the resulting ionic strength would be: I = 0.141 M. However, in the following we will consider a value of 0.15 M for the ionic strength in blood, because this value is commonly accepted and generally used in the manufacturing of the blood replacement media (Nel et al., 2009).

Among the several expressions for calculating the activity coefficient based on the ionic strength the most commonly accepted one is the Debye–Hückel expression, as proposed by Davies:6
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where A is 0.52, at 37°C.7 At an ionic strength of I = 0.15, for Ca2+ and HPO42– ions, γ = 0.33, and for PO43–, γ = 0.08.




TABLE 1. Molar concentrations of ionic components in human serum with a concentration above 0.1 mM.

[image: Table 1]For a given ion concentration, ion activity decreases with the ionic strength. For example, for I = 0.15, the activity of the Ca2+ ion is reduced threefold with respect to the Ca2+ concentration, and the activity of the PO43– ion decreases 10-fold. Such reductions ultimately prevent spontaneous crystallization in blood and, thus also, for example, invalidate the hypothesis that CKD- or ESRD-related hyperphosphatemia per se causes precipitations seen in MVC.



Calcium Phosphate Precipitation System

Calcium ions in aqueous solution are not totally free rather they are solvated with water (Zavitsas, 2005). In other words, they form a coordination sphere of water molecules. This coordination sphere is composed of an inner shell of six water molecules with strong binding energy and an outer shell of 0–6 water molecules with weaker binding energy. The strong hydration of calcium is an important factor in the crystallization of calcium salts from water. Actually, the detachment of water molecules from calcium ions occurring on a crystal surface before they are incorporated into the crystal lattice is often the rate-limiting factor in crystal growth kinetics (van der Voort and Hartman, 1991). This is the case, for example, in calcium oxalate crystallization, for which trihydrate and dihydrate salts are kinetically favored and precipitate earlier than the monohydrate polymorph that has lower solubility and higher thermodynamic stability (Grases et al., 1990).

There are three different phosphate ions derived from the dissociation of phosphoric acid (H3PO4): H2PO4–, HPO42–, and PO43–. In aqueous solution produces several species of phosphate ions according to the following equilibria (Vega et al., 1994):
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Their relative presence in a medium depends on the pH (Figure 1A). At the physiological pH = 7.4, the concentrations of H2PO4–, HPO42–, and PO43– are 0.049, 0.95, and 1.08 × 10–5, respectively. In solutions with a pH of 6.8, the concentrations change to 0.17, 0.83, and 0.27 × 10–5, respectively. In solutions with pH of 7.6, the concentrations become 0.031, 0.97, and 1.71 × 10–5. Thus, in this pH – range of 6.8–7.6, the variations of HPO42– are minimal, but the concentration of H2PO4– is reduced more than fivefold and that of PO43– is increased in a similar proportion (see Box 3).
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FIGURE 1. Parameters affecting precipitation. (A) La Mer plots representing the different stages of precipitation from solution in relation to supersaturation under different conditions are shown. Initial conditions (left panel): the supersaturation limit value (Virchow, 1858) and a metastable range of ion activities in which the solution does not precipitate, despite being supersaturated, are depicted. This metastable region represents an energy barrier for nucleation. Once a critical concentration is reached (Sc), homogeneous precipitation will take place in the solution. The limits can be reduced in the presence of nucleation promoters (central panel). Promoters in solution have a high affinity for any of the crystal component ions and can induce nucleation even below the critical supersaturation level through a process called heterogeneous nucleation. On the other hand, other molecules, termed inhibitors of nucleation, have the capacity to increase the energy barrier for nucleation, thereby increasing both the critical supersaturation value and the induction time for nucleation (right panel). (B) Effect of pH on the formation of the different species of phosphate and carbonate. Left, molar ratio of the phosphate species H2PO4– (orange), HPO42– (green), and PO43– (violet) in solution as a function of pH, within the pH range of interest: 5.5–8.5. Right, variation of the concentrations of H2CO3 (orange), HCO3– (green), and CO32– (violet) within the same pH range in DMEM medium. The shaded area corresponds to the expected physiological pH. (C) Effect of pH on the supersaturation of ACP and HAP in blood at the lowest and highest concentrations of Ca and phosphate (Pi), at normal concentration limits and under hyperphosphatemic conditions. (D) Effect of the total concentration of phosphate (Pi) on the supersaturation of ACP and HAP in blood, at pH = 7.4. The lower limit corresponds to the Ca and Pi concentrations of 1.02 and 1.00 mM, respectively; the upper limit corresponds to 1.23 and 1.5 mM; and hyperphosphatemia corresponds to 1.23 and 2.00 mM.



BOX 3. Dissociation constants of calcium and phosphate ions.

The amount of free calcium and phosphate ions in solution available for precipitation is reduced by the formation of soluble calcium phosphate. The equilibrium equations and corresponding association constants of these complexes are as follows (Chughtai et al., 1968):

[image: image]     K = 31.9 l/mol

[image: image]     K = 6.81 × 102 l/mol

[image: image]     K = 3.46 × 106 l/mol



The different phosphate ions can combine with calcium ions into 12 different compounds, although only six can be produced directly from solution. The empirical formulas and solubility products of these six compounds are given in Table 2.


TABLE 2. Main calcium phosphate compounds appearing in precipitates from aqueous solutions.

[image: Table 2]The important question is which of those species may be relevant in MVC? An analysis of in vitro and in vivo calcifications shows that from the six different calcium phosphate solid compounds (Bohner, 2010), only amorphous calcium phosphate (ACP) and hydroxyapatite (HAP) are generally present in MVC (Chernov, 1984; Mullin, 2001; Klaus-Werner, 2019).

ACP is usually the first phase to precipitate under physiological conditions (Manas et al., 2012; Hortells et al., 2017; Lotsari et al., 2018), and therefore it is the relevant early phase in pathophysiology of ectopic calcifications. Importantly, the ACP and HAP are mainly composed of PO43– ions as confirmed by IR analysis (Vecstaudza et al., 2019). Therefore, although the concentrations of H2PO4– and HPO42– ions are substantially higher than that of PO43– ions at physiological systemic pH values, it appears that in MVC the concentration of PO43– ions will be the most critical one.

Given that ACP is the first compound to be observed in the MVC process (Hortells et al., 2017), the supersaturation of this compound (SACP) within the media will likely predict and trigger the appearance of MVC. To calculate SACP, reliable values of Ksp(ACP) in biological tissues would be needed. However, the only value of Ksp available at present Ksp(37°C) = [image: image] = 3.35 × 10–12 was determined in vitro, while allowing for a wide variation of pH values (Christoffersen et al., 1990). Such pH variation is unlikely occur in the living tissues closely controlling the pH homeostasis. Therefore, the Ksp(ACP) would need to be determined to reflect the conditions within the media. Meanwhile, we have used the in vitro Ksp (ACP) value in our calculations of ACP supersaturation keeping in mind that the results can be only approximates. The results are provided and compared with those of dicalcium phosphate dihydrate (DCPD), octacalcium phosphate (OCP), and HAP in normal subjects in Table 3. These calculations show that within the biological range of minimum and maximum calcium and phosphate concentrations in humans, the supersaturation should vary from S = 0.65 to S = 0.83. During the hyperphosphatemic conditions in patients with CKD, S equals 0.92, which is still below the precipitation level (S ≥ 1). However, the local changes in pH within the media or imbalance between the promoters and inhibitors could favor precipitation, as shown below. The changes in local pH within the media could explain the fact that MVC appears in CKD before hyperphosphatemia is observed (Hortells et al., 2017), may be as a consequence of VSMC transdifferentiation, and possibly also the occurrence of MVC observed in non-CKD conditions, such as diabetes or aging.


TABLE 3. Supersaturation, S, of the various CaP species (ACP, DCPD, OCP, HAP) at several experimental conditions, at 37 °C.

[image: Table 3]


Molecular Processes in CaP Precipitation

The knowledge of the molecular mechanisms of the physiological bone and teeth mineralization may be helpful to understand ectopic calcifications, as they may share common mechanisms (Allen and Moe, 2020). In summary, physiological calcification is a complex phenomenon carried out by specialized cells, and it involves a variety of actors, mainly proteins that in the bone constitute the osteoid: (a) collagenous proteins and elastin that, in the vascular wall, create close compartments to facilitate confined crystallization and crystal growth (Veis, 2005); (b) amphiphilic proteins self-assembled to form scaffolds to provide potential nucleation sites before mineralization begins (Beniash et al., 2000); and (c) non-collagenous proteins that promote nucleation and control crystal growth morphology through interactions with certain crystal faces (Veis, 2005). In the first stage of biomineralization, an amorphous inorganic compound is produced in an environment occupied by a majority of organic compounds (60% of the total volume; 82). In the second stage, the inorganic compound crystallizes, and the crystals are organized into highly hierarchical superstructures. This complex biological machinery exercises complete control over the crystallization process, including crystal size, crystalline purity, growth orientation, shape molding, and hierarchical superstructuring.

Recent analyses of the early stages of CaP precipitation using high-resolution molecular techniques and ab initio molecular dynamics simulations (Lin and Chiu, 2018; Zhao et al., 2018) provide better insights into the molecular processes involved in CaP precipitation (Habraken et al., 2016). During the initial step, calcium and phosphate ions associate to form dinuclear and trinuclear complexes and subsequently polynuclear Posner clusters (Beniash et al., 2000) composed of nine Ca2+ ions and six phosphate PO43– anions, surrounded by 30 water molecules, as depicted in Figures 2A, 3. After that, Posner clusters agglomerate to form hydrated precipitates with a low density and a Ca/P ratio of 1:1 (Zhang et al., 2015; Jiao et al., 2016; Niu et al., 2017). In the third step, the precipitate becomes denser by losing water and increasing the Ca-O-P connectivity to form ACP, with a Ca/P ratio of 1:1.35. Finally, through slow transformation in the solid state, crystalline HAP nanoparticles are formed within the precipitate (Figure 3). This mechanism does not follow classical nucleation theory that is based on the one by one incorporation of add-atoms to the growing nuclei. This also applies to the process of CaCO3 nucleation (Smeetsa et al., 2017). One of the consequences features of this non-classical behavior is the lowering of the nucleation energy barrier (see below) (Yang et al., 2019).
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FIGURE 2. Promoters of CaP mineralization. (A) Structure of major biomolecules that as promoters of calcification: phosphorylated proteins, sulfated glycosaminoglycans, carboxyglutamic proteins and phospholipid membranes. (B) CaP mineralization in the presence of nucleation promoters: accumulation of Ca by absorption on promoters, precipitation of ACP, and crystallization of HAP.
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FIGURE 3. Hypothetical molecular processes in calcium phosphate medial vascular mineralization. At pH up to 7.40 Ca2+ ions are hydrated, and the majority of the phosphate molecules are in the form of HPO4-2- ions. The precipitation is triggered by a local increase of pH to above 7.90, associated with a marked increase in PO43– ions; the main component in ACP and HAP. Ca2+ and PO43– ions form complexes of increasing coordination number, eventually forming multinuclear clusters, which contain nine Ca2+ ions and six PO43– ions. Subsequently, promoter macromolecules with charged Ca2+-ligand groups (phosphate, carboxylate, and/or sulfate) produce a local accumulation of Posner clusters and the appearance of ACP precipitates. Finally, as the process progresses, the precipitate clusters rearrange into dense crystalline HAP nanoparticles.


Amorphous calcium phosphate precipitates gradually transform into HAP (Hortells et al., 2015). The amorphous ACP solid evolves by slow reorganization of the loosely packed clusters into crystalline, rod-like domains of nanometer size, with a HAP structure (Figure 2). The appearance of HAP implies a dramatic change of the calcification regime. Because HAP is virtually insoluble, the crystallization process turns largely irreversible. It should be noted that the blood and fluids contained in biological tissues are highly supersaturated in HAP. The fact that HAP does not precipitate spontaneously in tissues appears to be due to a high nucleation barrier of this calcium phosphate phase keeping the medium in a metastable state. Once HAP has been formed, there is no energy barrier to stop growth, provided S > 1, unless inhibitors are present on site. Thus, in this sense at pH of 7.40 and at the lowest level of blood Ca concentration (1.02 mM), calcifications composed of HAP would be allowed to grow even when the concentration of Pi would be 1,000 times less than the lowest value in blood (see Figures 1C,D).

Transmission Electron Microscopy analyses of CaP calcifications in cell cultures are consistent with the precipitation mechanism described above (Hortells et al., 2015). Fresh precipitates appear as low-density sheets having a Ca/P ratio of one and showing some areas of higher electron density. After some aging time, precipitates show spherulite formations, which do not exhibit any crystalline order in electron diffraction and have a Ca/P ratio of 1.35, like ACP. After longer aging periods, precipitates show rod-like nanoparticles that yield electron diffraction rings, and they show crystal planes at high resolution. Based on observations of in a rat model using scanning electron microscopy (SEM), the arterial calcifications are localized and not uniformly distributed, suggesting a heterogeneous nucleation induced by a promoter, or a local increase in supersaturation, or both mechanisms as the origin of the calcification (Hortells et al., 2017). A chemical analysis of the deposits yielded mostly a Ca/P ratio of 1.35, close to that of ACP, although occasionally higher values were found, approaching that of HAP (1.67). Rat arteries that did not show any sign of calcification in optical microscope, at closer observation by SEM revealed small areas with a strong presence of Ca, but no detectable phosphate (Hortells et al., 2017). Although this preliminary observation should be studied in greater detail, it appears possible that these Ca aggregates may actually trigger CaP deposition in similar fashion as observed in physiological calcification in bones and/or teeth with calcium-rich proteins serving as promoters of mineralization.



Nucleation and the Activation Barrier

It is important to note that solubility products are calculated based on the activities of ions in solution that are in direct contact with the solid phase. However, in the absence of the solid phase, precipitation does not occur immediately after the ionic product exceeds the solubility product. In other words, S > 1 is a necessary but not sufficient condition for precipitation because there is an energy barrier for nucleation, similar to the majority of chemical reactions (Vallence, 2017) that has to be overcome before precipitation takes place. The onset of nucleation occurs when the size of the nuclei reaches a certain critical value, due to the large surface energy of small nuclei (Chernov, 1984; Mullin, 2001; Klaus-Werner, 2019). Below that critical size, the process of ion association is transient and reversible. Below that critical size, the process of ion association is transient and reversible. This is due to the fact that ions on the particle surface have greater energy than those in the bulk, given that the number of nearest neighbors of ions on the surface is obviously lower than that of ions in the bulk. The total Gibbs free energy of a particle growing from its component free ions is the sum of that of bulk ions and surface ions, and for small sizes, the number of surface ions is relatively large, so they tend to re-dissolve until the supersaturation in solution reaches the critical value. The process of formation of stable nuclei requires a definite induction time defined by the period between the time the critical supersaturation has been established and the first nuclei were detected (Chernov, 1984; Mullin, 2001; Klaus-Werner, 2019). As the size of the nuclei increases, they can grow with decreasing levels of supersaturation. Finally, large crystals will continue to grow even at very low levels of supersaturation, as shown in Figure 2. Thus, while induction of nucleation requires high levels of supersaturation, once larger particles have been formed, the growth will proceed with ever decreasing levels of supersaturation.

Consequently, a supersaturated solution can remain in a metastable state until the activation barrier has been overcome, i.e., the critical supersaturation value, Sc, has been reached, therefore enabling the formation of stable nuclei (Christoffersen et al., 1990; Figure 1B). Thus, S (ACP) > 1 is the necessary condition for growth, and S (ACP) > Sc is the necessary condition to trigger precipitation. Using data from spontaneous nucleation experiments in water (Strates et al., 1957; Fleish and Neuman, 1961), we have estimated the Sc values of 1.03 (Fleish and Neuman, 1961) and 1.05 (Strates et al., 1957) for ACP. These values represent early estimates and require validation using well-controlled experimental models emulating in vivo conditions. Nevertheless, these early Sc (ACP) estimates indicate that the critical supersaturation for MVC should be rather low, underscoring the non-classical character of ACP nucleation (Smeetsa et al., 2017; Yang et al., 2019). Thus indeed, the molecular mechanism of ACP nucleation appears to proceed through the gradual formation of soluble CaP complexes of increasing size, eventually forming multinuclear clusters with the formula, Ca9(PO4)6⋅nH2O (Mancardi et al., 2016). These clusters having the same structure as HAP are the likely precursors of ACP. initially forming the low-density amorphous precipitates with a Ca/P ratio of approximately 1 (ACP1) and eventually evolving into denser particles (ACP2) with a Ca/P ratio of 1.35, typically found in MVC, in bones, and other physiological and ectopic calcifications.



Nucleation Promoters

The process of CaP precipitation described above can be altered by the presence of promoters and/or inhibitors in the system. Promoters are agents that favor the precipitation of compounds in solutions that otherwise would remain metastable. Conversely, nucleation inhibitors restrain the formation of precipitates from solutions that otherwise would experience spontaneous homogeneous nucleation. In thermodynamic terms, promoters decrease Sc and induce heterogeneous nucleation located at the promoter site, whereas inhibitors increase Sc and retard the calcification process (Figure 1B). Thus, promoters and inhibitors may control the spontaneous crystallization processes and appear to dominate MVC.

Calcification promoters typically harbor abundant Ca2+-ligand groups in their chemical structure, responsible for the local accumulation of these ions. In this calcium-rich environment created by the promoter, nucleation might occur with minor increases in phosphate ion activities; calcification mechanism responsible for the formation of bones and teeth (Addadi and Weiner, 1992; Beniash et al., 2000; Veis, 2005). However, the disordered texture of the deposits observed in MVC suggests that the mechanism of mineralization and the agents involved in the process are likely different. Yet the two processes, bone formation and MVC, may have in common that the nucleation promoters can induce the onset of precipitation, because in both cases, the occurrence of deposits is discrete and localized, both being typical features of heterogeneous nucleations. Disseminated foci of calcifications within the medial layers are the outstanding hallmark of the MVC. However, the nature of promoters in MVC has not yet been studied in detail and requires further clarification.

CaP nucleation promoters are molecules or macromolecules with a high affinity for calcium and/or phosphate ions. To interact with phosphate ions, promoters must have positive charges, which in biomolecules are mostly provided by ammonium ions or quaternary amines. In any case, however, the interactions are weak. Figure 4A shows the typical Ca2+-ligand groups in biomolecules. In descending order according to their binding strength, these groups include phosphonate, phosphate > carboxylate > sulfonate = sulfate > alkoxide ≈ water (Zhao et al., 2018). Several kinds of biomolecules may contain large numbers of these groups, as it is the case of phosphate in multiphosphorylated proteins (Figure 4Aa), such as phosvitin (Greengard et al., 1964), involved in physiological calcifications (Sarem et al., 2017). Phosvitin consists of approximately 50% serine residues, which carry a phosphate group (Greengard et al., 1964) that gives this protein an extraordinary capacity to accumulate Ca2+ ions. Sarem et al. (2017) were able to show that the precipitation of CaP proceeded by the incorporation of Ca2+ ions into phosvitin, followed by the precipitation of ACP, and subsequent recrystallization into HAP by aging. The experimental conditions included HEPES buffer (pH = 8), 1.25 mM Ca(NO3)2, and 1.5 mM (NH4)3PO4. Under these conditions, the supersaturations of ACP and HAP correspond to 1.21 and 8, respectively. Furthermore, recently, it has been shown that the disordered secondary structure of phosvitin orchestrates the nucleation and growth of biomimetic bone such as apatite (Sarem et al., 2017).
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FIGURE 4. Promoters and inhibitors of CaP mineralization. (A) Structure of major biomolecules that as promoters of calcification: phosphorylated proteins, sulfated glycosaminoglycans, carboxyglutamic proteins and phospholipid membranes. (B) CaP mineralization in the presence of nucleation promoters: accumulation of Ca by absorption on promoters, precipitation of ACP, and crystallization of HAP. (C) Mechanism of crystal growth inhibition. (a) Representation of a Kossel crystal, with the different positions of adatoms on the crystal surface: flat site (surface nucleation) (Virchow, 1858), step site (Niskanen et al., 1994), kink site (Lehto et al., 1996), inhibitor molecule blocking a kink site (I); (b) a screw dislocation, and blocking of face growth by an inhibitor molecule.


Phospholipids (Figure 4Ad), the main component of cell membranes, matrix vesicles and exosomes, have also been proposed as promoters of pathogenic calcifications (Felix and Fleisch, 1976; Boskey, 1978; Schoen et al., 1988; Anderson, 2007; Wuthier and Lipscomb, 2011). Phospholipids are arranged in layers with a high density of phosphate-charged groups endowed with the capacity to concentrate Ca2+ ions. Indirect evidence of their role as promoters has been found in analyses of medial sclerosis of large arteries, aortic valves, and atherosclerotic plaques (Felix and Fleisch, 1976; Boskey, 1978; Schoen et al., 1988; Anderson, 2007; Wuthier and Lipscomb, 2011). Phospholipids may be released following degradation of cells or matrix vesicles (Felix and Fleisch, 1976). In addition, their phosphate groups may be also released as PO43– ions by alkaline phosphatase, potentially also facilitating calcium precipitation (Towler, 2005).

Promoter biomolecules containing sulfate include glycosaminoglycans (GAGs) (Figure 4Ab) or mucopolysaccharides (Kepa et al., 2015), such as chondroitin sulfate, dermatan sulfate, keratan sulfate, hyaluronic acid, and heparin. In combination with proteins, form mucoproteins are formed. Mucopolysaccharides and mucoproteins have been the object of intense research based on their role as a matrix for the nucleation and structuring of calcium oxalate renal calculi. Among the mucopolysaccharides, dermatan appears the most interesting one, because its presence in the skin, blood vessels, and heart valves.

Biomolecules with a large number of carboxylic residues include glutamic- and carboxy-glutamic-rich proteins (Figure 4Ac). Collagen and elastin neutral proteins have also been proposed as promoters of VC (Urry, 1971). This hypothesis is based on the observation that Ca2+ ions may interact strongly with protein carbonyl groups from glycine amino acids arranged in a helix conformation. However, it should be noted that the carbonyl groups can barely compete in Ca2+ binding with charged groups, such as phosphate, carboxylate, and sulfate ions, because these groups interact through strong electrostatic forces, in a bidentate (also named chelate and it means bonded by to atoms to the central atom) manner. Instead, most likely, carbonyl groups appear to bind to Ca2+ ions by means of hydrogen bonds with hydration water (see section “Key Concepts”). Therefore, glycoproteins such as bone acidic glycoprotein-75, or bone phosphoproteins such as osteopontin or bone sialoprotein (Chen et al., 1992), appear to be more suitable promoters than collagen and elastin. These proteins not only have a higher capacity to bind Ca2+, but they interact with collagen itself in the presence of Ca2+ in a concentration-dependent manner. This Ca2+-mediated interaction with collagen has also been observed in matrix vesicles (Kirsch and von der Mark, 1991). Furthermore, studies on Ca2+-collagen interactions have shown that they take place through electrostatic interactions with the carboxylate groups (Glu and Asp) present in collagen (Pang et al., 2017).

All of these biomolecules have demonstrated the capacity to promote CaP nucleation in metastable solutions in vitro and appear to be suitable potential candidates for triggering and sustaining the calcification process in MVC, whether they are present in exosomes, apoptotic bodies, long-life proteins or transdifferentiated cells. A scheme of CaP deposition induced by promoters is shown in Figure 4C. In the first step the promoter expedites an accumulation of Ca2+ ions that are trapped by the high density of calcium ligand groups in the promoter structure. In the presence of phosphate, Ca2+ ions will form soluble CaP clusters, eventually ending up as precipitates, as described above.



Inhibition of Calcium Phosphate Nucleation and Crystal Growth

In addition to the promoters the onset and propagation of VC is also determined by the presence of agents that retard or restrain CaP precipitation. These agents comprise the class of inhibitors. Based on the mechanisms of action, four main groups of agents may be distinguished. The first group consists of agents precluding or retarding the formation of stable nuclei by increasing the activation barrier (nucleation inhibitors) (Giocondi et al., 2010). The second consists of agents that are in small amounts capable of restraining the crystals’ growth by attaching to the crystals’ surfaces (crystal growth inhibitors) (Dobberschuütz et al., 2018). The third constitute agents slowing the maturation from ACP to HAP and the fourth compounds that, without being truly inhibitors, can reduce supersaturation by sequestering calcium ions in the form of soluble complexes (Reznikov et al., 2016) or, in the case of renal disease, reduce hyperphosphatemia with the use of phosphate binders (Floege, 2016) or renal Pi reabsorption (Tsuboi et al., 2020), thus reducing the risk of calcification.


Nucleation Inhibition

Albeit the precise value of critical supersaturation required for the nucleation of ACP in vivo is not known and data on nucleation inhibition are sparse (Strates et al., 1957; Fleish and Neuman, 1961) approximate value can be calculated based on in vitro data available in the literature (Strates et al., 1957). Accordingly, the critical supersaturation for the nucleation of ACP would be Sc = 1.05 at pH = 7.4. Interestingly, analogous calculations based on experimental data of other authors (Fleish and Neuman, 1961) yields Sc = 1.03 at pH = 7.4. According to this value, and considering the average concentration of Ca2+ = 1.18 mM found in healthy subjects, the expected concentration of Pi needed for spontaneous calcification in blood would be 2.75 mM; a value far above the regular blood levels (0.97–1.45 mM) blood levels, or even of patients with severe hyperphosphatemia.

It has been suggested that active collagen may act as a promoter of calcification (Strates et al., 1957; Fleish and Neuman, 1961). However, this proposition appears rather unlikely because the calculated Sc = 0.73 based on the solubility product of ACP reported by Christoffersen et al. (1990), would not fulfill the conditions required for precipitation S ≥ 1. These discrepancies emphasize the need for precise calculations of thermodynamic parameters based on well-controlled experimental studies in vivo. Nevertheless, Fleish’s experiment has also demonstrated the nucleation inhibition capacity of pyrophosphate (PPi) and polyphosphate by increasing the Sc(ACP) for spontaneous (homogeneous) precipitation up to 1.07 and 1.10, respectively. Apparently, the critical supersaturation values for nucleation are rather low, but this conclusion should be considered with caution, given that both experiments—as well as the determination of Ksp(ACP)—were performed at different ionic strengths and under changing pH conditions (pH has a huge effect on CaP precipitation). Actually, the Ksp was calculated at I = 0.035, and the pH changed from 7.4 to 5.7 during precipitation; while in Strates et al. (1957) the ionic strength was 0.165 and the final pH was around 5.9. Nevertheless, despite of the obvious shortcomings of calculations of thermodynamic parameters based on in vitro data, these calculations offer an important impetus to explore further the role of collagen in CaP nucleation promotion by studying the relevant thermodynamic parameters in vivo. Furthermore, they also appear to explain the ability of pyrophosphate and organic polyphosphates to inhibit or to retard the onset of CaP nucleation. Strates et al. (1957) also described that HAP seed crystals can grow in normal blood serum, a proposal that supports our hypothesis that the nucleation of CaP deposits is controlled by ACP precipitation kinetics, but once the transformation to HAP occurs, the kinetics are driven by HAP crystal growth, which will progress even when the alterations that provoked the mineralization event return to normal. Actually, the threshold of Pi concentration for HAP supersaturation at pH = 7.40 and at the lower limit of the total calcium concentration in blood (1.01 mM) could be as low as 0.85 mM.



Inhibitors of ACP Conversion Into HAP

Some molecules are capable of stabilizing ACP and preventing or retarding the maturation into HAP, thereby keeping the door open to reversion of mineralization, which would become extremely improbable once HAP has been formed. Two known inhibitors of calcification acting by the ACP stabilization are pyrophosphate (PPi) (Ibsen and Birkedal, 2018) and magnesium (Boskey and Posner, 1974; Ter Braake et al., 2018). For details, see Box 4.


BOX 4. Cystal growth inhibition.

Inhibitors of crystal growth are molecules or ions that attach firmly to the crystal surface, thereby making it difficult for the growing crystal units to displace them thus preventing or retarding the attachment of new adatoms. The effect of inhibitors on crystal growth is briefly explained. If the ions in a solution remain above the nucleation rate, then the supersaturation will remain above the critical value for nucleation, Sc, allowing the process to go on. Initially, crystals have a rounded shape and a rough surface, but gradually they develop flat faces to minimize their surface energy. Using the model of a Kossel crystal (Kossel, 1927; Stranski, 1928; Figure 4C) with cubic adatoms that bind to the nearest neighbors on each crystal face, the energy gain of an adatom incorporating on a completely flat face will be obviously low (Figure 4Ca, adatom 1). Yet once attached, it will create a stairs-like step facilitating the adsorption of the next adatom to the two nearest neighbors (Figure 4Ca, adatom 2). Once an adatom incorporates into a step of the stair it forms a kink site, such that the next adatom will bind to the three nearest neighbors (Figure 4Ca, adatom 3). Some inhibitor molecules may block the kink sites (Figure 4Ca, I), therefore restraining the growth of the face. This mechanism of surface nucleation and the spreading of steps to form new layers require high levels of supersaturation. However, if the face has a defect, called a screw dislocation (Figure 4Cb), permanent step site is created, and the supersaturation required for crystal growth decreases considerably. In this manner, only a small number of inhibitor molecules attached to the screw dislocations may very effectively restrain the growth of a crystal face. Inhibitors will be less effective on a face growing through a secondary nucleation mechanism. Furthermore, in the case of rough faces that consist mostly of kink sites, large amount of inhibitor molecules will be required to block the growth. It should be kept in mind that, ultimately, the type of the prevailing mechanism will depend largely on the level of supersaturation in the following order of importance: rough growth > surface nucleation > screw dislocation.



Available reports on CaP crystal growth inhibition refer mostly to HAP. The best well-known inhibitor of HAP crystallization is PPi. This ion is firmly adsorbed on a HAP crystal surface (Fleisch, 1978; Ibsen and Birkedal, 2018) affecting the progression of the mineralization process in a number ways including an increase in the critical supersaturation for both homogeneous and heterogeneous nucleation, lengthening of the nucleation induction period, change of the crystal morphology, and crystal stabilization by reduction of the growth and the dissolution rate. Although less effective, other molecules such as citrate (Mekmene et al., 2012; Shao et al., 2018) and magnesium (Boskey and Posner, 1974) can also be considered HAP crystal growth inhibitors. Thus, while PPi and Mg2+ appear to limit the growth of HAP deposits, they are unable to reverse them. An ambitious in vivo experiment of CKD in rat seemed to have suggested the ability of Mg2+ to revert VC (Díaz-Tocados et al., 2017), however, the experimental design appears to favor the accumulation of the reversible amorphous CaP rather than HAP crystal formation.

The list of potential inhibitors of HAP crystal growth can be further extended to phosphocitrate, polyphosphates, bisphosphonates, carboxyphosphonates, phytate (Thomas and Tilden, 1972), and other not yet identified plasma components (Rufenacht and Fleisch, 1984). However, because these in vitro studies on nucleation progression inhibition have been performed at pH, temperature, and concentration values far from physiological or even pathophysiological conditions, their validity for in vivo processes is limited (Hunter and Goldberg, 1993) yet potentially useful in specific clinical settings such as renal calciphylaxis (Millan, 1990; Perelló et al., 2018; Calciphyx, 2019).

The majority of the available reports focus on the role of PPi in the prevention of mineralization (Lomashvili et al., 2004) and the role of alkaline phosphatase (AP) responsible for the hydrolysis of the PPi into phosphate (Towler, 2005; Haarhaus et al., 2017). However, due to the significant variability of the experimental in vitro and in vivo study designs, only tentative conclusions regarding the promotion and inhibition of CaP crystallization are feasible at present. To obtain full insight into the mechanisms of calcifications, standard protocols compatible with the in vivo conditions within the medial layer, preferably those in encountered in humans, will be required.



Nucleation Promoters That Act as Growth Inhibitors

In some cases, nucleation promoters may possibly also act as crystal growth inhibitors based on their capacity to bind and accumulate Ca2+ and to adsorb on CaP crystal surfaces. This is the case of GAGs with respect to calcium phosphate brushite (Zhai et al., 2019). Occasionally, the inhibition of crystal growth by typical nucleation promoters [i.e., chondroitin sulfate (CS) and mucoproteins] has been claimed in batch precipitation reports (Hunter and Goldberg, 1993). But this apparent inhibition effect may just be the result of Ca2+ absorption and the consequent decrease of the supersaturation. In constant composition studies, which more accurately reflect the conditions in blood vessels, CS has promoted precipitation. Phosvitin is a special case, which behaves like a nucleation inhibitor in dissolution but promotes nucleation when it is immobilized on a collagen surface (Onuma, 2005). Protein immobilization is also decisive in the promoter-inhibitor behavior of osteocalcin, mucoproteins, phosvitin, and phosphophoryn.



Effect of pH on Phosphate and Carbonate Nucleation

Of the three phosphate ion species, only PO43– participates in all stages of precipitation, as evidenced by: (i) PO43– is the main component of soluble precursor clusters; (ii) PO43– is the main phosphate ion in the first precipitating phase, ACP; and (iii) PO43– is also the phosphate component of HAP. As outlined above, the concentration of PO43– in solution is very low at pH = 6.9, (Figure 1A), but it increases rapidly with increasing pH. Consequently, the supersaturation of ACP, and the risk of CaP precipitation, is highly dependent on the pH (Figure 1C): the pH has a much greater impact than a variation in the phosphate concentration. Actually, an increase in local pH to 7.90 would be enough to reach the critical supersaturation value (S = 1.03) estimated for the average blood Ca and Pi concentration in healthy subjects. In physiological Ca2+ and pH conditions, for example, it would be necessary to increase the local concentration of Pi to 3.0 mM to reach that S value, which is far above the usual level in hyperphosphatemic patients. In vitro experiments assessing the effect of cell activity onto the calcification process have also shown a notable importance of pH, mainly as a consequence of the used of highly bicarbonate media and low CO2 concentration in the atmosphere (Hortells et al., 2015). Significant changes in local pH in vivo in contrast to the serum’s strictly regulated pH homeostasis, could arise, as explained below, through a modification of the activities of Na+/H+- and bicarbonate exchangers and of proton pumps, carbonic anhydrases, and other factors related to VSMC’ metabolism (Leibrock et al., 2016; Yuan et al., 2019). Although local alkalinity has not been demonstrated to play a role in the pathogenesis of MVC, it could be hypothesized by combination of mechanisms, such as increased presence of promoters, depletion of inhibitors possibly orchestrated by a perfect metabolic storm signifying the transdifferentation of VSMC.

With respect to calcium carbonate, it is present in considerable amounts in pathological calcifications (Bazin et al., 2012) and in in vitro calcifications (our own experiments). The concentration of CO32– ions also increases rapidly above a pH of 7 (Figure 1A), and the supersaturation of CaCO3 in blood can be higher than that of ACP under physiological conditions (Table 4) supporting the hypothesis that VC may be, at least in part, related to pH rather than phosphate concentration’s changes. In culture media, MEM or DMEM (media commonly used in the in vitro calcification procedures) maintained at 5% CO2 atmosphere at given concentrations of bicarbonate and the pH (Hortells et al., 2015), the supersaturation of calcium carbonate (CaCO3) exceeds that of CaP in both media. This finding may not only explain the co-precipitations of CaCO3 with CaP but may also suggest its role in seeding calcium phosphate nucleation sites.


TABLE 4. Supersaturation of ACP and CaCO3 in blood and in MEM [(NaHCO3) = 2.2 g/L], and DMEM media with different concentrations of calcium and phosphate ions.

[image: Table 4]


Precipitation in Intracellular or Extracellular Matrix Environments

To date, studies in the real in vivo or ex vivo medial layer environment are not available. Thus, the hypothesis charting the pathogenesis of CaP precipitation thermodynamics in the medial layer must be based only on the currently available incomplete evidence derived largely from in vitro observations.

Medial layer consists of ECM comprising matrisome with a number of different glycoproteins and proteoglycans with embedded networks of collagen and elastic fibers (Hynes and Naba, 2012) and VSMC. Due to the extensive extra- and intracellular compartmentalization and due to the higher viscosity of both ECM and VSMC cytoplasm compared with the water solutions and other solvents’ the mobility of the ions will be less predictable and more restricted. However, based on the available data, the viscosity of cytoplasm is approximately 1.2–1.5 times higher compared to water (Fushimi and Verkman, 1991; Bicknese et al., 1993; Kao et al., 1993; Luby-Phelps et al., 1993; Chang H. C. et al., 2008). To our knowledge, no data on viscosity of the ECM are available. Thus, as a matter of approximation, we assume that the environment of the media corresponds to viscous solution rather than solid gel. Based on these scanty reports we tentatively conclude that an increase in viscosity as suggested in the medial layer will mainly affect the ion transport, leading to a diffusion-controlled CaP crystal growth, possibly the single most important difference to the crystal growth in vitro solutions.

However, it is important to understand that in any biological system regardless of the composition and physical-chemical properties such as viscosity, the laws of thermodynamics and the links between supersaturation and CaP crystals’ growth retain their validity.

It is well known that electrochemical gradient between the micromolar concentration of Ca2+ in the VSMC cytoplasm and the millimolar extracellular Ca2+ concentration can be only maintained at high energy cost. This extremely low [Ca2+ i] in cytosol along with the presence of PPi prevent spontaneous CaP precipitation inside the cell under physiological conditions [the cytosol also contains 3–5 mM free Pi (Peacock, 2021)] and normal metabolic states. Disruption of energy supply by the mitochondria, oxidative stress, electrophilic insults, etc., will cause uncontrolled influx of [Ca2+i] from the extracellular space or endoplasmic reticulum followed by breakdown of intracellular homeostasis and cell death (Orrenius et al., 2013). Apoptotic bodies or cell debris could become nucleation sites and thus contribute to calcification.

The hypothesis of the medial CaP crystallization’s stepwise process outlined in the section “Molecular Processes in CaP Precipitation” has received support by experimental data from Transmission Electron Microscopy analysis of CaP deposits from cell cultures and rat arteries demonstrating that early CaP deposits consist of ACP undergoing progressive densification process and resulting in the crystallization of HAP nanoparticles (Villa-Bellosta et al., 2011; Hortells et al., 2015, 2017). The fact that the two methods of VC research, in vitro and in vivo, show similar early deposits but both calcification processes are unrelated (in vitro being alkali-mediated homogeneous precipitation, whereas in vivo is heterogeneous precipitation caused by promoter nucleation) clearly shows that deposit formation and crystal maturation thermodynamics are constant and similar, independently of the environmental setup (Hortells et al., 2015).

Given the impact of pH on the supersaturation of ACP and therefore potentially initiation of calcifications, changes in pH should be considered as a potential important factor in MVC, in both intra- and extracellular milieu. The pH in both milieus is determined by a number of factors including the metabolic production of the acid moieties, the transmembrane protons’ transport, the activity of bicarbonate transporters and exchangers, and the enzymatic synthesis of bicarbonate. While the intravasal homeostasis of pH is strictly controlled within narrow boundaries, the local tissue pH appears less stable depending on the type of the tissue and specific metabolic activities (Martin and Jain, 1994). Osteoblasts, for example, thrive in vitro at alkaline pH (Galow et al., 2017), in agreement with the effect of metabolic alkalosis increasing osteoblastic collagen synthesis and reducing bone resorption related to a decrease in osteoclastic beta-glucuronidase release (Bushinsky, 1996). Albeit it has never been demonstrated as yet, it is tempting to conclude that local changes in tissue pH possibly caused by contractile or partially transdifferentiated VSMC could be involved in triggering MVC, particularly if combined with nucleation promotion and VC inhibitor depletion.

Local interstitial-intracellular pH changes are interdependent and determined by both local and systemic factors. In VSMC, several transporters participate in the movement of protons and bicarbonate to quickly control intracellular pH (pHi) and local extracellular pH (pHo). Sodium-proton exchanger 1 (NHE1, Slc9a1) eliminates protons from the cell, whereas the bicarbonate transporter, NBCn1 (Slc4a7), inwardly co-transports sodium and bicarbonate anions. With an intracellular excess of bicarbonate, this is eliminated by anion exchanger 2 (AE2, Slc4a2) (Boedtkjer et al., 2012). More recently, additional bicarbonate transporter transcripts—Slc4a3, Slc26a2, Slc26a6, Slc26a8, and Slc26a11—have been identified in rat aortic SMC in vitro, further increasing the complexity of intracellular pH control in VSMC (Hortells et al., 2020). In addition, carbonic anhydrases also present in VSMC can increase the concentration of bicarbonate and also alter the intracellular acid-base equilibrium. Interestingly, the inhibition of these enzymes with acetazolamide prevents the soft tissue calcification of klotho-hypomorphic mice (Leibrock et al., 2016) and in apolipoprotein E (ApoE–/–) mice (Yuan et al., 2019).

Furthermore, changes in pH in VSMC have been implicated in several physiological and pathological states. For example, alkaline pHi is necessary for VSMC proliferation (Beniash et al., 2000; Boedtkjer et al., 2012), as well as for ECM remodeling and the activation of matrix metalloproteinases (Harrison et al., 1992; Stock et al., 2005). NHE1 inhibits apoptosis by increasing pHi, cell volume, and sodium content and by reducing the activity of enzymes required for apoptosis (Pedersen, 2006). Conversely, the inhibition of NHE1 or of NBCn1 should cause intracellular acidification and the reciprocal local extracellular alkalinity, consequently promoting MVC by promoting apoptosis associated with calcium nucleation (Shroff et al., 2008). This local alkalinity could also create an optimal TNAP environment for hydrolyzing PPi and organic phosphates such as phospholipids. In turn, the increased expression of TNAP seems to be one of the first steps of MVC in CKD (Hortells et al., 2017). In addition, the local alkalinity will also supersaturate the medium with respect to ACP and calcium carbonate. These examples illustrate the potential importance of pH regulation of activities in VSMC, potentially applicable to MVC pathogenesis.



Role of Cell Transdifferentiation

Changes in local pH, TNAP overexpression and other factors, could accompany transdifferentiation of VSMC into osteo/chondroblastic-like cells. Following the detection of the bone forming gene expression in atherosclerotic lesions (Boström et al., 1993), the active role of VSMC in VC process has been extensively studied (e.g., 153–155). Osteo/chondrogenic transdifferentiation of VSMC has been mainly studied in CKD-related MVC. In these patients, the observed uremic and hyperphosphatemic conditions have tempted to the use of a simple research model accounting for a design of a fairly complete pathogenetic proposal based on direct effects of Pi as follows. The highly abundant phosphate would either permeate directly into the VSMC or it would be sensed through the sodium-phosphate cotransporters (PiT1/2), activating a signal transduction pathway resulting in a phenotypic transformation into osteochondroblast-like cells. This transformation could be mediated by the expression of Pi-induced transcription factors such as Msx2 (msh homeobox 2), Runx2 (Runt-related transcription factor 2), osterix, etc., that, in turn, would increase the expression of bone-forming proteins, such as Bmp2 (bone morphogenetic protein-2), TNAP, osteocalcin, collagen type I, etc., causing PPi depletion, increased number of nucleating sites, formation of calciprotein particles, etc., therefore facilitating, initiating, and stimulating calcification (Voelkl et al., 2019; Lee et al., 2020; Tyson et al., 2020).

Whereas VSMC transdifferentiation and the thermodynamics of CaP precipitation belong to different scientific fields, they complement each other in exploring MVC pathogenesis. While the former provides hypothesis, the later accounts for hypothesis testing. Consequently, the above outlined pathogenetical scenario has still to be considered with caution, for several reasons. Firstly, in the model or 5/6-nephrectomized rats, hyperphosphatemia is observed only after the first deposits have been formed and not before (Hortells et al., 2017), therefore, hyperphosphatemia should not be considered a necessary cause of calcification, but as an accelerator and complicating agent. Secondly, MVC may require interplay of different systemic and local factors absent in a cellular culture such as VSMC. Thirdly, thermodynamic principles suggest that calcium phosphates are not supersaturated in the normal or even CKD patients and therefore homogenous precipitation is an excluded possibility. Fourthly, in VSMC cultures, nanoparticles of calcium phosphate (or possibly calcium carbonate) rather than soluble Pi are responsible for osteo-/chondrogenic transdifferentiation. This can be easily observed by incubating VSMC cultures with high Pi concentrations in the presence of nucleating inhibitors, such as PPi, phosphonoformic acid or bisphosphonates: such nanoprecipitates are not formed and, consequently, no bone-related genes are expressed in VSMC despite the high Pi concentration (Villa-Bellosta et al., 2011; Lee et al., 2020). Fifthly, the nanoparticles do not appear to be caused by the native or transdifferentiated VSMC that would nucleate calcium heterogeneously, but rather by an alkaline pH-mediated supersaturation that causes homogeneous precipitation in media when using highly bicarbonated media in the presence of low CO2, along with the extremely high concentrations of Pi (Hortells et al., 2015). It is important to note that homogeneous precipitation does not occur in vivo. If pH is set at pH 7.4 in culture medium, no precipitates are formed, and no transdifferentiation of VSMC occurs. In fact, calcification also occurs using non-transdifferentiated, dead cells (Villa-Bellosta and Sorribas, 2009). Thus, the above in vitro experimental model represents an extreme case of biomedical research reductionism, misrepresenting the multifactorial complexity of the MVC. For example, because fluoride prevents the growth of calcium deposits in vitro it could be considered calcification inhibitor, yet, in contrast, fluoride promotes MVC in in vivo experimental rat model (5/6-nephrectomy) likely due to multitude of effects, mainly nephrotoxicity (Martín-Pardillos et al., 2014).

It has been established that osteo/chondrogenic transformation of VSMC does occur in the medial layer in MVC in vivo, as shown by the expression of several bone forming genes. Nevertheless, if CaP homogeneous precipitation in blood and direct Pi effect on bone forming gene expression rather effected by the calcium nanoprecipitate depositions can be excluded, s are then osteo/chondrogenic transformation could be considered a consequence of preceding calcium depositions caused for example by factors such as the local ACP supersaturation, AP overexpression and/or abundance of nucleation promoter (Hortells et al., 2017; Hruska et al., 2017), depending of the processes associated with CKD, DM, aging, or other. Therefore, we suggest, that any hypothesis of pathogenesis of MVC needs to comply with the thermodynamic principles and pass successfully the filter of energetic plausibility.



PRINCIPLES, EXPERIMENTAL EVIDENCES, AND HYPOTHESIS IN MVC THERMODYNAMICS

In the final section we shall briefly outline the key principles of the fundamental laws of thermodynamics that must be obeyed in all settings and systems, evidence concerning the structure and other physical-chemical aspects of calcifications, and experimentally determined thermodynamic data that will likely require reassessments based on in vivo experimental data. Finally, the hypothesis of the mechanisms of MVC in the light of these guiding principles will be provided.

Firstly, the most fundamental principle relevant to any VC in any systems is that the process can commence and continue only if the conditions of supersaturation >1 are fulfilled. Thus, to define the mechanism of MVC in vivo, the supersaturation of the precipitating CaP compound in the milieu of the vascular medial layer must be exactly known.

Secondly, supersaturation is related to the activities of free calcium and phosphate ions that depend on concentrations and activity coefficients, which in turn vary with the ionic strength of the medium. Thus, determination of the ionic composition and activities in the vascular media is necessary to calculate true supersaturation.

Thirdly, the available experimental evidence based on the analysis of CaP calcifications in cell cultures and in arterial walls in mice indicates that the first calcium phosphate species to precipitate is ACP. Therefore, to predict the occurrence of VC the critical value of supersaturation of ACP in the arterial medial layer must be determined.

Fourthly, the experimental evidence thus far indicates that ACP is mainly composed of the PO43–. Therefore PO43– is the most relevant phosphate ion species to calculate ACP supersaturation and hence to predict the likelihood of developing MVC.

Fifthly, the supersaturation is defined in relation to the thermodynamic constant, solubility product (Ksp), of the precipitating compound. However, the available values of Ksp of ACP obtained in vitro using pH ranges unlikely to occur in vivo will need to be reassessed in vivo systems. The knowledge of Ksp (ACP) is critical because once ACP converts over time into HAP, calcification becomes virtually irreversible and its progression will be very difficult to stop or to reverse.

Sixthly, apart from the supersaturation, other factors also modulate the calcification process in vivo. These factors include primarily the presence of promoters and inhibitors at the sites of prospective calcifications. Although a number of such biomolecules has been proposed, their nature and mode of action in MVC remain to be identified. Based on the available experimental data concerning CaP precipitation we propose that promoters are likely to be large molecules containing abundant calcium-binding groups such as phosphonate, phosphate, carboxylate, sulfonate, and sulfate. These moieties are present in phosphorylated proteins, sulfated glycosaminoglycans, carboxyglutamic proteins, and phospholipids. Although the origins of these molecules within the medial layer remain to be clarified, debris of dying or dead cells represents reasonable candidates. Despite of the abundant experimental evidence concerning inhibitors, such as pyrophosphate, in blood and in the ECM with a broad potential to restrain virtually all steps of the calcification process including the nucleation of ACP, the conversion of ACP into HAP, and the crystal growth of HAP, their relevance in the MVC process remains to be clarified.

Seventhly, based on the impact of pH on the concentration of PO43– ions, and consequently on the supersaturation of ACP and HAP, we hypothesize that possible triggering factor for MVC calcification could be transient increases in the local pH with possible participation of the CaCO3 in the medial calcification process as outlined above.



CONCLUSION

Calcium deposition in MVC represents a complex biological process likely involving a multitude of local and systemic factors that control the activities (rather than the concentrations) of the calcium and phosphate ions in the medial layer. The laws of thermodynamics not only delimit the number of interpretations of findings, they also assist to identify the most likely mechanisms. In vitro studies and early in vivo experimental evidence indicate that the initial precipitating phase at neutral pH is ACP, a phase that is likely undersaturated in blood, even under hyperphosphatemic conditions. Focal ACP supersaturation in the medial layer to achieve precipitating levels could be triggered by multiple factors including dramatic increase of calcium and/or phosphate activities, modest local increase in pH, imbalance between promoters and inhibitors or any combination of these.

To advance the understanding of CaP crystallization and the development of therapeutic agents preventing, inhibiting or even reversing the calcification process in MVC, research data from in vivo experimental protocols will be required. Compliance of these data with the laws of thermodynamics will become the litmus test of their scientific plausibility.
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Basic calcium phosphate (BCP)-based calcification of cartilage is a common finding during osteoarthritis (OA) and is directly linked to the severity of the disease and hypertrophic differentiation of chondrocytes. Chondrocalcinosis (CC) is associated with calcium pyrophosphate dihydrate (CPPD) deposition disease in the joint inducing OA-like symptoms. There is only little knowledge about the effect of CPPD crystals on chondrocytes and the signaling pathways involved in their generation. The aim of this study was to investigate the chondrocyte phenotype in CC cartilage and the effect of CPPD crystals on chondrocytes. Cartilage samples of patients with CC, patients with severe OA, and healthy donors were included in this study. The presence of CC was evaluated using standard X-ray pictures, as well as von Kossa staining of cartilage sections. OA severity was evaluated using the Chambers Score on cartilage sections, as well as the radiological Kellgren–Lawrence Score. Patients with radiologically detectable CC presented calcification mainly on the cartilage surface, whereas OA patients showed calcification mainly in the pericellular matrix of hypertrophic chondrocytes. OA cartilage exhibited increased levels of collagen X and matrix metalloproteinase 13 (MMP13) compared with CC and healthy cartilage. This observation was confirmed by qRT-PCR using cartilage samples. No relevant influence of CPPD crystals on hypertrophic marker genes was observed in vitro, whereas BCP crystals significantly induced hypertrophic differentiation of chondrocytes. Interestingly, we observed an increased expression of p16 and p21 in cartilage samples of CC patients compared with OA patients and healthy controls, indicating cellular senescence. To investigate whether CPPD crystals were sufficient to induce senescence, we incubated chondrocytes with BCP and CPPD crystals and quantified senescence using β-gal staining. No significant difference was observed for the staining, but an increase of p16 expression was observed after 10 days of culture. Primary chondrocytes from CC patients produced CPPD crystals in culture. This phenotype was stabilized by mitomycin C-induced senescence. Healthy and OA chondrocytes did not exhibit this phenotype. BCP and CPPD crystals seem to be associated with two different chondrocyte phenotypes. Whereas BCP deposition is associated with chondrocyte hypertrophy, CPPD deposition is associated with cellular senescence.

Keywords: calcium pyrophosphate dihydrate, osteoarthritis, cartilage, senescence, chondrocyte, calcification, chondrocalcinosis senescence in chondrocalcinosis 2


INTRODUCTION

The calcification of collagenous matrix is a physiological process. Two types of calcium crystals, basic calcium phosphate (BCP) crystals and calcium pyrophosphate dihydrate (CPPD) crystals, have been described to be present in cartilage (Fuerst et al., 2009a). CPPD crystals are rhomboid shaped, 1–20 μm in size, and birefringent in polarized light (Schumacher, 1996). BCP crystals, however, are only about 1 nm in size and not birefringent (Dieppe et al., 1976).

Chondrocalcinosis (CC) can be associated with severe inflammation and massive joint destruction (Fuerst et al., 2011). The knee joint, wrists, and symphysis are frequently affected. CC affected joints can also be asymptomatic for a long time. The prevalence of CC is about 7% (United Kingdom) of the population, with a strong association with age. The prevalence rises by 3.7% in the age group 55–59 and by 17.5% in the 80–84 age group (Neame et al., 2004). CC has been described to occur bilaterally in the knee joints, with the lateral compartment and especially the meniscus being more frequently affected than the medial compartment (Neame et al., 2004). In general, CC is characterized by a deposition of CPPD crystals in the joint tissues and thus differs from osteoarthritis (OA), in which mainly BCP crystals are formed predominantly in the articular cartilage (Bjelle and Sundstrom, 1975; Fuerst et al., 2009b). The cause of CC can be sporadic or familial or associated with various metabolic abnormalities, such as hypermagnesemia and hemochromatosis (Cheng and Pritzker, 1988; Richette et al., 2005; Cimbek et al., 2015). The genetic triggers of CC are mainly mutations in the progressive ankylosis (ANK) gene and the corresponding promoter resulting in an increased expression of ANK, which promotes the formation of CPPD crystals (Zaka and Williams, 2005; Abhishek and Doherty, 2011; Abhishek et al., 2014). Furthermore, a correlation with CC and an increased activation of ectonucleotide pyrophosphatase/phosphodiesterase (NPP1) has been suggested (Derfus et al., 1996). Thereby, the pyrophosphate pathway has been described to play a critical role in the regulation of CPPD crystal deposition (Karpouzas and Terkeltaub, 1999).

The relationship between CC and OA is not clearly described in the literature. Some studies suggest a link between both conditions (Abhishek et al., 2016; Karimzadeh et al., 2017), while other studies do not describe a direct correlation between CC and OA (Fuerst et al., 2009a; Misra et al., 2015). Some studies show that CPPD crystals are detectable in about 20% of patients with OA (Fuerst et al., 2009a, b). The mechanistic link between CPPD crystal deposition and cartilage degradation in CC is not clearly described. CPPD crystals have also been shown to induce inflammatory signaling pathways in chondrocytes in vitro (Campillo-Gimenez et al., 2018). However, detailed mechanisms for CPPD crystal deposition in CC have not been described until now. Furthermore, the detailed effects of CPPD crystals on the joint tissues have not been investigated in detail.

Basic calcium phosphate crystal deposition has been attributed to hypertrophic differentiation of chondrocytes during OA (Fuerst et al., 2009a). Furthermore, BCP crystals have been implicated in various signaling pathways including the inflammatory signaling pathways and canonical WNT signaling (Ea et al., 2013; Nasi et al., 2016, 2017; Bertrand et al., 2020). Besides hypertrophic differentiation of chondrocytes, also apoptosis and senescence have been associated with the OA chondrocyte phenotype (McCulloch et al., 2017). Chondrocyte senescence has been published to be a hallmark of human OA cartilage (Martin et al., 2004a, b; Philipot et al., 2014). Cellular senescence is characterized by a blockade of the cell cycle by increased expression of p16 and p21, apoptosis resistance, and a characteristic secretory phenotype comprising a multitude of inflammatory cytokines (Campisi, 2007). A variety of stressors have been shown to induce senescence including genotoxic stress, e.g., by oxidative DNA damage or by shortening of telomeres after multiple cell divisions. Interestingly, in a mechanically induced OA mouse model, an accumulation of senescent cells was found in articular cartilage. The administration of “senolytic” substances, which lead to apoptosis of senescent cells, reduced cartilage damage (Jeon et al., 2017).

As it is unclear which chondrocyte phenotype is associated with CC, this study aims to investigate the chondrocyte phenotype in CC cartilage as well as the effect of CPPD crystals on chondrocytes.



MATERIALS AND METHODS


Human Cartilage Samples

Human OA articular cartilage was obtained from patients undergoing joint replacement for knee OA after they gave written consent. Ethical approval for this study was given by the Institutional Review Board (IRB) of the Medical School, Otto-von-Guericke University, Magdeburg (IRB No. 28/20). Healthy cartilage samples were taken from the Department of Forensic Medicine during autopsies of young patients without macroscopic signs of OA or joint trauma (IRB No. 23/16). CC patients were identified using the X-ray image. Von Kossa staining of cartilage sections was used to confirm the presence of CC. OA patients were discriminated from CC patients by no visible calcification between femur and tibia in the X-ray, as well as using the von Kossa staining of cartilage sections. OA patients and CC patients are age matched; healthy controls are of younger age. Full thickness samples were dissected from most loaded areas of articular cartilage in the medial compartment of tibial plateau.



Sample Preparation and Histological Staining

Cartilage samples were fixed in freshly prepared 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS; pH 7.4) at 4°C for 24 h. The samples were dehydrated through a graded series of ethanol solutions and embedded in paraffin. Sections (5 μm) were cut and deparaffinized and histochemically stained. Osteoarthritic changes were evaluated by staining with Safranin-Orange. Cartilage scoring was performed as described using the OARSI Scoring (Pritzker et al., 2006). Von Kossa stainings of human cartilage samples were performed to assess the location and quantity of calcification.



Immunofluorescence Stainings

Paraffin cartilage sections were rehydrated. For aggrecan (1:500, LS Bio LS-A1561) and Col X (1:300, Abcam, #ab58632), antigen retrieval was performed with trypsin. For matrix metalloproteinase 13 (MMP13) (1:300, Abcam, #ab39012), antigen retrieval was performed with citrate buffer at pH 6. For p16 (1:70, Abcam, #ab51243), antigen retrieval was performed with citrate buffer at pH 9. Free epitopes were blocked with 4% bovine serum albumin (BSA) in PBS for 1 h at room temperature (RT). Alexa Fluor 555 (Thermo Scientific) was applied as a secondary antibody. Sections were fixed with Roti-Mount FluorCare DAPI (Roth). Control IgG stainings were performed for each antibody staining and served as an internal control for antibody specificity.



Isolation and Culture of Chondrocytes

Primary chondrocytes were isolated from articular cartilage of patients or neonatal murine knee joints. The cartilage was removed from the femoral and tibial condyle and cut into small pieces. Cartilage pieces were incubated for 30 min with Dulbecco’s modified Eagle’s medium (DMEM) containing 1 mg/ml of Pronase (Sigma). Afterward, the medium was removed and replaced overnight with DMEM (Sigma) containing with 1 mg/ml of collagenase D (Worthington-Bio). On the following day, the cells were filtered and washed with PBS and cultured in cell culture flask.



Induction of Cellular Senescence

Chondrocytes were seeded at a density of 2 ∗ 105 cells/well in 6-well plates. On the two following days, the cells were treated with 200 nM of mitomycin C (Sigma-Aldrich) or the similar amount of dimethyl sulfoxide (DMSO) as a control for 24 h each. Cells were cultivated for three more days and then fixed in 4% PFA for further analyses.



Quantification of Calcium Pyrophosphate Dihydrate Crystal Deposition

Chondrocytes were cultured for 1, 5, and 10 days in glass-bottomed wells. The cells were fixed in freshly prepared 4% PFA in PBS at room temperature for 30 min. The nuclei were stained using Roti-Mount FluorCare DAPI (Roth) for 30 min at room temperature. After they were washed in PBS, microscopic pictures were taken using polarized light at 400 × magnification. The number of crystals per DAPI-positive cell were counted using ImageJ.



Scanning Electron Microscopy With Energy-Dispersive Spectroscopy Analyses

Chondrocyte cultures were imaged and analyzed using scanning electron microscopy (SEM) (FEI Scios DualBeam equipped with an EDAX EDS system, Thermo Fisher, United States). First, samples were sputtered with a thin gold layer (<10 nm) in order to ensure electrical conductivity. SEM investigations were executed using an acceleration voltage of 10 kV. Imaging was performed using secondary electrons, and chemical analyses were performed by energy-dispersive X-ray (EDX) spectroscopy (EDS). Regions of interest (ROIs) were identified using imaging mode at lower nominal magnifications (250×). Chemical analyses of essential ROIs were performed as EDS spot analysis.



RNA Extraction, cDNA Synthesis, and Real-Time RT-PCR

Total RNA was extracted from cartilage explants using TRIzol reagent (Invitrogen). Total RNA of 1 μg from each sample was reverse transcribed using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) using oligo dT primers. Quantitative PCR was performed with SYBR Green I using Applied Biosystems PRISM 7900HT (Thermo Scientific). Primer sequences are listed in Supplementary Table 1. Absolute quantification was carried out using standard curves. Target gene expression was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH).



Basic Calcium Phosphate and Calcium Pyrophosphate Dihydrate Crystal Stimulation

Sterile, pyrogen-free BCP crystals were synthesized as previously described (Bertrand et al., 2020). Triclinic CPPD crystals were purchased from InvivoGen.



Senescence-Associated β-Galactosidase Staining

Staining for senescent cells was performed on cell culture chondrocytes. The staining was performed according to the manufacturer’s instructions (Senescence β-Galactosidase Staining Kit #9860, Cell Signaling).



Statistics

All data were presented as mean ± SEM. Data comparing two groups were analyzed by a t-test for statistical significance. Data with more than two groups were analyzed by a one-way analysis of variance (ANOVA) followed by a Holm–Sidak’s test as post hoc test in case of a statistically significant ANOVA result or a Kruskal–Wallis test in case of non-parametric data distribution with a Dunn’s post hoc test. A Shapiro–Wilk normality test was performed to identify parametric or non-parametric data distribution. Data analyses were performed using GraphPad Prism V.6.00 for Windows (GraphPad Software, La Jolla, CA, United States1). Statistical significance was determined at level of p ≤ 0.05.




RESULTS


Chondrocalcinosis Cartilage Shows Less Severe Histological Destruction

To investigate the histological cartilage changes of CC and OA cartilage, we included also healthy control cartilage samples. Furthermore, CC synovial tissue samples and OA synovial tissue samples were investigated. The age of the CC (67.04 ± 2 years) and OA (64.6 ± 4 years) patients was comparable, whereas healthy (26.25 ± 3 years) donors were younger (Supplementary Figure 1A). The radiological severity of OA was measured using the Kellgren–Lawrence Score (KL Score). We observed a significantly lower KL Score in CC patients (3.03 ± 0.2) in comparison with OA patients (3.91 ± 0.1; p = 0.0075) (Figure 1A). Next, we dissected cartilage from the main loading area of knee joints from patients undergoing knee joint surgery for severe OA and compared this cartilage with CC cartilage and healthy control cartilage (Figure 1B). Safranin-Orange staining with subsequent OARSI Scoring showed significantly less histological cartilage damage in CC cartilage compared with OA cartilage (p < 0.001). As expected, the healthy control cartilage did not show signs of cartilage degradation in the OARSI Scoring (p < 0.001) (Figure 1B). Interestingly, the von Kossa staining revealed less cartilage calcification in OA cartilage compared with CC cartilage (p = 0.049) (Figure 1C). Furthermore, OA cartilage showed more calcification than healthy cartilage (p = 0.035) (Figure 1C). To further investigate the source of calcification in CC, we also stained synovial membrane using von Kossa staining for the presence of calcification (Figure 1D). Again, we observed an increase in tissue calcification in the CC synovial membrane compared with OA synovial membrane (p = 0.05). However, this increase in calcification was not accompanied by an increase in synovitis as scored by the Krenn Synovitis Score. In contrast, we found an increased synovitis in OA synovial membrane compared with CC synovial membrane (p = 0.016) (Figure 1E).
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FIGURE 1. Chondrocalcinosis (CC) cartilage shows less severe histological cartilage destruction. (A) Representative images for the tibial plateau of healthy controls, as well as osteoarthritis (OA) and CC patients (the black square indicates the main loading area and region of sampling). The quantification of radiological OA was performed using the Kellgren–Lawrence Score [CC (3.0 ± 0.19), N = 27; OA (3.9 ± 0.09) N = 11, t-test p = 0.0075]. (B) Representative pictures of cartilage sections stained with Safranin-Orange (middle). Quantification of histological OA severity in the tested OA and CC cohorts [healthy: 0 (N = 6), CC: 2.4 ± 0.14 (N = 24) and OA: 3.5 ± 0.13 (N = 10), one-way ANOVA: F(2,37) = 71.69, p < 0.0001]. (C) Representative pictures of von Kossa-stained cartilage sections. Quantification of cartilage calcification from von Kossa staining [healthy: 0.03 ± 0.01 (N = 6, n: 1–2), CC: 2.02 ± 0.7 (N = 27, n: 1–2), and OA: 0.07 ± 0.02 (N = 11, n: 1–2), one-way ANOVA: F(2,76) = 4.389, p = 0.01]. (D) Representative von Kossa staining of synovial membrane from OA and CC patients, with quantification of calcification [t-test: CC: 1.35 ± 0.4 (N = 27) and OA: 0.006 ± 0.004 (N = 11)]. (E) Quantification of synovitis in CC and OA patients using the Krenn Synovitis Score [t-test: CC: 3.6 ± 0.4 (N = 27) and OA: 6.2 ± 1.2 (N = 5)]. The scale bar indicates 500 μm. *p ≤ 0.05, **p ≤ 0.01.




Chondrocytes in Chondrocalcinosis Cartilage Do Not Show Increased Markers of Hypertrophic Differentiation

Next, we investigated whether CC cartilage also expresses increased markers of hypertrophic chondrocyte differentiation, as observed in OA cartilage. As expected, we observed an about 30-fold increase in collagen X staining, as a marker for chondrocyte hypertrophy in OA cartilage, compared with healthy and CC cartilage (Figure 2A). This observation was confirmed by five-fold increase of collagen X expression in OA cartilage specimens compared with healthy or CC cartilage (Figure 2B). Confirming the increase in hypertrophic marker gene expression in OA cartilage, we observed a six-fold increase in MMP13 staining in OA cartilage, which was not present in healthy or CC cartilage (Figure 2C). Again, this observation was confirmed by a marked increase in MMP13 expression in OA cartilage specimens and about double the expression level as compared with CC cartilage (Figure 2D). To show the influence of CC on aggrecan, as a marker of healthy chondrocytes, we stained again tissue sections. We observed significant reduction of aggrecan staining in OA cartilage compared with CC cartilage. However, there was no obvious change between healthy and OA cartilage in aggrecan staining (Figure 2E). On expression level, a significant decrease in aggrecan expression in OA cartilage samples compared with healthy was observed, whereas no changes in expression were observed compared with CC cartilage (Figure 2F). As it is known that BCP crystals are sufficient to induce upregulation hypertrophic marker gene expression of chondrocytes, we tested the effect of BCP and CPPD crystals on the respective genes.
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FIGURE 2. Chondrocytes in chondrocalcinosis (CC) cartilage do not show increased markers of hypertrophic differentiation. (A) Quantification of collagen X-stained cartilage area in healthy, CC, and osteoarthritis (OA) cartilage sections [one-way ANOVA: F(2,65) = 51.06, p < 0.0001]. Representative images of collagen X staining, as well as IgG control staining, are shown (scale bar 200 μm). (B) Quantitative RT-PCR for collagen X expression of cartilage specimens from healthy, OA, and CC cartilage [one-way ANOVA: F(2,22) = 4.12, p = 0.03]. (C) Quantification of metalloproteinase 13 (MMP13)-stained cartilage area [one-way ANOVA: F(2,62) = 12.31, p < 0.0001]. Representative images of MMP13 staining, as well as IgG control staining, are shown (scale bar 200 μm). (D) Quantitative RT-PCR for MMP13 expression of cartilage specimens from healthy, OA, and CC cartilage [Kruskal–Wallis test: F(2,22) = 10.4, p = 0.006]. (E) Quantification of aggrecan-stained cartilage area in healthy, CC, and OA cartilage sections [one-way ANOVA: F(2,41) = 3.796, p = 0.03]. Representative images of aggrecan staining, as well as IgG control staining, are shown (scale bar 200 μm). (F) Quantitative RT-PCR for aggrecan expression of cartilage specimens from healthy, OA, and CC cartilage [one-way ANOVA: F(2,12) = 5.043, p = 0.025]. (G) Quantitative RT-PCR for collagen X expression of C28 chondrocytes stimulated with 0.1 ng/ml of either calcium pyrophosphate dihydrate (CPPD) or basic calcium phosphate (BCP) crystals [one-way ANOVA: F(3,10) = 9.86, N = 3–5, p = 0.0025]. (C) Quantification of MMP13-stained cartilage area (t-test: N > 13, p = 0.0003). (H) Quantitative RT-PCR for MMP13 expression of C28 chondrocytes stimulated with 0.1 ng/ml of either CPPD or BCP crystals [one-way ANOVA: F(3,12) = 4.563, N = 3–7, p = 0.024]. (I) Quantitative RT-PCR for aggrecan expression of C28 chondrocytes stimulated with 0.1 ng/ml of either CPPD or BCP crystals [one-way ANOVA: F(3,12) = 216.4, N = 3–7, p < 0.0001]. *p ≤ 0.05, ***p ≤ 0.001, ****p ≤ 0.0001.


We observed a six-fold increase of collagen X expression in BCP-stimulated chondrocytes, but not CPPD crystal-stimulated chondrocytes (Figure 2G). A similar result was achieved for MMP13, where CPPD crystals had no effect on MMP13 expression (Figure 2H). The CPPD crystals did not also influence the aggrecan expression, whereas BCP crystals induced a 16-fold downregulation of aggrecan expression (Figure 2I).



Cellular Senescence Markers Are Increased in Chondrocalcinosis Cartilage

We did not observed an increase in hypertrophic marker genes in CC cartilage, as it is described for OA cartilage. Therefore, we investigated another chondrocyte differentiation pathway that has been linked to cartilage degeneration. Interestingly, we found a doubling of p16-positive chondrocytes in CC cartilage compared with healthy and OA cartilage (Figure 3A). To investigate a possible differentiation of the chondrocyte phenotype toward senescence in CC cartilage, we investigated the expression of p16 and p21, as senescence marker genes, in cartilage samples from OA and CC patients and healthy controls. The expression of p16 was three-fold upregulated in CC cartilage samples compared with OA cartilage (p = 0.003). This observation was confirmed by a three-fold increase in p21 in CC cartilage compared with OA samples (p = 0.05). However, an increase in p16 and p21 was also found in OA cartilage compared with healthy controls (Figure 3B). Next, we investigated whether CPPD crystals would be sufficient to induce cellular senescence in vitro. Therefore, we stimulated human primary human chondrocytes with 0.1 ng/ml of either BCP or CPPD crystals for up to 10 days and quantified the amount of β-galactosidase (β-Gal)-positive cells at days 1, 5, and 10. There was no change in β-Gal-positive cells for all conditions. However, we observed an increase in p16 expression after 10 days with CPPD crystal stimulation in comparison with BCP and unstimulated chondrocytes (p = 0.0068) (Figure 3C). Interestingly, we observed a capacity of CC chondrocytes to produce CPPD crystals without stimulation, which was not observed in either OA or murine primary chondrocytes (two-way ANOVA: F(1,8) = 5.43, p = 0.04). The phenotype of CPPD crystal production in CC chondrocytes reduced during the culturing time (Figure 3D). However, after treatment of CC chondrocytes with mitomycin C to induce senescence, the production of CPPD crystals was increased (Wilcoxon test: p = 0.0039) (Figure 3E). This effect was not observed in OA chondrocytes, which did not produce crystals with or without induction of senescence (Figure 3E). To verify that the observed crystals are indeed CPPD crystals, we performed SEM-EDX on chondrocyte cultures, identifying the chemical composition of the crystals. The EDX spectrum proves that the crystals produced by CC chondrocytes are CPPD crystals (Figure 3F).
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FIGURE 3. Cellular senescence markers are increased in chondrocalcinosis (CC) cartilage. (A) Quantification of p16-stained cartilage area in healthy, CC, and osteoarthritis (OA) cartilage sections [one-way ANOVA: F(2,21) = 7.064, p = 0.0045]. Representative images of p16 staining, as well as IgG control staining, are shown (scale bar 50 μm). (B) qRT-PCR for expression of senescence marker genes p16 (Kruskal–Wallis test: OA vs. CC: p = 0.038, CC vs. healthy: p = 0.0015, N = 5–15) and p21 (Kruskal–Wallis test: OA vs. CC: p = 0.05, CC vs. healthy: p < 0.0001, N = 5–15) of CC, OA, and healthy cartilage samples. (C) Stimulation of primary human chondrocytes with 0.1 ng/ml of basic calcium phosphate (BCP) or calcium pyrophosphate dihydrate (CPPD) crystals for up to 10 days and subsequent staining for β-Gal. Percentage of β-Gal-positive cells was counted [two-way ANOVA for time and treatment: F(4,30) = 1.65, p = 0.19]. Representative images for BCP and CPPD stimulation at day 10 are given p16 expression of chondrocytes treated with 0.1 ng/ml of BCP or CPPD crystals over the time course of 10 days [two-way ANOVA: F(4,15) = 3.94, p = 0.02]. (D) Culture of isolated chondrocytes from CC and OA cartilage, as well as murine neonatal chondrocytes, over a time course of 10 days. The number of crystals per cell was counted in DIC/DAPI-stained images. Representative images are given for healthy, CC, and OA chondrocytes at day 10 [two-way ANOVA: F(1,8) = 5.43, p = 0.04]. (E) Treatment of CC chondrocytes with mitomycin C to induce senescence. The number of crystals per cell was counted in DIC/DAPI images (CC chondrocytes: Wilcoxon-test: p = 0.004, N = 8; OA chondrocytes: p = 0.98, N = 8). (F) Representative electron micrograph of cultured CC chondrocytes with present crystals and energy-dispersive X-ray spectroscopy (EDS) microanalysis of a representative crystal. The microanalysis identifies the crystal as CPPD based on quantitative Ca/P ratio. *p ≤ 0.05, **p ≤ 0.01.





DISCUSSION

The prevalence of CC has been associated with a female preponderance and aging, as most patients affected are over the age of 65 (Higgins, 2016). Our cohort does not show the predominance of female patients (Supplementary Figure 1A). The age of the OA and CC patients is in line with the current literature and was similar in both groups (Supplementary Figure 1B). Current literature describing CC is mainly focusing on imaging-based diagnostics of CC, but the molecular pathways underling this disease are only poorly understood. This study sheds light on the molecular pathways contributing to CPPD crystal deposition.

Chondrocalcinosis has been described to most commonly affect fibrocartilage, but also occurs in hyaline cartilage of the knee, shoulder, and hip (Abhishek and Doherty, 2011). Interestingly, we also observed calcification in the synovial membrane, giving rise to the assumption that besides chondrocytes, fibroblasts are also able to contribute to CPPD crystal deposition (Figure 1D). So far, CPPD crystals have been associated with inflammatory reactions due to the activation of the inflammasome in vitro (Renaudin et al., 2019). Our data, however, indicate that the inflammatory reaction of the synovial membrane in CC patients is less compared with OA (Figure 1E). These data could be interpreted in a way that either the inflammation in OA is more severe or the CC patients in this study were not in the active inflammatory phase of CC when the samples were taken.

As aging has been also associated with the CC phenotype, we investigated the presence of senescent chondrocytes in CC cartilage. Cellular senescence has been associated with OA pathology by various studies (McCulloch et al., 2017). We observed that senescent marker genes p16 and p21 are markedly increased in CC cartilage compared with OA cartilage. Zhou et al. (2004) reported more p16-positive chondrocytes in OA cartilage compared with age-matched normal tissue. They linked p16 to OA pathogenesis, as p16 knockdown resulted in more chondrocyte proliferation and matrix production (Zhou et al., 2004). A study indicated that p21 was upregulated during the early stage of senescence. The upregulation of p16 might be essential for maintenance of the senescent cell-cycle arrest (Stein et al., 1999). Therefore, chondrocytes in CC cartilage might be kept in a constant cell-cycle arrest, due to upregulation of both marker genes. Interestingly, we show that CC chondrocytes have the capacity to produce CPPD crystals, even when they are isolated from their pathological surrounding in the diseased joint (Figure 3D). This observation is in line with the finding that the deposition of BCP crystals is also a pathological program that started in hypertrophic chondrocytes during OA, which is kept even after isolation of chondrocytes from OA cartilage (Fuerst et al., 2009a). However, chondrocytes in CC cartilage did not express increased markers of hypertrophic differentiation (Figure 2), as they do in OA. Our data indicate that CC is associated with a senescent phenotype of chondrocytes, as both senescence markers p16 and p21 are upregulated in CC cartilage (Figure 3B). However, CPPD crystals themselves did only induce a minor increase in p16 expression, but have no change in the amount of β-Gal-positive cells (Figure 3C). BCP crystals have been shown to induce hypertrophic differentiation of chondrocytes by activating the canonical Wnt signaling pathway (Bertrand et al., 2020). However, no effect of BCP crystals on chondrocyte senescence markers was detected (Figure 3C). The amount of CPPD crystals produced by CC chondrocytes reduced over time (Figure 3C). However, the amount of crystal production was significantly increased by induction of senescence using mitomycin C in CC chondrocytes (Figure 3E). Induction of senescence in OA chondrocytes was not sufficient to induce CPPD crystal deposition. This finding indicates that there is a link between senescence and CPPD crystal deposition. However, the induction of senescence alone is not sufficient to induce the phenotype as well as the stimulation with CPPD crystals. It seems that there must be metabolic changes of CC chondrocytes enabling them to produce these crystals. CC, and the deposition of CPPD crystals, is believed to be caused by an imbalance between the extracellular levels of pyrophosphate and phosphate. In theory, pyrophosphate is secreted in the synovium and adjacent tissues, where it combines with calcium to form CPPD crystals (Higgins, 2016). The present data indicate that there might be a genetic predisposition in CC patients inducing the deposition of CPPD crystals, leading to increased chondrocyte senescence.



CONCLUSION

Basic calcium phosphate and calcium pyrophosphate dihydrate crystals seem to be associated with two different chondrocyte phenotypes. Whereas BCP deposition is associated with chondrocyte hypertrophy, CPPD deposition is associated with chondrocyte senescence.
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Background: The liver-derived plasma protein fetuin A is a systemic inhibitor of ectopic calcification. Fetuin-A stabilizes calcium phosphate mineral initially as ion clusters to form calciprotein monomers (CPM), and then as larger multimeric consolidations containing amorphous calcium phosphate (primary CPP, CPP 1) or more crystalline phases (secondary CPP, CPP 2). CPM and CPP mediate excess mineral stabilization, transport and clearance from circulation.

Methods: We injected i.v. synthetic fluorescent CPM and studied their clearance by live two-photon microscopy. We analyzed organ sections by fluorescence microscopy to assess CPM distribution. We studied cellular clearance and cytotoxicity by flow cytometry and live/dead staining, respectively, in cultured macrophages, liver sinusoidal endothelial cells (LSEC), and human proximal tubule epithelial HK-2 cells. Inflammasome activation was scored in macrophages. Fetuin A monomer and CPM charge were analyzed by ion exchange chromatography.

Results: Live mice cleared CPP in the liver as published previously. In contrast, CPM were filtered by kidney glomeruli into the Bowman space and the proximal tubules, suggesting tubular excretion of CPM-bound calcium phosphate and reabsorption of fetuin A. Fetuin-A monomer clearance was negligible in liver and low in kidney. Anion exchange chromatography revealed that fetuin A monomer was negatively charged, whereas CPM appeared neutral, suggesting electrochemical selectivity of CPM versus fetuin A. CPM were non-toxic in any of the investigated cell types, whereas CPP 1 were cytotoxic. Unlike CPP, CPM also did not activate the inflammasome.

Conclusions: Fetuin-A prevents calcium phosphate precipitation by forming CPM, which transform into CPP. Unlike CPP, CPM do not trigger inflammation. CPM are readily cleared in the kidneys, suggesting CPM as a physiological transporter of excess calcium and phosphate. Upon prolonged circulation, e.g., in chronic kidney disease, CPM will coalesce and form CPP, which cannot be cleared by the kidney, but will be endocytosed by liver sinusoidal endothelial cells and macrophages. Large amounts of CPP trigger inflammation. Chronic CPM and CPP clearance deficiency thus cause calcification by CPP deposition in blood vessels and soft tissues, as well as inflammation.

Keywords: calciprotein monomer, calcification, fetuin-A, plasma protein, mineral metabolism, calciprotein particle


INTRODUCTION

The formation of stable protein mineral complexes, named calciprotein particles (CPP) is considered as potent mechanism to prevent soft tissue calcification (Heiss et al., 2008). CPP consist of calcium, phosphate, fetuin-A, and further plasma proteins. In the first maturation state, CPP form as colloidal nanoparticles called primary CPP or CPP-1. Time-, pH-, temperature-, and mineral saturation-dependently, CPP-1 undergo an Ostwald ripening process associated with structural and compositional rearrangements resulting in crystalloid secondary CPP or CPP-2 (Wald et al., 2011). CPP-2 are ellipsoid shaped with a crystalline core surrounded by a protein layer (Heiss et al., 2003) (Supplementary Figure 1). With particle ripening, the protein composition of CPP will change (Smith et al., 2018). Fetuin-A, albumin, and the plasma proteins apolipoprotein A1, prothrombin, and complement C3 were consistently identified across multiple studies (Wu et al., 2013). CPP-1 have a hydrodynamic diameter of approximately 50–100 nm, and CPP-2 of 100–300 nm (Wald et al., 2011).

Small angle neutron scattering analysis of CPP topology, composition, and morphogenesis revealed that fetuin-A stabilized the fluid phase in conditions of calcium and phosphate supersaturation, in that 5–10% of the fetuin-A protein and about one half of mineral ions present in the initial mixture ultimately comprised CPP. The second half of mineral ions formed small calcium phosphate clusters bound to fetuin-A monomers. These particles were named calciprotein monomers CPM (Heiss et al., 2010). Recent research demonstrated that protein-sized CPM may actually be the predominant circulating form of protein-mineral complexes in the body (Miura et al., 2018; Smith et al., 2018). These are much smaller at 9–10 nm diameter and may thus be cleared differently from both CPP-1 and CPP-2. Clearance studies of synthetic nanoparticles showed that the preferred clearance mechanisms strongly depends on size, charge, geometry, and protein absorption (Chithrani et al., 2006; Behzadi et al., 2017). Nanoparticles are cleared through three principal mechanism, the mononuclear phagocyte system (MPS), renal filtration, and the hepatobiliary elimination (Zhang et al., 2016). The MPS comprises professional phagocytic mononuclear cells originating from the bone marrow, which mobilize into the circulation and ultimately reside in tissues as macrophages (Lasser, 1983). Professional phagocytes include macrophage related bone osteoclasts, brain microglia, liver Kupffer cells, dendritic cells in skin and lymph nodes, as well as lung, spleen, bone marrow, gut, and peritoneal fluids macrophages (Lasser, 1983; Gordon et al., 1988). MPS macrophages clear stiff particles of 200 nm diameter and larger, including bacteria and rigid nanoparticles, as well as soft particles of up to 200 nm diameter, including cell remnants and apoptotic cell vesicles, platelet fragments, aged red cells, and protein complexes. To leave circulation into renal excretion, nanoparticles must be small enough to pass the fenestrated endothelium, the glomerular basement membrane and the epithelial filtration slits between podocyte extensions, and several layers of charge-repulsive glomerular capillary wall. Ultrasmall engineered nanoparticles of less than 5 nm diameter including quantum dots (Fridén et al., 2011) or ultrasmall gold nanoparticles (Hausmann et al., 2010) passed the renal filtration barrier into the urine. Due to negative charge of the glomerular capillary wall, surface charge of nanoparticles was equally important like particle size and shape (Jinbin et al., 2013). The clearance studies with synthetic nanoparticles corroborated classical ultrafiltration and surface charge rejection theory of renal filtration, which basically states that in the physiological state uncharged particles of up to 3.5 nm diameter freely pass the endothelial barrier of the kidney glomerulus into primary urine, while larger and negatively charged particles do not (Hausmann et al., 2010; Fridén et al., 2011; Tenten et al., 2013).

Previously we showed that liver sinusoidal endothelial cells (Koeppert et al., 2018) and liver Kupffer cells cleared CPP-1 and CPP-2, respectively (Herrmann et al., 2012). A clearance mechanism for CPM was never studied due to the lack of stability of CPM preparations for use in animal and cell-based studies. CPM are small enough to pass the renal filtration barrier, but the overall negative charge of fetuin-A (Heiss et al., 2003), the major protein component of CPM should prevent by charge rejection renal clearance. Nevertheless, we observed renal clearance of CPM in live mice and in cell culture. We propose a differential clearance mechanism of fetuin-A monomer vs. CPM based on charge neutralization.



MATERIALS AND METHODS


Cell Culture

Immortalized wildtype macrophages and immortalized macrophages expressing inflammasome adaptor protein apoptosis-associated speck like protein containing a caspase recruitment domain fused to greed fluorescent protein (ASC-GFP, a kind gift from Eicke Latz, MD Ph.D., Institute of Innate Immunity, Bonn, Germany) were cultured in Roswell Park Memorial Institute (RPMI-1640, 21875034, Thermo Fisher Scientific GmbH, Dreieich, Germany) supplemented with 10% FCS, 100 U penicillin, and 100 μg streptomycin.

Immortalized liver sinusoidal endothelial cells (Applied Biological Materials Inc., Richmond, Canada, a kind gift from Dr. Marie-Luise Berres, Medical Clinic III, RWTH University Hospital Aachen, Germany), were cultured in Prigrow I Medium (Applied Biological Materials Inc., Richmond, Canada) supplemented with 5% FCS, 100 U penicillin, and 100 μg streptomycin and grown on collagen l-coated cell culture plates.

Immortalized human kidney 2 cells (HK-2, kindly provided by Prof. Peter Boor, Institute for Pathology, RWTH University Hospital Aachen, Germany) were grown in DMEM GlutaMAX (10566016, Thermo Fisher Scientific GmbH, Dreieich, Germany) supplemented with 5% FCS, 100 U penicillin, and 100 μg streptomycin.



Animals

All animal experiments were conducted in agreement with the recommendation of the Federation for Laboratory Animal Science Associations (FELASA), and were approved by the animal welfare committee of the Landesamt für Natur-, Umwelt- und Verbraucherschutz (LANUV, 84-02.04.2013.A113 and 84.02.04.2015.A294). At least three male or female, adult C57Bl/6 mice each were injected in the clearance experiments. All mice were maintained in a temperature-controlled room on a 12-h day/night cycle. Food and water were given ad libitum.



Fetuin-A Purification and Labeling

Bovine fetuin-A (F2379, Sigma-Aldrich, St. Louis, MO, United States) was purified by gel permeation chromatography as described previously (Heiss et al., 2003). Purified fetuin-A was routinely analyzed for LPS activity using the Endosafe ultrasensitive cartridge assay (Charles River Laboratories, Wilmington, DE, United States). LPS content was <0.1 EU/ml in all fetuin-A preparations and did not induce cytokine secretion in macrophages.

For visualization, purified fetuin-A was labeled with Alexa488 or Alexa546 NHS ester (A20000, A20104, Thermo Fisher Scientific GmbH, Dreieich, Germany) according to manufacturer’s protocol. Fetuin-A monomer was used to prepare CPP-1 and CPP-2 as well as CPM.



Calciprotein Monomer Synthesis and Purification

Bovine fetuin-A-derived CPM were prepared in a solution containing 400 μl 2.5 mg/ml fetuin-A in 140 mM sodium chloride mixed with additional 100 μl 140 mM sodium chloride and 250 μl 24 mM phosphate buffer (pH 7.4). After thorough mixing 250 μl of 40 mM Ca chloride solution (pH 7.4) were added and mixed again. Final concentrations per 1 ml mixture were 1 mg bovine fetuin-A, 6 mM phosphate, and 10 mM Ca. CPM formation proceeded at 37°C for 10 min. This reaction will contain CPP-1, CPM and free fetuin-A monomer. The complete mixture was desalted using spin filtration devices with a 3,000 MW cutoff (Vivaspin 2, VS0251, Sartorius AG, Göttingen, Germany). CPP-1 were separated using spin filtration devices with a 300,000 MW cutoff (Vivaspin 2, VS0291, Sartorius AG, Goettingen, Germany). The flowthrough typically contains a mixture of about 10% CPM and about 90% free fetuin-A monomer, which could not be further separated. This CPM/fetuin-A monomer fraction from here on is called CPM for simplicity. Because the CPM preparation contained a large portion of free fetuin-A monomer, an additional fetuin-A monomer control was included in all assays. CPP were prepared from an identical protein-mineral mixture. CPP-1 and CPP-2 were harvested by centrifugation (20,000 × g for 15 min at 4°C) after 10 min and overnight incubation, respectively.



Calcium- and Phosphate Measurement

Calcium content was quantified using the Randox Calcium Assay (Randox Laboratories, Krefeld, Germany) according to manufacturer’s protocol. Briefly, 5 μl of samples and standards (0–2.5 mM Ca) were added to 200 μl working solution (Randox Laboratories, Krefeld, Germany) and analyzed in duplicates in 96-well plates. Plates were measured in a plate reader with a wavelength of 570 nm.

Phosphate was quantified using a photometric UV-test (533-940, mti-diagnostics, Wiesbaden, Germany) according to manufacturers’ protocol. Shortly, 5 μl sample and standards (0–1.61 mM phosphate) were added to 240 μl working solution and analyzed in duplicates in 96-wells plates. Plates were measured at 340 nm.



Live 2-Photon Microscopy Imaging

Functional intravital imaging of mouse organs and image analysis was performed as described (Reif et al., 2017; Koeppert et al., 2018; Ghallab et al., 2019) using a customized inverted microscope LSM MP7 (Zeiss, Jena, Germany) with an LD C-Apochromat 40 × 1.1 water immersion objective. Videos were recorded using a two-photon microscope and a video camera. Fluorescence intensity was recorded using a GaAsP detector. Briefly, mice expressing membrane-anchored tdTomato in all cells, were anesthetized by i.p. injection of ketamine (100 mg/kg bodyweight), xylazine (10 mg/kg bodyweight), acepromazine (1.7 mg/kg bodyweight), and buprenorphine (0.08 mg/kg bodyweight). Anesthesia was maintained throughout the observation period using an isoflurane inhaler. The animals received i.v. injections of Hoechst 33258 (5 mg/kg) to stain nuclei. Few seconds after starting image acquisition, Alexa488-tagged CPM were injected i.v. using a catheter inserted into the tail vein. Mice were injected with an equivalent of 100 μg CPM-associated fetuin-A (900 μg total protein including 800 μg free fetuin-A monomer), 100 and 900 μg free fetuin-A monomer in a maximum volume of 200 μl. Intravital 2-photon microscopy videos of the kidney were continuously recorded. Experiments were performed with at least three mice.



Ex vivo Fluorescence Imaging

Mice were anesthetized with an i.p. injection of ketamine (100 mg/kg bodyweight), xylazine (10 mg/kg bodyweight) and received i.v. injections of a maximum volume of 200 μl. To block lysosomal degradation mice were injected i.v. with 0.03 mg/g bodyweight leupeptin 30 min before injection with protein-mineral complexes. Single boluses containing 100 μg Alexa488- or Alexa546-labeled fetuin-A monomer, or CPM, or CPP-1, or CPP-2 were injected. In the case of CPM, a total amount of up to 900 μg labeled fetuin-A containing ∼100 μg CPM-bound fetuin-A was injected. Mice injected with 900 μg labeled fetuin-A monomer for control purposes showed essentially the same results like mice injected with 100 μg fetuin-A monomer. Ten minutes post injection, mice were sacrificed by isoflurane overdosing and organs were collected for sectioning. Tissues were imbedded in Tissue-Tek O.C.T. compound (Sakura Finetek Germany GmbH, Staufen, Germany) and 5 μm cryosections were prepared. Sections were counterstained with DAPI, mounted with Immomount® (Thermo Fisher Scientific, Dreieich, Germany) and analyzed by fluorescence microscopy.



Endocytosis Assay

Cells were seeded in 0.5 ml cell culture medium at a density of 250,000 cells/ml in 24-well plates and kept overnight. The next day, the cells were incubated for 1 h with 100 μg Alexa488-labeled fetuin-A monomer, CPP-1, or CPP-2 or with a combination of CPP-1 and CPP-2. CPM were applied in amounts as described in Imaging. Cells were washed twice with PBS and observed under a fluorescence microscope. After cell detaching fluorescent fetuin-A monomer, CPM, and CPP uptake was measured by flow cytometry.



Flow Cytometry

Following endocytosis assay, cell-associated fluorescence after fetuin-A monomer/CPM/CPP uptake was analyzed by flow cytometry using a FACSCalibur (BD Biosciences, San Jose, CA, United States) flow cytometer equipped with a 488 nm argon-ion laser. To examine the Alexa488-labeled fetuin-A monomer, CPM, or CPP, the green channel (FL-1H) was used. For each sample 10,000 cells were evaluated. Data were analyzed using FlowJo software.



Live/Dead Cell Staining

Immortalized wildtype macrophages, LSEC and HK-2 cells were seeded at a density of 200,000 cells/ml in the cell culture media listed above (section “Cell Culture”) on 24-well plates and kept overnight. The following day, cells were treated with calcium content matched (2.5 mM) CPM, CPP-1, and CPP-2, and controls (cell culture medium, fetuin-A monomer, 2.5 mM calcium, 2.0 mM phosphate, calcium-phosphate) for 8 h. Afterward, cells were stained with a mixture of 0.5 μg/ml fluorescein diacetate (FDA, Thermo Fisher Scientific GmbH, Dreieich, Germany) and 0.05 μg/ml propidium iodide (PI, Thermo Fisher Scientific GmbH, Dreieich, Germany) in PBS for 30 s. Following staining, cells were washed twice with PBS and examined by fluorescence microscopy.



Inflammasome Activation Assay

Immortalized macrophages expressing inflammasome adaptor protein apoptosis-associated speck like protein containing a caspase recruitment domain fused to green fluorescent protein (ASC-GFP) were used to visualize inflammasome activation. If the inflammasome is inactive ASC is localized in the cytoplasm and nucleus of the cell detectable as a weak diffuse fluorescent signal in the whole cell. Inflammasome activation results in the recruitment of the fluorescently tagged adaptor protein ASC leading in the formation of a single green-fluorescent speck per cell.

ASC-GFP macrophages were seeded at a density of 250,000 cells/ml in RPMI-1640 medium supplemented with 10% FCS on 24-well plates and kept overnight. The next day, cells were treated with either medium control, 10 μM nigericin (InvivoGen Europe, Toulouse, France), or with calcium content matched (2.5 mM) CPM, CPP-1 or CPP-2. After 2-24 h, speck formation was visualized using fluorescence microscope.



Ion Exchange Chromatography

Fetuin-A monomer and CPM preparations were analyzed using ion exchange chromatography (IEX). Free bovine fetuin-A monomer or CPM preparations (both containing 900 μg total protein) dissolved in 1 ml 150 mM sodium chloride were loaded at 4 ml/min flow onto a ResourceQ anion exchange column (1 ml column volume) using an Äkta Pure chromatography instrument (GE Healthcare Europe GmbH, Freiburg, Germany). After rinsing with 10 ml running buffer (20 mM Tris pH 8.0), the column was eluted with 8 ml 0.5 M NaCl, followed by 10 ml 1 M NaCl solution. All chromatography buffers were filtered and degassed using 0.45 μm microfilters and a vacuum flask.



RESULTS


Live Imaging of Glomerular Filtration and Proximal Tubule Re-absorption of Calciprotein Monomers and Fetuin-A

We previously demonstrated that liver sinusoidal endothelial cells, and spleen and liver macrophages (Kupffer cells) clear CPP-1 and CPP-2, respectively (Herrmann et al., 2012; Koeppert et al., 2018). Clearance of CPM was never analyzed, because CPM are inherently unstable and laborious to make. We prepared CPM by mixing Alexa488- (red) fetuin-A and a mineral precipitation mixture, and size-fractionated the preparation by ultra-filtration. We injected intravenously 100 μg of CPM-bound fetuin-A (900 μg total protein) in mice. On average, CPM preparations contain up to 90% mineral-free fetuin-A monomer, which cannot be size-separated. To assess the contribution of this fetuin-A monomer fraction to overall clearance, we also injected mice with Alexa488-labeled fetuin-A monomer alone. To study renal clearance in real time we injected live C57BL/6 mice expressing membrane-anchored tdTomato (red) in all cells, with 100 μg CPM prepared with Alexa488-tagged (green) fetuin-A (900 μg total protein) or with 900 μg free fetuin-A, and monitored kidney fluorescence using intravital 2-photon microscopy. Mice received in addition Hoechst 33258 dye (blue) to visualize nuclei. Imaged kidneys showed punctate autofluorescence in distal tubules (yellow arrows in Figures 1A, 2, t = 0.0 min). Autofluorescence was clearly distinguishable from the green CPM-associated Alexa488-tagged fetuin-A signal. Figure 1 shows a glomerular filtration unit continuously recorded from timepoint 0 immediately before CPM injection up to 60 min post CPM injection. Figure 1A and Supplementary Movie 1 show rapid filtration of CPM from glomerular capillaries (white arrows in Figure 1A, t = 0.4 min) into the Bowman space (BS) within seconds post injection. Figure 1B illustrates fluorescence quantitation (measured in the white circled area in Figure 1A) of the BS showing that glomerular CPM filtration began immediately after injection and plateaued at 20 min post injection. From 20 min post injection, the measured signal in the BS stayed constant until the end of the recording time at 60 min. Subsequently, the filtered green-fluorescent CPM appeared in the epithelial cells of the proximal tubules (filled white arrowheads in Figure 2, t = 2.5 min; Supplementary Movie 2, whereas distal tubular cells showed no green fluorescence (empty white arrowheads in Figure 2, t = 10 min). This finding indicated re-absorption of CPM-associated Alexa488-tagged fetuin-A by proximal tubular epithelial cells from tubule lumen. From 20 min post injection, the green-fluorescent signal decreased along the proximal tubules until 60 min post injection (white arrowheads in Figure 2). Notably, the fluorescent signal remained high at the glomerular junction of the proximal tubule, while the signal continuously declined in glomerular and peritubular capillaries until 60 min post injection (Figure 2 and Supplementary Movie 2), suggesting continuous glomerular filtration of CPM and tubular re-uptake of fetuin-A.
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FIGURE 1. Renal CPM clearance by glomerular filtration. Mice expressing membrane-anchored tdTomato (red) in all cells received intravenous injections of CPM prepared with Alexa488-labeled bovine fetuin-A (green). Nuclei were visualized by Hoechst 33258 (blue). Videos were recorded using a two-photon microscope and a video camera. Fluorescence intensity was recorded using a GaAsP detector. (A) Glomerular CPM filtration at 0, 0.4, 3, and 60 min post injection. (B) Time-resolved CPM fluorescence in the Bowman space (BS) recorded within the white circle shown in panel (A) demonstrates CPM filtration reaching a plateau at 20 min. Yellow autofluorescence in distal tubules [yellow arrows in panel (A)] was already visible before CPM injection. Still pictures illustrating CPM glomerular filtration in panel (A) were taken from Supplementary Movie 1.
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FIGURE 2. CPM-derived fetuin-A is reabsorbed in proximal renal tubules. Mice received intravenous injections of CPM prepared with Alexa488-labeled bovine fetuin-A (green). Nuclei were visualized by Hoechst 33258 (blue). Videos were recorded using a two-photon microscope and a video camera. Fluorescence intensity was recorded using a GaAsP detector. A renal filtration unit was continuously monitored up to 60 min. Representative micrographs demonstrating a typical sequence of fetuin-A tubular reabsorption. Yellow autofluorescence in distal tubules (yellow arrows, t = 0.0 min) was already visible before CPM injection. Within seconds after injection, green signal was detectable in glomerular and peritubular capillaries (white arrows, t = 0.3 min). At 2.5 min, proximal tubular (PCT) epithelial cells (filled white arrowheads) became green fluorescence positive showing a steadily increasing signal until 10 min, whereas distal tubular (DCT) cells showed no green fluorescent signal (white empty arrowheads), suggesting cellular uptake of green CPM-associated fetuin-A protein by proximal tubular epithelial cells from the tubule lumen. Fluorescence remained strong at the origin of the proximal tubuli where they connect to the glomeruli, while fluorescence continuously decreased in glomerular and peritubular capillaries until 60 min. Photographs illustrating proximal tubule re-uptake were taken from Supplementary Movie 2.


Intravital live imaging also revealed efficient glomerular filtration and proximal tubule reabsorption of injected free fetuin-A monomer (Figure 3). Immediately post injection of free fetuin-A monomer (Figure 3, t = 0.4 min), green fetuin-A-associated signal was detected in glomerular capillaries. From 3 min post injection onward, the green signal accumulated in proximal tubule epithelial cells (Figure 3 white arrow, t = 3.0 min) continuously increasing until 40 min post injection (Figure 3 white arrows, t = 40.0 min). Fluorescence quantitation of filtered fetuin-A monomer in the BS revealed different filtration kinetics of free fetuin-A monomer and CPM. The fluorescence signal post CPM injection increased steadily and peaked at about 20 min reaching a mean intensity of around 70 (Figure 1B). In contrast, fluorescence following free fetuin-A monomer injection was generally lower at a mean intensity of about 30–50 and increased with a delay of about 20 min post injection, thus reaching similar levels of CPM-fluorescence at 40 min instead of 20 min post. Thus, live imaging suggested delayed filtration of free fetuin-A monomer and fast filtration of CPM. In either case, fetuin-A was re-absorbed by proximal tubule epithelial cells.
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FIGURE 3. Renal fetuin-A monomer clearance by glomerular filtration. Mice expressing membrane-anchored tdTomato (red) in all cells received intravenous injections of Alexa488-labeled bovine fetuin-A (green). Nuclei were visualized by Hoechst 33258 (blue). Videos were recorded using a two-photon microscope and a video camera. Fluorescence intensity was recorded using a GaAsP detector. (A) Glomerular filtration at 0, 0.4, 3, and 40 min post injection. (B) Time-resolved fetuin-A fluorescence in the Bowman space (BS) recorded within the white circle shown in panel (A), demonstrates low level fetuin-A monomer filtration at 0.0 min increasing after 20 min. The filtered fetuin-A was reabsorbed by the proximal tubular epithelial cells (arrowheads). Still pictures illustrating CPM glomerular filtration in panel (A) were taken from Supplementary Movie 3.




Differential Clearance of Calciprotein Particles, Calciprotein Monomers, and Fetuin-A

We prepared CPM by mixing Alexa488- or Alexa546-tagged (green/red) fetuin-A and injected intravenously 100 μg of CPM-bound fetuin-A (900 μg total protein) in wildtype C57BL/6 mice. To assess CPM vs. CPP clearance, we injected Alexa488/546-labeled CPP-1 and CPP-2 as controls. To compare clearance in identical animals, we injected mice with a mixture of color-coded CPM and CPP-2. Ten minutes after injection, mice were sacrificed, and organs were harvested and analyzed by frozen section fluorescence microscopy. Like CPP-1, CPM were detected in liver sinusoidal endothelial cells (Figures 4E, 5A). Unlike CPP-1 and CPP-2, however, CPM were also highly abundant in the kidney (Figures 4B, 5C), confirming rapid renal clearance established by live 2-PM (Figures 1, 2). Upon postmortem imaging, fetuin-A monomer was not detected in kidney or in liver (Figures 4A,D). CPM were absent in spleen (Figure 5B) and lung (Figure 5D) as well as in pancreas, heart and brown adipose tissue (Supplementary Figure 2).
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FIGURE 4. Differential clearance of free fetuin-A protein, CPM and CPP. Mice were injected with 100 μg (900 μg total protein) CPM-associated Alexa488 (green) or Alexa546-labeled fetuin-A (red). Control mice were injected with Alexa488- and Alexa546-labeled free fetuin-A monomer, or with 100 μg (total protein content) Alexa488/546-labeled CPP-1 and CPP-2. Mice were sacrificed 10 min after injection and counterstained (DAPI, blue) and kidney (A–C) and liver (D,E) frozen sections were analyzed by fluorescence microscopy. CPM were readily detected in kidney (B) and liver (E), while CPP-1 and CPP-2 were detectable in liver (F) but not in kidney (C). Free fetuin-A monomer was not detected in kidney or in liver (A,D). Scale bar: 75 μm.
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FIGURE 5. Differential clearance of CPM and CPP. Mice were simultaneously injected with CPM prepared with Alexa488-labeled fetuin-A (green) and CPP-2 prepared with Alexa546-labeled fetuin-A (red). Ten minutes post injection, liver, spleen, kidney, and lung were harvested, sectioned, counterstained with DAPI (blue) and analyzed by fluorescence microscopy. (A) Liver contained both CPM (green) and CPP-2 (red). (B) Spleen stained positive for CPP-2. CPM were highly abundant in kidney (C), whereas lung (D) was negative for both CPM and CPP-2.




Inhibition of Lysosomal Proteolysis Results in Accumulation of Fetuin-A in Proximal Tubules

To clarify perceived differences in live and ex vivo imaging of CPM and free fetuin-A monomer clearance kinetics, we injected mice with saline as vehicle control or with 0.03 mg/g bodyweight leupeptin to inhibit lysosomal proteolysis. Thirty minutes post injection, mice were injected with 900 μg Alexa488-tagged free fetuin-A monomer or with 100 μg CPM (900 μg total protein). After 20 min, mice were sacrificed, and frozen kidney sections were imaged for fetuin-A-associated green fluorescence. Injection of free fetuin-A monomer (Figure 6A) in saline-treated mice resulted in low and sporadic fetuin-A-associated green signal (white arrows in Figure 6A). In contrast, a bright green signal was always detected in kidneys of CPM injected mice (white arrow heads in Figure 6B), corroborating previous observations in ex vivo imaging (Figure 4). When mice were pre-treated with leupeptin inhibiting lysosomal proteolysis, free fetuin-A monomer (white arrows in Figure 6C) and CPM-derived fetuin-A (white arrow heads in Figure 6D) were both readily detected in kidney sections. Collectively, these results account for the perceived differences in fetuin-A detection between live- and ex vivo imaging in that a small amount of free fetuin-A monomer is continuously filtered by the kidney and is quickly re-absorbed and cleaved by proteolysis in proximal tubule epithelial cells. CPM is more readily cleared than free fetuin-A, which is spuriously detected in untreated mice at 10 min post injection, but readily detected after leupeptin inhibition of lysosomal proteolysis in proximal kidney tubular cells at 20 min post injection. Our results thus suggest that little free fetuin-A monomer, but all CPM pass the glomerular filtration barrier.
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FIGURE 6. Fetuin-A accumulates in kidney tubular cells when lysosomal proteolysis is blocked. Mice were injected i.v. with saline (A,B) or with leupeptin (C,D) to inhibit lysosomal proteolysis. Thirty minutes later, mice were injected i.v. with 900 μg Alexa488-labeled fetuin-A monomer (green) or 100 μg CPM (900 μg total protein). (A) Saline-treated mice injected with free fetuin-A monomer showed weak and sporadic fetuin-A fluorescence in kidneys (white arrows). (B) Saline-treated mice injected with CPM showed strong fetuin-A fluorescence in kidney tubules (white arrow heads). When mice were pre-treated with leupeptin and lysosomal degradation was blocked, free fetuin-A monomer (white arrows) fluorescence was equally detected (C) like CPM-associated (white arrow heads) fetuin-A fluorescence (D).




Calcium Phosphate Binding Neutralizes Negative Charge of Fetuin-A

The clearance studies in live mice demonstrated glomerular filtration and re-absorption in the tubular system of CPM-associated fetuin-A. In contrast, less injected free fetuin-A monomer passed into kidney tubular cells most likely due to charge repulsion at the glomerular filtration membrane of negatively charged free fetuin-A monomer (Heiss et al., 2003). Anion exchange chromatography confirmed the negative charge of fetuin-A. Free fetuin-A monomer (900 μg) bound the positively charged column material as indicated by the missing UV280 (protein measurement) peak during sample application and column washing steps (Supplementary Figure 3A, blue line). Column elution with a salt step gradient (orange conductivity line in Supplementary Figure 3A) recovered 98% of the applied fetuin-A protein in one single peak (Supplementary Figure 3, blue line), demonstrating elution of the negative fetuin-A protein from the positive ion exchange column. In contrast, 10-15% of the loaded protein eluted with the flow through fraction when we loaded 100 μg (900 μg total protein) CPM-bound fetuin-A to the ion exchange column (Supplementary Figure 3B, blue line) demonstrating that CPM did not interact with the positively charged column material. Column elution with a salt step (orange conductivity line in Supplementary Figure 3B) recovered the remaining 85–90% of loaded protein, which represented negatively charged free fetuin-A monomer also present in the CPM preparation. These results suggest that the overall negative charge of fetuin-A was neutralized by bound calcium phosphate, allowing CPM to pass the renal filtration barrier. CPM samples were analyzed for protein-, calcium-, and phosphate contents before and after ion exchange chromatography (Table 1). Protein measurements confirmed chromatography results, detecting about 15% protein in the CPM fraction (Table 1). The CPM fraction (first blue peak in Supplementary Figure 3B) also contained about 45% of the total calcium and about 40% of the total phosphate suggesting strong calcium phosphate binding by fetuin-A. The free fetuin-A fraction (second blue peak in Supplementary Figure 3B) contained about 12% of the total applied calcium and about 20% of the applied phosphate. These latter measurements were close to the detection limit of the assays (protein assay: 0.065 mg/ml; calcium assay: 0.193 mM; phosphate assay: 0.274 mM) and may in fact represent background level.


TABLE 1. Analysis of ion exchange chromatography starting solutions and fractions.
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Calciprotein Monomers Are Endocytosed by Cultured Proximal Tubular Epithelial Cells

Experiments with live mice demonstrated a rapid and efficient uptake of CPM-derived fetuin-A by proximal tubular epithelial cells. To verify this observation in isolated cells, we treated HK-2 human kidney proximal tubular cells with cell culture medium (untreated), 100 μg (900 μg total protein) Alexa488-tagged CPM-fetuin-A and free fetuin-A monomer, and studied cellular uptake by flow cytometry. Figure 7 demonstrates that HK-2 cells endocytosed small amounts of free fetuin-A monomer, and at least 6-times more CPM-associated fetuin-A.
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FIGURE 7. Cultured kidney epithelial cells endocytose free fetuin-A monomer and CPM-associated fetuin-A. Proximal tubular kidney epithelial (HK-2) cells were incubated with 100 μg (900 μg total protein) CPM prepared with Alexa488-tagged fetuin-A or free fetuin-A monomer and cellular uptake was analyzed by flow cytometry. HK-2 cells endocytosed significant amounts of free fetuin-A monomer, and even more efficient CPM-associated fetuin-A. Box plots illustrate six independent experiments, mean ± standard deviation. **p < 0.01, ***p < 0.001, analyzed with unpaired t-test in GraphPad Prism v9.


Figures 4, 5 suggested concurrent uptake of CPM and CPP-1 in the liver by LSEC. To address this in isolated cells, we treated CPP-endocytosing macrophages, LSEC, and HK-2 cells with the same protein–mineral complexes mentioned above and measured cellular uptake by flow cytometry. Supplementary Figure 4 demonstrates that HK-2 cells also endocytosed CPP-1 and CPP-2, even more efficiently than free fetuin-A monomer and CPM. Similarly, LSEC (Supplementary Figure 4B) and macrophages (Supplementary Figure 4C) endocytosed small amounts of free fetuin-A monomer, roughly twice as much CPM, and 8-fold and 10-fold more particulate CPP-1 and CPP-2, respectively, confirming inverse differential preference of macrophages (Koeppert et al., 2018). These results suggest that all investigated cell types in principle are able to endocytose non-particulate fetuin-A monomer and CPM as well as particulate CPP-1 and CPP-2 corroborating results of live mouse clearance experiments. The only striking discrepancy detected in live vs. cell culture clearance pertains to CPP clearance in the kidney, which was never observed in live mice, but readily detected in HK-2 cell culture. This discrepancy is due the fact that large particular CPP will never pass the renal filtration barrier and will therefor never contact tubular epithelial cells in live animals.



Fetuin-A Protects From Calcium Phosphate-Induced Cell Damage

We analyzed in cell culture of cells involved in CPM and CPP clearance the cytotoxicity of CPM, CPP, and their components (Figure 8). To this end, macrophages, LSEC, and HK-2 cells were treated with calcium content-matched (2.5 mM) CPM, CPP-1, CPP-2, and the corresponding controls (2.5 mM Ca, 2.0 mM P, CaP, free fetuin-A monomer) over a period of 8 h. FDA/PI staining revealed strikingly different cytotoxicity in the various cell types, especially after treatment with calcium and calcium-phosphate (Figure 8). HK-2 cells suffered less toxicity following calcium (Ca) and calcium-phosphate (CaP) exposure than did macrophages, which all died following treatment with calcium or calcium-phosphate. Calcium also did not harm LSEC, and calcium-phosphate induced rather mild toxicity in LSEC compared to macrophages and HK-2 cells. CPM, on the other hand, led to similar results in all cell types in that they never induced any toxicity despite carefully matched CPM-calcium and phosphate concentrations. Collectively, these results corroborate the role of fetuin-A as a mineral chaperone stabilizing calcium phosphate as a colloid, more specifically forming CPM thereby permitting conditions of supersaturation while preventing cell damage. Free fetuin-A monomer did not induce any toxicity in any of the studied cell types. Treatment with CPP-1 was highly toxic in all cell types, whereas CPP-2 were not toxic as reported previously (Koeppert et al., 2018).
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FIGURE 8. CPM formation attenuates calcium phosphate-induced cytotoxicity. Cells involved in CPP and CPM clearance (HK-2 cells, LSEC, macrophages), were left untreated to assess maximum FDA staining, or were treated with Triton X-100 for 1 min for maximum PI staining. Cells were exposed for 8 h to calcium content matched (2.5 mM) CPM, CPP-1, CPP-2, and controls [free fetuin-A monomer, 2.5 mM calcium, 2.0 mM phosphate, and a combination of calcium and phosphate (CaP)]. Calcium was strongly toxic in macrophages, moderately toxic in HK-2 cells, and non-toxic in LSEC. CaP was strongly toxic in macrophages and moderately toxic in HK-2 cells and LSEC. An identical amount of calcium (or CaP) applied as CPM, a protein-mineral complex stabilized by fetuin-A was universally non-toxic despite cellular uptake. CPP-1 were highly toxic in all cells, whereas CPP-2 were not toxic. Scale bar: 100 μm.




Calciprotein Monomers Do Not Activate the NLRP3 Inflammasome

We previously reported that CPP-1 predominantly induced NLRP3 inflammasome assembly and subsequent cytokine secretion, while CPP-2 predominantly stimulated immediate secretion of preformed TNFα (Koeppert et al., 2018). To assess the inflammatory potency of CPM, we studied immortalized ASC-GFP macrophages. In the unstimulated stage, these cells show a diffuse green fluorescent signal throughout the cytoplasm. Following pro-inflammatory stimulation, the cells assemble their inflammasome, presenting as one single brightly fluorescent (green) spot per cell. We treated ASC-GFP macrophages with calcium content-matched (2.5 mM) CPM, CPP-1, and CPP-2 and monitored the cells for up to 24 h (Figure 9). CPP-1 rapidly triggered inflammasome assembly within 2 h, while CPP-2 triggered delayed inflammasome assembly after 8 h confirming published results (Koeppert et al., 2018). In contrast, CPM containing identical 2.5 mM calcium and 2 mM phosphate (Figure 9, third row from top) did not trigger assembly of the inflammasome at any time during the observation period, suggesting high stability of the fetuin-A/calcium-phosphate complex and concomitant low inflammatory potential of CPM compared to Ca, CaP, or CPP-1.
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FIGURE 9. Calciprotein monomer does not activate the NLRP3 inflammasome. Immortalized macrophages expressing the inflammasome adaptor protein labeled apoptosis-associated speck like protein containing a caspase recruitment domain ASC fused to green fluorescent protein, were exposed to medium (untreated), 10 μM nigericin, or to calcium content matched (2.5 mM) CPM, CPP-1, or CPP-2 and were monitored over a time period of 24 h. Single fluorescent speck formation suggested that CPP-1 triggered fast inflammasome assembly starting at about 2 h after particle addition, and comparable to nigericin positive control treatment, which caused immediate influx of Ca and hence rapid inflammasome assembly. CPP-2 showed a mild and delayed inflammasome assembly starting at about 8 h. In contrast, exposure to CPM did not result in inflammasome assembly. Scale bar: 50 μm.




DISCUSSION

Protein-mineral complexes are natural byproducts of mineral homeostasis. In analogy to lipoprotein particles, we named fetuin-A containing calciprotein monomer CPM, and calciprotein particles CPP (Jahnen-Dechent et al., 2011). Local deposition of CPP is usually a consequence of prolonged calcium and phosphate supersaturation in the body leading to ectopic calcification. Supplementary Figure 5 illustrates the clearance and metabolism of calciprotein particles CPM and CPP in vivo. Fetuin-A deficiency and thus the lack of stable CPM and CPP likewise results in ectopic calcification (Schäfer et al., 2003). Accordingly, a CPM/CPP clearance mechanism is required mediating removal from the circulation to prevent deposition and buildup. Here we studied for the first time the systemic and cellular clearance of synthetic CPM, their inflammatory potential, and their cytotoxicity. We previously reported rapid blood clearance and contribution to calcification of established atherosclerotic plaque of CPP-2 (Herrmann et al., 2012). Ongoing research unravels the relevance of distinct forms of CPM and CPP in physiology and disease. CPP-1 and even earlier forms termed low density CPP or CPM, are associated with CKD in patients who have an increased risk of calcification (Miura et al., 2018). We and others suggested that CPM may be the predominant circulating form of physiological protein-mineral complexes in the body. The presence of primary and especially CPP-2 forms may signify progressively more pathological stages of mineral metabolism up to lethal calcifying sclerosing peritonitis (Olde Loohuis et al., 2010; Miura et al., 2018; Smith et al., 2018). CPM are much smaller (about 9 nm) and softer than both CPP-1 (50–100 nm) and CPP-2 (120–150 nm) (Jahnen-Dechent et al., 2020), and contain only fetuin-A unlike CPP, which contain complex plasma protein mixtures including fetuin-A. Thus, CPM and CPP may be differentially cleared based on these characteristics alone. Here, we demonstrated renal CPM filtration. Immediately post injection, CPM and, with different clearance kinetics, also free fetuin-A monomer accumulated in kidney tubules, whereas CPP never passed into kidney tubules. Large CPP size likely prevented renal filtration while charge neutralization by mineral loading facilitated CPM clearance compared to free fetuin-A clearance. It is tempting to speculate that free fetuin-A monomer may in fact not be filtered at all due to charge repulsion, and that the fluorescence detected with delayed kinetics during live clearance experiments in truth represented CPM that assembled in the mice immediately following injection of labeled free fetuin-A monomer. This point merits further study.

Clearance of CPM and fetuin-A both suggested re-uptake of fetuin-A by kidney proximal tubule epithelial cells. This was most likely mediated by the well-established megalin pathway as shown before in rodents (Matsui et al., 2013). In this study, Matsui and colleagues detected fetuin-A in proximal tubule epithelial cells by immunofluorescent staining, which decreased when endocytosis through megalin was blocked. Like here, injected free fetuin-A monomer was only detected when lysosomal proteolysis was blocked and epithelial cells accumulated fetuin-A, supporting our conclusion that glomerular free fetuin-A monomer filtration occurs below the detection limit. We conclude that CPM are taken up earlier and at a higher rate and therefor are better visible even without leupeptin treatment. This is in full agreement with results described in Matsui et al. (2013), Mizuno et al. (1991) and Rudloff et al. (2021) that intriguingly show increased fetuin-A staining intensity in proximal tubule lumen if re-uptake is inhibited by His-Rap megalin (Matsui et al., 2013) or by Clcn5 knockout (Ewence et al., 2008), or is increased in proximal tubule epithelial cells, if lysosomal degradation is inhibited by leupeptin (Matsui et al., 2013). Nevertheless, small amounts of free fetuin-A, like albumin [around 3 μg/ml in proximal tubular fluid in rats (Leber and Marsh, 1970)], may pass the renal filtration barrier, and will also be re-absorbed by proximal tubule epithelial cells. For reasons outlined above, fetuin-A detected in those cells is likely CPM-derived for the most part. We hypothesize that CPM readily pass into the glomerular filtrate, because mineral binding confers to fetuin-A an overall neutral charge and thus prevents charge repulsion in the glomerular filtration barrier. After transfer into the primary urine, CPM likely dissociate due to pH or ion activity driven solubility changes. Fetuin-A will be re-absorbed by tubular epithelial cells, and excess mineral will be excreted in urine. Alternatively, CPM are endocytosed as a whole and dissociated in the lysosome. Both mechanism is fully compatible with the role of fetuin-A as a mineral chaperone that helps stabilization, transport and elimination of excess calcium phosphate mineral. It also explains the detection of fetuin-A protein in kidney tubules in localization studies (Mizuno et al., 1991), despite the fact that fetuin-A is not made in the kidney.

We and others demonstrated the inflammatory potential of CPP-1 and CPP-2 (Smith et al., 2013; Koeppert et al., 2018). The incorporation and lysosomal degradation of uncoated calcium phosphate crystals triggered intracellular calcium transients and induced secretion of inflammatory cytokines including TNFα, IL1β, and IL8 (Nadra et al., 2005; Pazar et al., 2011). The increase in intracellular calcium following exposure to calcium phosphate crystals induced cell death in vascular smooth muscle cells (Ewence et al., 2008). Here, we demonstrated that unlike CPP, CPM are neither inflammatory nor cytotoxic suggesting a benign physiological salvage pathway of excess calcium phosphate by CPM. It has been shown that fetuin-A-binding of calcium phosphate can even reduce the high cytotoxicity and inflammatory potential of preformed calcium phosphate crystals (Dautova et al., 2014).

Another major finding was, that all cell types associated with CPM or CPP clearance (macrophages, LSEC, kidney epithelial cells) endocytosed both CPM and CPP when directly exposed in cell cultures. However, in vivo CPP injection experiments never detected CPP in kidneys, hence proximal tubule epithelial cells in vivo will never contact CPP unless they are formed in situ, which has in fact been observed in kidney damage models (Rudloff et al., 2021). In contrast LSEC, or endothelial cells in general, and macrophages are certainly among the first cells contacting CPM and CPP. The uptake of CPP from circulation by these cell types is well known (Herrmann et al., 2012; Koeppert et al., 2018). We suggest that endothelial cells and macrophages will readily clear CPP from circulation, should they occur either due to insufficient or delayed renal CPM clearance. Endocytosis of small amounts of CPP may be non-toxic, yet may cause delayed recycling of excess mineral into the circulation with subsequent renal filtration.

The demonstration of renal CPM clearance, the transient presence of fetuin-A in primary urine and subsequent co-localization of fetuin-A with kidney tubular epithelial cells observed here is strong evidence for a physiological salvage mechanism and renal clearance of the mineral component of CPM, and subsequent recovery of free fetuin-A by reabsorption. This mechanism requires experimental verification on several accounts. In any case, we present a viable and elegant elimination mechanism for excess calcium phosphate mineral, which may form at any time due to the low solubility of calcium phosphate in circulation (Jahnen-Dechent et al., 2020), in the extracellular space particularly following cell and tissue damage (Ghadially, 2001), following bouts of hyperphosphatemia, e.g., post-prandially (Smith et al., 2018), and especially in chronic kidney disease (Gatate et al., 2020).



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by by the Landesamt für Natur-, Umwelt- und Verbraucherschutz (LANUV, 84-02.04.2013.A113 and 84.02.04.2015.A294).



AUTHOR CONTRIBUTIONS

SK performed the experiments, analyzed the data, and drafted and revised the manuscript. AG performed the experiments, analyzed the data, and revised the manuscript. SP, CW, AB, and SG performed the experiments. JH designed the study and revised the manuscript. WJ-D designed the study, analyzed the data, drafted and revised the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by grants awarded to WJ-D by the IZKF Aachen of the Medical Faculty or RWTH Aachen, the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) PAK 961 and TRR 219 – Project-ID 322900939) and grants awarded to JH by the German Ministry of Education and Research (BMBF LiSyM 031L0045 and 031L0052).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.633925/full#supplementary-material



REFERENCES

Behzadi, S., Serpooshan, V., Tao, W., Hamaly, M. A., Alkawareek, M. Y., Dreaden, E. C., et al. (2017). Cellular uptake of nanoparticles: journey inside the cell. Chem. Soc. Rev. 46, 4218–4244. doi: 10.1039/c6cs00636a

Chithrani, B. D., Ghazani, A. A., and Chan, W. C. (2006). Determining the size and shape dependence of gold nanoparticle uptake into mammalian cells. Nano Lett. 6, 662–668. doi: 10.1021/nl052396o

Dautova, Y., Kozlova, D., Skepper, J. N., Epple, M., Bootman, M. D., and Proudfoot, D. (2014). Fetuin-A and albumin alter cytotoxic effects of calcium phosphate nanoparticles on human vascular smooth muscle cells. PLoS One 9:e97565. doi: 10.1371/journal.pone.0097565

Ewence, A. E., Bootman, M., Roderick, H. L., Skepper, J. N., McCarthy, G., Epple, M., et al. (2008). Calcium phosphate crystals induce cell death in human vascular smooth muscle cells: a potential mechanism in atherosclerotic plaque destabilization. Circ. Res. 103, 28–34e. doi: 10.1161/CIRCRESAHA.108.181305

Fridén, V., Oveland, E., Tenstad, O., Ebefors, K., Nyström, J., Nilsson, U. A., et al. (2011). The glomerular endothelial cell coat is essential for glomerular filtration. Kidney Int. 79, 1322–1330. doi: 10.1038/ki.2011.58

Gatate, Y., Nakano, S., Mizuno, Y., Muramatsu, T., Senbonmatsu, T., Nishimura, S., et al. (2020). Mid-term predictive value of calciprotein particles in maintenance hemodialysis patients based on a gel-filtration assay. Atherosclerosis 303, 46–52. doi: 10.1016/j.atherosclerosis.2020.03.016

Ghadially, F. N. (2001). As you like it, Part 3: A Critique and Historical Review of Calcification as Seen with the Electron Microscope. Ultrastruct. Pathol. 25, 243–267.

Ghallab, A., Hofmann, U., Sezgin, S., Vartak, N., Hassan, R., Zaza, A., et al. (2019). Bile Microinfarcts in Cholestasis Are Initiated by Rupture of the Apical Hepatocyte Membrane and Cause Shunting of Bile to Sinusoidal Blood. Hepatology 69, 666–683. doi: 10.1002/hep.30213

Gordon, S., Keshav, S., and Chung, L. P. (1988). Mononuclear phagocytes: tissue distribution and functional heterogeneity. Curr. Opin. Immunol. 1, 26–35.

Hausmann, R., Kuppe, C., Egger, H., Schweda, F., Knecht, V., Elger, M., et al. (2010). Electrical forces determine glomerular permeability. J. Am. Soc. Nephrol. JASN 21, 2053–2058. doi: 10.1681/ASN.2010030303

Heiss, A., DuChesne, A., Denecke, B., Grotzinger, J., Yamamoto, K., Renne, T., et al. (2003). Structural basis of calcification inhibition by alpha 2-HS glycoprotein/fetuin-A. Formation of colloidal calciprotein particles. J. Biol. Chem. 278, 13333–13341. doi: 10.1074/jbc.M210868200

Heiss, A., Eckert, T., Aretz, A., Richtering, W., van Dorp, W., Schafer, C., et al. (2008). Hierarchical role of fetuin-A and acidic serum proteins in the formation and stabilization of calcium phosphate particles. J. Biol. Chem. 283, 14815–14825. doi: 10.1074/jbc.M709938200

Heiss, A., Pipich, V., Jahnen-Dechent, W., and Schwahn, D. (2010). Fetuin-A is a mineral carrier protein: small angle neutron scattering provides new insight on Fetuin-A controlled calcification inhibition. Biophys. J. 99, 3986–3995. doi: 10.1016/j.bpj.2010.10.030

Herrmann, M., Schafer, C., Heiss, A., Graber, S., Kinkeldey, A., Buscher, A., et al. (2012). Clearance of fetuin-A–containing calciprotein particles is mediated by scavenger receptor-A. Circ. Res. 111, 575–584. doi: 10.1161/CIRCRESAHA.111.261479

Jahnen-Dechent, W., Büscher, A., Koeppert, S., Heiss, A., Kuro-o, M., and Smith, E. R. (2020). Mud in the blood the role of protein-mineral complexes and extracellular vesicles in biomineralisation and calcification. J. Struct. Biol. 212:107577. doi: 10.1016/j.jsb.2020.107577

Jahnen-Dechent, W., Heiss, A., Schäfer, C., and Ketteler, M. (2011). Fetuin-A regulation of calcified matrix metabolism. Circ. Res. 108, 1494–1509. doi: 10.1161/CIRCRESAHA.110.234260

Jinbin, L., Mengxiao, Y., Chen, Z., and Jie, Z. (2013). Renal clearable inorganic nanoparticles: a new frontier of bionanotechnology. Materialstoday 16, 477–486. doi: 10.1016/j.mattod.2013.11.003

Koeppert, S., Buescher, A., Babler, A., Ghallab, A., Buhl, E. M., Latz, E., et al. (2018). Cellular Clearance and Biological Activity of Calciprotein Particles Depend on Their Maturation State and Crystallinity. Front. Immunol. 9:1991. doi: 10.3389/fimmu.2018.01991

Lasser, A. (1983). The mononuclear phagocytic system: a review. Hum. Pathol. 14, 108–126. doi: 10.1016/s0046-8177(83)80239-1

Leber, P. D., and Marsh, D. J. (1970). Micropuncture study of concentration and fate of albumin in rat nephron. Am. J. Physiol. 219, 358–363. doi: 10.1152/ajplegacy.1970.219.2.358

Matsui, I., Hamano, T., Mikami, S., Inoue, K., Shimomura, A., Nagasawa, Y., et al. (2013). Retention of fetuin-A in renal tubular lumen protects the kidney from nephrocalcinosis in rats. Am. J. Physiol. Renal. Physiol. 304, F751–F760. doi: 10.1152/ajprenal.00329.2012

Miura, Y., Iwazu, Y., Shiizaki, K., Akimoto, T., Kotani, K., Kurabayashi, M., et al. (2018). Identification and quantification of plasma calciprotein particles with distinct physical properties in patients with chronic kidney disease. Sci. Rep. 8:1256. doi: 10.1038/s41598-018-19677-4

Mizuno, M., Farach-Carson, M. C., Pinero, G. J., Fujisawa, R., Brunn, J. C., Seyer, J. M., et al. (1991). Identification of the rat bone 60K acidic glycoprotein as alpha 2HS-glycoprotein. Bone Miner. 13, 1–21. doi: 10.1016/0169-6009(91)90046-3

Nadra, I., Mason, J. C., Philippidis, P., Florey, O., Smythe, C. D., McCarthy, G. M., et al. (2005). Proinflammatory activation of macrophages by basic calcium phosphate crystals via protein kinase C and MAP kinase pathways: a vicious cycle of inflammation and arterial calcification? Circ. Res. 96, 1248–1256. doi: 10.1161/01.RES.0000171451.88616.c2

Olde Loohuis, K. M., Jahnen-Dechent, W., and van Dorp, W. (2010). The case: milky ascites is not always chylous. Kidney Int. 77, 77–78. doi: 10.1038/ki.2009.407

Pazar, B., Ea, H. K., Narayan, S., Kolly, L., Bagnoud, N., Chobaz, V., et al. (2011). Basic calcium phosphate crystals induce monocyte/macrophage IL-1beta secretion through the NLRP3 inflammasome in vitro. J. Immunol. 186, 2495–2502. doi: 10.4049/jimmunol.1001284

Reif, R., Ghallab, A., Beattie, L., Gunther, G., Kuepfer, L., Kaye, P. M., et al. (2017). In vivo imaging of systemic transport and elimination of xenobiotics and endogenous molecules in mice. Arch. Toxicol. 91, 1335–1352. doi: 10.1007/s00204-016-1906-5

Rudloff, S., Janot, M., Rodriguez, S., Dessalle, K., Jahnen-Dechent, W., and Huynh-Do, U. (2021). Fetuin-A is a HIF target that safeguards tissue integrity during hypoxic stress. Nat. Commun. 12:549. doi: 10.1038/s41467-020-20832-7

Schäfer, C., Heiss, A., Schwarz, A., Westenfeld, R., Ketteler, M., Floege, J., et al. (2003). The serum protein alpha 2-Heremans-Schmid glycoprotein/fetuin-A is a systemically acting inhibitor of ectopic calcification. J. Clin. Invest. 112, 357–366. doi: 10.1172/JCI17202

Smith, E. R., Hanssen, E., McMahon, L. P., and Holt, S. G. (2013). Fetuin-A-containing calciprotein particles reduce mineral stress in the macrophage. PLoS One 8:e60904. doi: 10.1371/journal.pone.0060904

Smith, E. R., Hewitson, T. D., Hanssen, E., and Holt, S. G. (2018). Biochemical transformation of calciprotein particles in uraemia. Bone 110, 355–367. doi: 10.1016/j.bone.2018.02.023

Tenten, V., Menzel, S., Kunter, U., Sicking, E.-M., van Roeyen, C. R. C., Sanden, S. K., et al. (2013). Albumin Is Recycled from the Primary Urine by Tubular Transcytosis. J. Am. Soc. Nephrol. JASN 24, 1966–1980. doi: 10.1681/ASN.2013010018

Wald, J., Wiese, S., Eckert, T., Jahnen-Dechent, W., Richtering, W., and Heiss, A. (2011). Formation and stability kinetics of calcium phosphate-fetuin-A colloidal particles probed by time-resolved dynamic light scattering. Soft. Matter. 7, 2869–2874. doi: 10.1039/c0sm01191f

Wu, C. Y., Young, L., Young, D., Martel, J., and Young, J. D. (2013). Bions: a family of biomimetic mineralo-organic complexes derived from biological fluids. PLoS One 8:e75501. doi: 10.1371/journal.pone.0075501

Zhang, Y. N., Poon, W., Tavares, A. J., McGilvray, I. D., and Chan, W. C. W. (2016). Nanoparticle-liver interactions: Cellular uptake and hepatobiliary elimination. J. Control Release 240, 332–348. doi: 10.1016/j.jconrel.2016.01.020

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Koeppert, Ghallab, Peglow, Winkler, Graeber, Büscher, Hengstler and Jahnen-Dechent. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	 
	MINI REVIEW
published: 29 April 2021
doi: 10.3389/fcell.2021.642136





[image: image]

Keutel Syndrome, a Review of 50 Years of Literature

M. Leonor Cancela1,2,3*, Vincent Laizé1, Natércia Conceição1,2,3, Hervé Kempf4 and Monzur Murshed5,6

1Centre of Marine Sciences (CCMAR), University of Algarve, Faro, Portugal

2Faculty of Medicine and Biomedical Sciences, University of Algarve, Faro, Portugal

3Algarve Biomedical Center, University of Algarve, Faro, Portugal

4UMR 7365 CNRS-Université de Lorraine, IMoPA, Vandoeuvre-lès-Nancy, France

5Department of Medicine and Faculty of Dentistry, McGill University, Montreal, QC, Canada

6Shriners Hospital for Children, Montreal, QC, Canada

Edited by:
Roland Wohlgemuth, Lodz University of Technology, Poland

Reviewed by:
Leon J. Schurgers, Maastricht University, Netherlands
Stefanos Roumeliotis, University General Hospital of Thessaloniki AHEPA, Greece
Gerard Karsenty, Columbia University Irving Medical Center, United States

*Correspondence: M. Leonor Cancela, lcancela@ualg.pt

Specialty section: This article was submitted to Molecular Medicine, a section of the journal Frontiers in Cell and Developmental Biology

Received: 15 December 2020
Accepted: 16 March 2021
Published: 29 April 2021

Citation: Cancela ML, Laizé V, Conceição N, Kempf H and Murshed M (2021) Keutel Syndrome, a Review of 50 Years of Literature. Front. Cell Dev. Biol. 9:642136. doi: 10.3389/fcell.2021.642136

Keutel syndrome (KS) is a rare autosomal recessive genetic disorder that was first identified in the beginning of the 1970s and nearly 30 years later attributed to loss-of-function mutations in the gene coding for the matrix Gla protein (MGP). Patients with KS are usually diagnosed during childhood (early onset of the disease), and the major traits include abnormal calcification of cartilaginous tissues resulting in or associated with malformations of skeletal tissues (e.g., midface hypoplasia and brachytelephalangism) and cardiovascular defects (e.g., congenital heart defect, peripheral pulmonary artery stenosis, and, in some cases, arterial calcification), and also hearing loss and mild developmental delay. While studies on Mgp–/– mouse, a faithful model of KS, show that pathologic mineral deposition (ectopic calcification) in cartilaginous and vascular tissues is the primary cause underlying many of these abnormalities, the mechanisms explaining how MGP prevents abnormal calcification remain poorly understood. This has negative implication for the development of a cure for KS. Indeed, at present, only symptomatic treatments are available to treat hypertension and respiratory complications occurring in the KS patients. In this review, we summarize the results published in the last 50 years on Keutel syndrome and present the current status of the knowledge on this rare pathology.

Keywords: recessive genetic disorder, matrix Gla protein, abnormal calcification, cartilaginous tissues, mouse model, gamma-carboxylation, phosphorylation


INTRODUCTION

Keutel syndrome (KS; OMIM #245150; ORPHANET #85202) was first described in 1971 in two consanguineous siblings (Keutel et al., 1971; Figure 1A). It is an extremely rare autosomal recessive disorder (estimated prevalence of 1 in 1,000,000), which is usually diagnosed during childhood, although it can remain undetected until adulthood. Forty-two cases have been reported so far, with half in Turkish population (Table 1). However, this number may be underestimated as the main clinical characteristics of KS – midface hypoplasia, abnormal cartilage calcification, brachytelephalangism, peripheral pulmonary stenosis – are also observed in other disorders (for example, chondrodysplasia punctata or Conradi’s disease), leading to the misdiagnosis of some forms of KS into another disease (Say et al., 1973). Moreover, reports of mild cases of KS and intrafamilial phenotypic variability (Tüysüz et al., 2015; cases 36 and 37 in Table 1) indicate that some patients may have undetectable forms of the disease. Although parental consanguinity is prevalent in KS, pregnancy is normal (except for one reported case of repeated miscarriages) and blood parameters, including calcium and phosphate serum levels, are usually unremarkable. The prognosis of KS is good in most patients and their life expectancy mostly depends on the severity of the pulmonary complications. In 1999, almost 30 years after its first description, the pathogenesis of KS was associated with a non-functional matrix Gla protein (Munroe et al., 1999; Figure 1A), an extracellular matrix (ECM) protein known to function as an inhibitor of tissue calcification (Luo et al., 1997). This discovery allowed a better understanding of the mechanisms underlying this disease and identified a target for a possible therapeutic solution, although much remains to be done.
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FIGURE 1. Literature timeline for Keutel syndrome (KS) and matrix Gla protein (MGP) (A). MGP gene and protein structure mapping the eight mutations associated with KS (B). Most common traits observed in KS patients genotyped for MGP (C).



TABLE 1. Clinical characteristics of Keutel syndrome.
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DESCRIPTION OF THE DISEASE

The clinical traits of KS are very diverse (Table 1), and each is highly variable in its severity and occurrence. Yet, the most consistent traits in this disorder are: (i) dysmorphic facial abnormalities including sloping forehead, midface hypoplasia, depressed nasal bridge and hypoplastic alae nasi, receding chin and sometimes short palate; (ii) abnormal cartilage calcification in the larynx, the respiratory tract, the ears, the nose and the ribs; and (iii) brachytelephalangism that, in around 75% of the cases, is characterized by shortening and broadening of the first to fourth distal phalanges (punctate epiphyses), with sparing of the fifth phalange, although different combinations have been found sporadically in some patients and without systematic bilaterality (Miller, 2003). Additional symptoms found in almost all patients include multiple peripheral pulmonary artery stenoses, mild to severe unilateral or bilateral sensorineural, mixed hearing loss, and intellectual disability that ranges from borderline intelligence to mild developmental delay, short stature, and respiratory conditions including dyspnea, wheezing, cough, and infections (Table 1). Other inconsistent symptoms are also observed in isolated individuals affected by KS such as seizures or epileptic events (Teebi et al., 1998; Hur et al., 2005), otitis media and/or sinusitis, dental malocclusion, and cardiovascular defects such as ventricular septum defects and ventricular hypertrophy (Table 1).

Long-term follow-up studies revealed additional features in aging KS patients (Table 1). After 30 years of age, KS patients typically develop skin lesions (Meier et al., 2001; Hur et al., 2005; Nanda et al., 2006), although this has been subject of debate regarding the definite cause and definition of the skin defects observed in these patients (Hur et al., 2005; Cohen and Boyadjiev, 2006; Nanda et al., 2006). Transient patchy alopecia has also been reported in the follow-up of a patient initially described by Fryns et al. (Devriendt et al., 1999) and later confirmed in another case (Acar et al., 2010; Weaver et al., 2014). Interestingly, vascular calcification has been reported in only a few cases. In this regard, post-mortem examination of the youngest sibling originally described by Keutel uncovered calcification of pulmonary, coronary, hepatic, renal, meningeal and cerebral arteries (Cranenburg et al., 2011). Aortic calcification and intracranial-brain calcification have also been observed in a few other KS patients (Teebi et al., 1998; Ayyildiz et al., 2012; Bosemani et al., 2014; Weaver et al., 2014).

Most of the symptoms seen in KS are thought to be secondary to calcifications. Intracranial calcification could explain seizure, epilepsy, and even developmental delay. Tracheobronchial calcification could be responsible for dyspnea and cough by inducing trachea and bronchi stenoses and reducing respiratory tract elasticity. Finally, auricular calcification, sometimes leading to petrified ears of the pinnae or ligamentous calcification of the ossicles, could explain the hearing loss in KS patients, although frequent respiratory infections could also be a cause of the auditory defects. Finally, systemic hypertension found in most young patients and commonly controlled by standard antihypertensive medication is thought to be due to renal arterial microcalcification (Khosroshahi et al., 2014).

Some of the traits listed above for KS overlap with those found in other rare congenital or acquired diseases, including brachytelephalangic X-linked chondrodysplasia punctata (CDPX1; Maroteaux, 1989; Weaver et al., 2014), vitamin K-dependent gamma-glutamyl carboxylase (GGCX) mutation disorders (Tie et al., 2016), vitamin K deficiency embryopathy (Menger et al., 1997), warfarin embryopathy (Struwe et al., 1984; Kumar et al., 2012), or warfarin sodium therapy-induced complications (Moncada et al., 1992). Although it is likely that several of these diseases may involve functional alterations of the vitamin K-dependent activity of MGP, the exhaustive characterization of the reported KS patients (Table 1) now unequivocally recognizes KS as a separate disease that can be readily distinguished on the basis of morphological and clinical exams and further confirmed by genetic testing (MGP sequencing). This should help for better detection and care for KS patients whose prognosis is usually reasonably good. Recurrent cough and wheezing episodes as well as upper respiratory tract infections or seizures often lead to hospitalization and the incidental diagnosis of KS by chest radiograph. In fact, life expectancy of the patients mainly depends on the severity of their respiratory complications, which are usually treated symptomatically using antibiotics to prevent infections (Meier et al., 2001) and corticosteroids or inhalative bronchodilating drugs to improve the respiratory functions (Devriendt et al., 1999; Özdemir et al., 2006; Girit and Senol, 2019). However, such treatments are not always efficient (Meier et al., 2001; Cranenburg et al., 2011). Interestingly a vitamin K1 supplementation strategy was tried in a unique KS patient, where the presence of undercarboxylated MGP was characterized. However, this was found to be ineffective in increasing MGP carboxylation (Cranenburg et al., 2011). If patients have cosmetic complaints, plastic and reconstructive surgeries can be offered, e.g., nose grafting (Ciloglu et al., 2015). Although it has not been done so far, exploratory middle ear surgery could be considered for KS patients with conductive hearing loss (Acar et al., 2010).



IDENTIFICATION OF THE CAUSAL GENE

Matrix Gla protein is a vitamin K-dependent protein originally isolated from bovine bone (Price et al., 1983; Price and Williamson, 1985) and later found to be mainly expressed by chondrocytes and cardiovascular cells (Hale et al., 1988; Yao et al., 2007; Chiyoya et al., 2018). The human protein contains 84 residues and a complex molecular structure including a signal peptide required for its secretion into the ECM, a phosphorylation motif containing three serine residues located at the N-terminal end of the mature protein, separated from the remaining protein regions by a cleavage site (AXXF) followed by a γ-carboxylase recognition site and a Gla domain. It also contains a disulfide bridge between two cysteines and a C-terminal RR cleavage site (summarized in Figure 1B). The posttranslational modification of five glutamic acid (Glu) residues (see localization in Figure 1B) into γ-carboxyglutamic acid (Gla) residues is thought to be central to MGP function and requires the GGCX activity with vitamin K as a cofactor (Engelke et al., 1991). Although MGP is often considered to be fully active when phosphorylated and carboxylated, other forms (i.e., under-carboxylated or non-phosphorylated MGP) have been shown to have some clinical relevance, in particular for vascular calcification (Schurgers et al., 2010; Roumeliotis et al., 2019). MGP anti-mineralization action is currently not fully understood, although several mechanisms have already been proposed, e.g., its high affinity for calcium ions and calcium-phosphate crystals through the Gla residues would prevent mineral deposition or stimulate phagocytosis by macrophages, and its binding to BMP-2 would prevent the trans-differentiation of vascular smooth muscle cells into osteoblasts (see Roumeliotis et al., 2020 and references therein).

MGP structure has been remarkably conserved throughout evolution since its appearance 400 million years ago during the onset of cartilaginous structures, indicating that MGP plays a central function in vertebrates (Cancela et al., 2014). The human MGP gene was first sequenced in 1990 and localized in human chromosome 12p12.3-13.1 (Cancela et al., 1990). It was found to span four exons and it appears to be a single copy gene in all species identified to date. More recently, an additional exon was identified in single-pass cDNA sequences from human fetal brain precursor tissue (Cancela et al., 2014), bringing the total number of exons to five and adding 33 amino acid residues in frame with the previous protein. This new exon is specific to primates, is located between previously identified exons one and two and suffers alternative splicing in most tissues analyzed so far. Even though MGP gene was identified 30 years ago, its regulation is still unclear and much remains to be uncovered. So far, MGP was found to be regulated in human by retinoic acid (Kirfel et al., 1997) and FGF (Stheneur et al., 2003) and, more recently, by epigenetic mechanisms (Tiago et al., 2016; Tuo and Ye, 2017). In mouse, parathyroid hormone regulates Mgp expression through the transcription factors Sp and Runx2 (Suttamanatwong et al., 2009). In 1997, the development of a knockout (KO) mouse model for MGP provided crucial clues toward understanding the function of this enigmatic protein, until then without a significant physiological function (Luo et al., 1997). Its role as a physiological inhibitor of calcification was further consolidated in the next few years when it was identified as KS causal gene (Munroe et al., 1999). A genome search using homozygosity mapping provided evidence of the linkage of KS to the human chromosomal region 12p12.3-13.1 (maximum multipoint lod score, 4.06), where MGP gene is located, and the common traits displayed in both KS patients and the KO mice, including abnormal calcification of cartilage affecting auricles, nose, and respiratory tract, further supported the central role of MGP in this disease. Previously, Teebi et al. (1998) had provided evidence supporting the fact that KS was most likely due to an autosomal recessive inheritance. In the same year, Yagami et al. (1999) provided additional evidence for the function of MGP as a calcification inhibitor by overexpressing this protein in osteoblasts in the developing chick limbs resulting in a severe decrease in ECM mineralization and endochondral ossification. In the following two decades, eight different mutations in the MGP gene were identified in KS patients, all of them severely affecting protein structure and probably protein function (Figure 1B) and likely to be responsible for all or part of the phenotypes observed in KS patients (Figure 1C).



KNOCKOUT AND TRANSGENIC MOUSE MODELS TO UNDERSTAND THE PATHOLOGIES OF KS

Matrix Gla protein knockout (Mgp–/–) mice generated by Dr. Karsenty’s group is a widely used model for KS (Luo et al., 1997). These mice faithfully recapitulate most of the traits seen in the human patients, which include the widespread calcification of various cartilaginous tissues and associated skeletal anomalies. In addition, these mice display severe vascular calcification (Luo et al., 1997; Murshed et al., 2004; Leroux-Berger et al., 2011; Khavandgar et al., 2014), a trait that has only been reported in a limited number of KS patients (Cranenburg et al., 2011; Ayyildiz et al., 2012; Bosemani et al., 2014; Weaver et al., 2014). Unlike KS patients who are unaffected or mildly affected by vascular calcification, all Mgp–/– mice die before two months of age due to complications (aortic rupture and hemorrhage) caused by severe vascular calcification (Luo et al., 1997).

The major cartilaginous tissues prematurely/abnormally mineralized in Mgp–/– mice are trachea, nasal septum and growth plates, including the spheno-occipital synchondrosis (SOS) in the head (Marulanda et al., 2017). Interestingly, calcification of different cartilaginous tissues in MGP-deficient mice does not appear at the same time. The early calcium phosphate minerals in the nasal septum cartilage can be detected by histological methods by the end of the first week after birth (Marulanda et al., 2017). Most of the deposited minerals at this stage are amorphous calcium phosphate. The amount of minerals progressively increases over time and by the end of six weeks, septal cartilage appears to be fully mineralized. Almost simultaneously progressive deposition of minerals starts in the SOS at the cranial base, where mineral deposition occurs at the cartilaginous ECM of the synchondrosis leading to its premature closure (Marulanda et al., 2017). Abnormal calcification of the tracheal cartilage in Mgp–/– mice is seen after the third week, while the growth plate cartilage in the long bones starts calcifying during the second month after birth (Marulanda et al., 2013).

As in KS patients, the premature and/or abnormal calcification of the cartilaginous tissues has profound effects on the development of the skeletal traits in Mgp–/– mice. In-depth analyses of these traits in various mouse models have tremendously helped our understanding of the mechanisms causing general skeletal traits in KS, such as midface hypoplasia and shortening of some of the endochondral bones. Midface hypoplasia is commonly caused by the premature closure of the cranial sutures, sometimes in association with the premature closure of the SOS. However, in Mgp–/– mice, the cranial sutures are not prematurely fused, but SOS are. It is possible that both SOS and nasal septum calcification contribute to the observed midface hypoplasia in both Mgp–/– mice and in the KS patients.

Histological analyses reveal that the continuity of the prehypertrophic and proliferating cell layers in the growth plates of the endochondral bones of Mgp–/– mice is disrupted by the premature deposition of minerals (Murshed et al., 2004). This phenotype may affect the growth of the long bones, although most of the Mgp–/– mice die before the full manifestation of this phenotype. Following a transgenic approach, when vascular calcification in Mgp–/– mice was prevented by vascular smooth muscle cell (VSMC)-specific restoration of Mgp expression, the early lethality was prevented. This tissue-specific rescue model provided a unique opportunity to examine the ultimate fate of the growth plates in the absence of MGP; the growth plates were almost completely lost with age in these mice due to abnormal deposition of minerals (Murshed et al., 2004). Note that unlike humans, mice do not show closure of the endochondral growth plates after puberty and maintain this cartilaginous tissue throughout the adulthood. As local expression of Mgp in the VSMCs prevents vascular calcification in Mgp–/– mice, but not cartilage calcification, chondrocyte-specific expression of Mgp in Mgp–/– mice prevents cartilage, but not vascular calcification (Marulanda et al., 2017). This observation suggests that MGP prevents ECM mineralization locally. Collectively, further analyses of the traits of these animal models may help us understanding some of the KS pathologies, such as the shortening of distal phalanges.

Several early studies suggested that MGP might inhibit signaling mediated by bone morphogenetic proteins (BMPs). It was proposed that the loss of MGP in the vascular tissues induces BMP signaling and trans-differentiation of VSMCs toward the chondrogenic/osteogenic lineage (Zebboudj et al., 2002). Although chondrocyte-like cells do appear in the heavily calcified arteries of Mgp–/– mice, it is now evident that this alteration of cellular traits is secondary to mineral deposition (Leroux-Berger et al., 2011; Khavandgar et al., 2014). It is highly likely that MGP directly prevents mineral deposition on extracellular protein scaffold. This notion is supported by two in vivo observations – firstly, the initial mineral deposition in Mgp–/– arteries occur before any upregulation of chondrogenic/osteogenic markers, and secondly, gene dose reduction of a mineral-scaffolding extracellular protein elastin in Mgp–/– arteries significantly reduces the amount of deposited minerals (Khavandgar et al., 2014).

A direct role of MGP in the prevention of ECM mineralization will rely on specific features in its structure. Indeed, two post-translational modifications – the carboxylation of five glutamic acid residues (four in mice) by GGCX and phosphorylation of three N-terminal serine residues by yet unknown kinase(s) have been thought to be necessary for MGP’s anti-mineralization function. In a transgenic model, when MGP was overexpressed in bone, it resulted in a moderate bone mineralization defect. However, in a follow-up experiment when a mutated form of MGP lacking its glutamic acid residues undergoing carboxylation by GGCX was expressed in bone, it failed to cause any mineralization defect (Murshed et al., 2004). These experiments suggest a critical role of MGP’s conserved glutamic acid residues and their post-translational carboxylation in the skeletal tissues. Until now, no in vivo experiments have been performed to determine the role of the conserved serine residues in MGP in its anti-mineralization function. In vitro studies showed that an N-terminal human MGP peptide carrying the phosphorylated serine residues prevents mineral crystal formation (Schurgers et al., 2007; O’Young et al., 2011). More recently, Parashar et al. demonstrated that a similar mouse MGP peptide carrying the phosphorylated serine residues prevents mineral deposition in both cell culture and cell free models of elastin calcification (Parashar et al., 2021), while the non-phosphorylated control peptide did not. The ongoing studies using novel mutations in MGP’s conserved residues in our laboratories will provide critical information on how MGP prevents ectopic mineralization of soft tissues.



CONCLUSION AND PERSPECTIVES

Fifty years of research on Keutel syndrome have clarified both the phenotype and the genotype of the disease. Distinctive KS traits (e.g., abnormal cartilage calcification facial features and brachytelephalangism) can be easily identified through clinical observation and allow to positively diagnose the disease, while mutations in MGP gene identified through DNA sequencing will unequivocally confirm the diagnosis. In this regard, an effort should be made toward the sequencing of MGP gene in all the reported cases of KS – so far less than 30% of the KS patients were genotyped for MGP – to gain insights into a possible link between the severity of the disease and the type of mutation (Figure 1C). Although knockout mice have proven their usefulness to clearly associate a defective matrix Gla protein with the development of the disease, much remains to be discovered about MGP function in relation to Keutel syndrome. Currently, the underlying cause of midface hypoplasia in KS patients and Mgp-/- mice is not well-understood. It is possible that both nasal septum and SOS calcification contribute to this trait, however additional studies will be needed to determine the relative contributions of these two ectopic calcification events to the abnormal midface development in KS patients. Further, it is still unknown how MGP prevents ECM mineralization in cartilage and vascular tissues, and whether different post-translational modifications in MGP work in concert or independently to confer its anti-mineralization function. In this regard, the generation of new mouse models such as knock-in mice carrying targeted MGP mutations should provide interesting data on the function of the different protein domains/functional residues. Similar genetic approaches can be used to investigate the consequence of the mutations identified in KS patients. In addition, given the high level of conservation of MGP among species, the development of different animal models could contribute to shed further light into the mechanism of action of MGP and better understand its role in the development of this rare disease.

Although prognosis is good in most cases, the health conditions of KS patients are often far from normal with symptoms that can be a burden to them and their families. While reconstructive surgery, angiographic dilatation, antihypertensive and bronchodilating agents, and antibiotics can be used to treat some of these symptoms and improve patient condition, others such as developmental delay, seizures or hearing loss are only efficiently treated if tackled very early during development, before ectopic calcifications initiate in the different tissues. In this regard, gene therapy approaches to restore the normal expression of MGP, the causal gene for KS, may represent a pertinent solution for patients suffering from incapacitating symptoms.
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Vascular calcification (VC) increases morbidity and mortality and constitutes a significant obstacle during percutaneous interventions and surgeries. On a cellular and molecular level, VC is a highly regulated process that involves abnormal cell transitions and osteogenic differentiation, re-purposing of signaling pathways normally used in bone, and even formation of osteoclast-like cells. Endothelial cells have been shown to contribute to VC through a variety of means. This includes direct contributions of osteoprogenitor cells generated through endothelial-mesenchymal transitions in activated endothelium, with subsequent migration into the vessel wall. The endothelium also secretes pro-osteogenic growth factors, such as bone morphogenetic proteins, inflammatory mediators and cytokines in conditions like hyperlipidemia, diabetes, and renal failure. High phosphate levels caused by renal disease have deleterious effects on the endothelium, and induction of tissue non-specific alkaline phosphatase adds to the calcific process. Furthermore, endothelial activation promotes proteolytic destruction of the internal elastic lamina that serves, among other things, as a stabilizer of the endothelium. Appropriate bone mineralization is highly dependent on active angiogenesis, but it is unclear whether the same relationship exists in VC. Through its location facing the vascular lumen, the endothelium is the first to encounter circulating factor and bone marrow-derived cells that might contribute to osteoclast-like versus osteoblast-like cells in the vascular wall. In the same way, the endothelium may be the easiest target to reach with treatments aimed at limiting calcification. This review provides a brief summary of the contributions of the endothelium to VC as we currently know them.
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VASCULAR CALCIFICATION AND THE ENDOTHELIUM

Vascular calcification (VC) is a frequent complication of cardiovascular disease (Sage et al., 2010; Marulanda et al., 2014) that increases morbidity and mortality and constitutes a significant obstacle in interventions and surgeries (Polonsky et al., 2010; Yutzey et al., 2014; Gepner et al., 2015). It occurs commonly as media sclerosis in vasculopathy caused by diabetes, chronic kidney disease (CKD), hypertension and aging, and as lesion calcification in atherosclerotic plaques (Luscher et al., 2003; Giachelli, 2009; Shanahan et al., 2011; Boström, 2016). Clinical studies have reported a high prevalence of arterial calcification that increases with age and is seen in more than 90 and 67% of men and women over 70 years of age, respectively, (Liu et al., 2015). The physiological changes resulting from the arterial stiffening in media sclerosis contributes to systolic hypertension and congestive heart failure, whereas the lesion calcification may directly contribute to plaque instability and increase the complexity of interventions in coronary obstructions.

Vascular calcification is widely accepted to be an active and regulated process, which shares many similarities with bone formation and involves abnormal cells transitions, osteogenic differentiation, and signaling pathways frequently used in bone (Sage et al., 2010; Boström, 2016). The vascular media is the most common location of calcific lesions, but calcification can appear as a calcified internal elastic lamina (IEL), exophytic calcification extending into the vascular lumen or generalized calcification affecting several layers of the vascular wall (Boström, 2016; Figure 1; schematic layers). Although most attention has been given to the vascular media, all vascular layers are likely to contribute to the VC in different ways. The role of the vascular endothelium, in particular, has come under increased scrutiny during the past decade. The endothelium is the innermost layer of the vascular tube and serves as an interface between the blood stream and the rest of the vascular wall. Normally, this exceedingly thin structure consists of a single layer of endothelial cells (ECs) and is tasked with various responsibilities such as the maintenance of non-thrombogenic surfaces and quiescence in the vascular wall. The effort is aided by the presence of the IEL on which the endothelium rests. The endothelium is also tasked with responding to different stimuli that are generated in the local environment or delivered by the circulation. As a result, the endothelium can exist in various states of activation, including inflammatory, angiogenic and osteogenic phenotypes, and thereby act as a mediator of vascular disease.
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FIGURE 1. Schematic representation of the layers in the vascular wall.


The characteristics of the inflammatory and angiogenic endothelial phenotypes have been extensively studied in atherosclerosis and angiogenesis and are reviewed in Gimbrone and Garcia-Cardena (2016) and Eelen et al. (2020). However, ECs with osteogenic phenotype and their role in calcific vasculopathy are less well understood. Here, we provide a brief summary on what we know so far about the ways the endothelium contributes to the calcific process.



ENDOTHELIAL-MESENCHYMAL TRANSITIONS

The endothelium has the ability to contribute osteogenic progenitor cells to VC through cellular transitions (Figure 2; schematic figure). Endothelial-mesenchymal transitions (EndMTs) represent a cellular reprogramming where ECs acquire mesenchymal cell characteristics while the endothelial characteristics diminish. Even though a molecular definition of EndMTs is not yet fully established, several reviews are helpful in outlining the basis and criteria for EndMTs (Li et al., 2018; Kovacic et al., 2019). These include an enhanced cellular capacity for invasion, migration and contraction, and the expression of markers linked to the triggering of EndMTs such as Snail, Slug, Twist, Krüppel-like factor 4, and N-Cadherin (Yao et al., 2015; Li et al., 2018; Kovacic et al., 2019; Ma J. et al., 2020). Markers that are commonly used to monitor the endothelial lineage and the emergence of fibroblastic and osteogenic mesenchymal characteristics in ECs are listed in Table 1 (Medici et al., 2010; Yao et al., 2015; Evrard et al., 2016; Li et al., 2018). It is not fully understood whether the cells proceed through a defined stem cell-like stage prior to diverting into fibroblastic or osteogenic lineage. It is possible that the ECs only undergo partial EndMTs without reaching terminal mesenchymal differentiation as has been observed in for example glomerulosclerosis (Kato et al., 2014; Li et al., 2018). Both endothelial, mesenchymal and osteogenic markers would then be co-expressed by the intermediate cells, and may be enough to influence VC. Partial EndMTs may be easier to reverse to the original endothelial lineage.
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FIGURE 2. Schematic drawing. Different ways the endothelium can influence the development of vascular calcification.



TABLE 1. Lineage markers commonly used in studies of endothelial-mesenchymal transitions and vascular calcification.
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EndMTs DISCOVERED AS A SOURCE OF CALCIFYING CELLS IN FIBRODYSPLASIA OSSIFICANS PROGRESSIVA

The concept that the endothelium in the systemic arteries contributes osteoprogenitor cells to VC came as a logical extension from the studies on fibrodysplasia ossificans progressiva (FOP). In 2010, Medici et al. (2010) reported that microvascular ECs with activating mutations in activin receptor-like kinase 2 (ALK2) were converted into multipotent stem cell-like cells as shown by TEK receptor tyrosine kinase (Tie2)−Cre lineage tracing (Medici et al., 2010). ALK2 is a BMP type 1 receptor encoded by the Acvr1 gene that is essential for the development of multiple tissues and organs, such as bones, muscles and brain. A number of BMPs and activins bind to ALK2 (Sekimata et al., 2020), among them BMP4 and 6, which are commonly expressed in the endothelium and participate in angiogenesis and cell proliferation (Bautch, 2019). In patients with FOP caused by mutated ALK2 receptors and mice with corresponding mutations, the converted ECs were shown to participate in the calcific soft tissue lesions that characterize this disorder (Medici et al., 2010; Sekimata et al., 2020). Furthermore, their studies showed that BMP4 and transforming growth factor (TGF)β2, both members of the TGFβ superfamily of growth factors, mimicked the effect of the activating ALK2 mutations in vitro (Medici et al., 2010). Indeed, EndMTs required activation of both ALK2 and ALK5 by BMP4 and TGFβ2, respectively, with subsequent signaling through SMAD5 (BMP-activated), and SMAD2 (TGFβ-activated; Medici et al., 2010). Interestingly, binding of BMP7 to ALK2 did not recruit ALK5, and therefore activated only SMAD5 without triggering EndMTs (Medici et al., 2010). Moreover, Lin H. et al. (2019) showed that Activin A, another member of the same growth factor family, also activated abnormal BMP signaling through the mutated ALK2. This occurred despite Activin A normally signaling through SMAD2/3 and inhibiting BMP signaling. Together, the studies provided evidence that ECs might contribute osteoprogenitor cells to the ectopic tissue calcification through EndMTs, and that abnormal signaling among the TGFβ growth factors mediate such transitions.



EndMTs IN VASCULAR CALCIFICATION

Evidence from several mouse models suggest the presence of endothelial dysfunction and EndMTs in VC (Kajimoto et al., 2015; Malhotra et al., 2015; Yao et al., 2015; Evrard et al., 2016; Sanchez-Duffhues et al., 2018). The matrix Gla protein null (Mgp–/–) mouse, a VC model where loss of MGP results in rapid and progressive calcification and an abnormal endothelium (Luo et al., 1997; Yao et al., 2015). MGP is a small matrix protein with calcium-binding capacity that binds several BMPs involved in endothelial and osteogenic biology such as BMP2, 4, and 7 (Yao et al., 2008). MGP is highly expressed in the mature endothelium and essential for its integrity in the systemic arteries that are prone to developing VC. Studies have shown that in absence of MGP, the IEL is progressively destroyed through excessive proteolysis, causing the ECs to lose their anchoring and become susceptible to EndMTs (Yao et al., 2015). As part of this process, the ECs co-expressed endothelial and mesenchymal or osteogenic markers in the calcific lesions (Yao et al., 2013, 2015; Malhotra et al., 2015), as determined by lineage tracing using the Tie2-Green fluorescent protein (Gfp) transgenic mouse and co-immunofluorescence (Yao et al., 2013). The response to loss of MGP was mimicked in human aortic ECs stimulated by BMP4 or high glucose in vitro, and was limited by the BMP inhibitor Noggin (Yao et al., 2013). In these studies, the transcription factor SRY (sex determining region Y)-box 2 (Sox2) was identified as an active regulator of EndMTs that led to osteogenic ECs, acting downstream of BMP (Yao et al., 2015; Sanchez-Duffhues et al., 2018). Sox2 was already known as a potent driver of fate conversion and direct reprogramming in somatic cells as one of the four pluripotency genes (Julian et al., 2017). Endothelial deletion of the Sox2 gene limited both EndMTs and VC in Mgp–/– mice (Yao et al., 2015). The involvement of Sox2 in the regulation of EndMTs represent a novel aspect of its function.

Additional evidence supporting the concept of BMP activation and EndMTs in vascular disease was derived from atherosclerotic Apoe–/– mice and diabetic Ins2Akita/+ mice [(Sanchez-Duffhues et al., 2018) review]. Both Apoe–/– and Ins2Akita/+ mice have enhanced endothelial BMP4 expression in response to hyperglycemia and hyperlipidemia, respectively, which mimics the loss of BMP inhibition and allows an emergence of EndMTs and VC. When diabetic Ins2Akita/+ mice are crossed with Mgp transgenic mice, BMP4 expression is suppressed (Bostrom et al., 2010), suggesting that the augmented MGP level was sufficient to limit the BMP activity. The studies suggest that the BMP4-MGP balance could serve as a point of influence for factors that affect VC, such as warfarin that interferes with the necessary gamma-carboxylation of the MGP protein (Yao et al., 2008). As the transitioned ECs migrate into the vascular wall, they may be exposed to BMP2, which is highly induced in calcified vascular lesions (Sweatt et al., 2003) and would promote calcification of osteogenic ECs.

It should be noted that at least two of the studies on EndMTs in tissue calcification used the Tie2-promoter for endothelial lineage tracing (Medici et al., 2010; Yao et al., 2013). More recent studies generally prefer the vascular endothelial (VE)-Cadherin (Cdh5)-promoter for endothelial lineage tracing and excision, even if expression of both Tie2 and VE-cadherin has been detected in small subpopulations of hematopoietic cells and could influence the lineage tracing (Kisanuki et al., 2001; Alva et al., 2006; Yao et al., 2013). A similar issue exists for the vascular smooth muscle cells (SMCs). A transition of SMCs to osteogenic cells was also reported in the aorta of the Mgp–/– mice, as determined by lineage tracing using the Sm22α-Cre promoter (Speer et al., 2009). However, the SM22α protein is not unique to the SMCs and is expressed in a number of mesenchymal cells such as myofibroblasts, pericytes, and even ECs undergoing EndMTs (Ding et al., 2004; Kokudo et al., 2008; Wirz et al., 2008). It is therefore difficult to accurately assess what portion of the osteogenic cells in calcific lesions are derived from ECs versus medial SMCs. Combinations of lineage tracers or results from single cell sequencing may be able to provide a better understanding of this issue in the future.

In a set of in vitro studies, Yung et al. (2015) showed that BMP6 and oxidized low density lipoproteins (oxLDL) triggered osteogenic differentiation in bovine aortic ECs, both independently or synergistically. The process was abrogated by scavenging of the reactive oxygen species (ROS) generated in response to oxLDL or by inhibiting the BMP receptors (Yung et al., 2015). In addition to ROS, inflammatory mediators such as the tumor necrosis factor (TNF)−α and interleukin (IL)−1β were reported to induce EndMTs in human aortic ECs and sensitize them to BMP9, a potent osteoinductive BMP in the circulation (Sanchez-Duffhues et al., 2019). Interestingly, lack of primary cilia was shown to further sensitize the endothelium to undergo BMP-dependent osteogenic differentiation, as mediated by β-catenin-induced transcription factor SLUG (Sanchez-Duffhues et al., 2015). Thus, synergy between oxidative stress, inflammation and BMP activity enhances the involvement of the endothelium in the calcific process.

Although TGFβ and BMP signaling have been shown to act in conjunction to trigger EndMTs (Medici et al., 2010), the connections between them in the endothelium is an understudied area. There are several ways they could interact in the transition from the early stages of EndMTs to the emergence of osteogenic phenotypes. One possibility is that the ECs take on the characteristics of myofibroblasts, which are activated by TGFβ (Zent and Guo, 2018), and then undergo BMP-mediated calcification (Yang et al., 2020). Other possibilities could involve alterations in the transcriptional regulation of endothelial SMADs or complex formation of the TGFβ/BMP receptors.



AORTIC INDUCTION OF ALK1 MIGHT FACILITATE BMP9-MEDIATED OSTEOINDUCTION

Activin receptor-like kinase (ALK)1 is best known as an endothelial receptor that promotes maturation and quiescence in the normal endothelium (David et al., 2008). ALK1 has also been discovered to participate in the uptake of LDL in ECs (Kraehling et al., 2016). BMP9 signaling is mediated by ALK1 and potentially ALK2 with effects on the endothelial lineage as well as osteoinduction (David et al., 2008; Lamplot et al., 2013). Interestingly, Sanchez-Duffhues et al. (2019) showed that the osteoinductive effect could be mitigated by suppressing the BMP type 2 receptor (BMPR2) and JNK signaling (Sanchez-Duffhues et al., 2019), and Theilmann et al. (2020) showed that loss of BMPR2 drove a proliferative response to BMP9 in EC, which is a reversal of the usually response promoting cell maturation. Thus, the outcome of BMP9 signaling is likely to vary depending on the on the state of BMPR2 and downstream signaling.

We examined the expression of ALK1 in the aorta and valves in 8-week old Apoe–/– mice after fat-feeding. The Apoe–/– mouse is a well-known model of atherosclerosis and aortic valve disease, and were fed standard chow (Diet 8604, Harlan Teklad Laboratory) or a high-fat/high-cholesterol diet (Western diet; Research Diets, diet #D12108) for 6 weeks. The aortas were prepared and stained for ALK1 and the endothelial marker von Willebrand factor (vWF) by immunofluorescence using the methodology and antibodies as described (Yao et al., 2010). 4′,6-Diamidino-2-Phenylindole (DAPI) was used for visualization of the nuclei. The results showed that ALK1 was highly induced in the aortic wall and the valves of the fat-fed mice (Figure 3). In chow-fed mice, ALK1 was expressed mostly in the aortic commissures, whereas vWF was detected along the valvular endothelium and the base of emerging atherosclerotic lesions. After fat-feeding, both ALK1 and vWF were widely expressed in the thickened valves and atherosclerotic lesions, but with limited co-expression, suggesting that ALK1 was expressed in both ECs and other valve cells and might allow for enhanced osteoinduction by circulating BMP9.
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FIGURE 3. ALK1, a receptor for BMP9, is induced in the aorta and aortic valves of Apoe−/− mice fed a high fat diet. Apoe−/− mice were fed regular chow or high fat diet for 6 weeks. Histological sections were prepared from the proximal aorta that included the aortic valves. The sections were stained for activin receptor-like kinase 1 (ALK1; green fluorescence) and von Willebrand factor (vWF; red fluorescence). DAPI was used for visualization of nuclei. The results showed a widespread induction of ALK1 in the thickened valves and aortic wall in the fat-fed Apoe− /− mice, which would allow for enhanced BMP9 osteoinduction.




SUPPRESSION OF EndMTs AND CALCIFICATION

Signaling pathways that counteract EndMTs and possibly calcification have been identified. The strong angiogenic activators vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF, also referred to as FGF2) have been reported to counteract the EndMT process (Wang et al., 2016). Interestingly, bFGF is an activator of MGP expression (Stheneur et al., 2003), which might enhance its ability to suppress EndMTs. SPARC Related Modular Calcium Binding 2, which is also able to serve as an angiogenic factor (Rocnik et al., 2006), has been shown to limit mineralization in human umbilical vein ECs (HUVECs) during extended cell culture (Peeters et al., 2018). Furthermore, high-density lipoproteins, which is considered a beneficial factor in vascular disease, reduces EndMTs in human aortic ECs by interfering with TGF-β1 signaling (Spillmann et al., 2015). BMP7 limits EndMTs by avoiding activation of TGFβ signaling (Medici et al., 2010), and is able to prevent VC in chronic uremia in rats but not reverse already established calcification (Gravesen et al., 2018). However, loss of function mutations in the Bmpr2 gene, which are linked to pulmonary arterial hypertension, cause an enhancement of TGFβ signaling and EndMT marker expression (Kovacic et al., 2019).

A number of drugs that are already in clinical use could potentially limit EndMTs and VC by interfering with TGFβ signaling [reviewed in Man et al. (2019)]. These include losartan, an angiotensin II receptor blocker widely used for systemic hypertension and aortic aneurysms, and macitentan, which is used for patients with pulmonary arterial hypertension. However, none has been tested for effects on VC.



DISRUPTION OF THE INTERNAL ELASTIC LAMINA IS PART OF VASCULAR PATHOLOGY

The IEL is a layer of elastic tissue that forms a barrier between the endothelium and the vascular media (Figure 2; schematic figure). It might be seen as a stabilizing structure for both the vascular endothelium and for the innermost layer of the medial SMCs. Abnormalities of the IEL have been reported in several vascular disorders. For example, disruption, reduplication and calcification of the arterial IEL can be found in Buerger’s disease (also referred to as thromboangiitis obliterans), which has a strong link to tobacco use, and Kawasaki’s disease, a vasculopathy of unknown cause (Senzaki, 2006; Micheletti et al., 2008). In addition, abnormalities have been reported in VC due to the deficiency of ecto-5′-nucleotidase (NT5E, also referred to as CD73; Markello et al., 2011). CD73 is an extracellular enzyme that mediates the conversion of AMP into adenosine and inorganic phosphate (St Hilaire et al., 2011). Rupture of the aortic IEL has also been reported in rats during growth and aging (Osborne-Pellegrin et al., 2010). Interestingly, calcification exclusively involving the IEL has been reported in patients with HIV-associated vasculopathy and Buerger’s disease (Micheletti et al., 2008), but it is unclear how this highly localized process is triggered or if the endothelium is involved.

Activation of proteolysis has been reported in association with the development of VC. EndMTs in the Mgp–/– mouse was associated with BMP4-mediated induction of elastase 1 and 2, and kallikrein 1, 5, and 6 (Yao et al., 2015), which ultimately caused the destruction of the entire aortic IEL (Yao et al., 2013, 2015). Protease inhibition by SERPINA1 or diisopropylfluorophosphate prevented the destruction. In the same mouse model, Beazley et al. (2013) reported induction of the major elastase adipsin and extensive fragmentation of elastic lamellae that preceded calcification. Elastin degradation products have been shown to enhance osteogenesis in myofibroblasts (Simionescu et al., 2007) and could affect both ECs and SMCs in this mouse model.

The progressive IEL destruction may disrupt normal interactions between the endothelium and the media allowing pro-calcific stimuli from the ECs to influence the medial cells (in addition to the various breakdown products). Indeed, it has been reported that exosomes released from glucose-treated HUVECs contain Notch3, an important receptor in cell differentiation, and are able to promote calcification in SMCs through the mammalian target of rapamycin signaling pathway (Lin X. et al., 2019). Similarly, other investigators have found that ECs exhibit osteogenic properties that depend on Notch signaling in co-cultures with aortic SMCs (Kostina et al., 2019). ECs were also able to promote calcification of aortic SMCs derived from spontaneously hypertensive rats, which was facilitated by endothelial matrix metalloproteinase (MMP)−2 and MMP−9 (Meng et al., 2018). This supports that the integrity of the IEL is a key factor in separating and protecting different vascular layers from disease.



PRO-CALCIFIC FACTORS DERIVED FROM THE ENDOTHELIUM

The endothelium is the first line of defense against circulating or local stimuli that could turn the endothelium pro-calcific. It can act as a source of growth factors of cytokines used for autocrine or paracrine signaling (Figure 2; schematic figure). A prominent example is endothelial BMP-induction, which is triggered by a variety of stimuli. OxLDL, mechanical stress, and estrogen all have an inductive effect on BMP2 (Cola et al., 2004; Osako et al., 2010; Su et al., 2011; Rutkovskiy et al., 2019), whereas shear stress, hyperglycemia, hyperlipidemia, and oscillatory shear stress enhance BMP4 (Sorescu et al., 2004; Csiszar et al., 2009). The cellular effects of BMP2 and BMP4 often overlap, at least in vitro. BMP4 is a strong activator of angiogenesis, proliferation and EndMTs (Medici et al., 2010; Bautch, 2019). However, BMP2 has been reported in endothelial microparticles after endothelial injury (Buendia et al., 2015), which could hasten the shift toward calcification in neighboring cells (Blaser and Aikawa, 2018). Indeed, micro-vesicles from the plasma of elderly subjects or senescent ECs have been found to have enhanced levels of BMPs at sites of calcification (Alique et al., 2017). It is interesting to speculate how changing the type of BMP delivery might enhance both the activity and the reach in the vascular wall. Additional findings supporting the importance of BMP were obtained when the small molecule LDN-193189 or the recombinant BMPR-IA/ALK3-FC chimera protein were used for inhibition of the BMP receptors. This resulted in a successful reduction of endothelial dysfunction and vascular osteogenesis in mice with CKD and Mgp gene deletion (Kajimoto et al., 2015; Malhotra et al., 2015).



PRO-CALCIFIC EFFECT OF HIGH PHOSPHATE IN THE ENDOTHELIUM

High serum phosphate is well known to promote VC in CKD and has been linked to endothelial dysfunction [reviewed in Scialla and Wolf (2014)] (Figure 2; schematic figure). CKD and uremia induce the expression of tissue-specific alkaline phosphatase (TNAP), which degrades extracellular pyrophosphate to phosphate ions, thereby causing pyrophosphate to lose its inhibitory effect on VC (Lomashvili et al., 2008). Hortells et al. (2017) found that expression of TNAP preceded the initial calcium deposition in the aortic wall, and was later followed by expression of other osteogenic factors such as Runx2 and BMP2. Systemic hyperphosphatemia has several adverse effects on the endothelium, such as apoptosis, stimulation of ROS production, impairment of the acetylcholine-stimulated release of nitric oxide, and limitation of the angiogenic phenotype (Scialla and Wolf, 2014). Furthermore, ECs exposed to high phosphate have been observed to promote VC in SMCs, at least in part mediated by phosphate-induced expression of IL-8 in the ECs. This in turn limited induction of osteopontin, a calcification inhibitor, in the SMCs (Bouabdallah et al., 2019). The hyperphosphatemic state in ECs has also been shown to induce global changes in protein phosphorylation and enhance the release of prothrombotic microparticles (Abbasian et al., 2015).

Savinov et al. (2015) showed that EC-specific overexpression of TNAP, as directed by the Tie2-promoter, enhanced the osteogenic potential of ECs and promoted VC (Savinov et al., 2015). Overexpression of TNAP in the “wicked high cholesterol” (WHC) mouse model resulted in an unusual course of coronary atherosclerosis, where the calcification preceded the lipid deposition (Romanelli et al., 2017). The calcific lesions nucleated in the subendothelial space of medium-sized arteries and induced neointimal growth. Interestingly, even though TNAP was overexpressed in almost every EC, the calcification foci were relatively sparse, and seemed to require the high fat diet to create the early calcification pattern (Savinov et al., 2015). It is possible that the atherogenic diet activates endothelial expression of pro-osteogenic factors, such as BMPs, ROS and inflammatory mediators. It is not clear whether TNAP induction occurs exclusively in the endothelium in CKD or other disease states, without also occurring in the SMCs. It is interesting that high alkaline phosphatase activity was discovered long ago in the endothelium in small arteries and arterioles during branching (Romanul and Bannister, 1962), making it clear that the endothelial role of TNAP is not yet fully understood (Goettsch et al., 2020).



POTENTIAL ROLE OF NEO-ANGIOGENESIS IN VC

The endothelium is essential in responding to tissues requiring angiogenesis for oxygen and nutrients during development and regeneration. This is also true for bone. Angiogenesis is an absolute requirement for bone formation (Peng et al., 2020), where the preceding cartilage has an important role in recruiting ECs by secreting VEGF. A specialized bone endothelium is a critical part in bone growth, bone remodeling and during bone homeostasis (Kusumbe et al., 2014; Ramasamy et al., 2014; Peng et al., 2020). These vessels, referred to as type H vessels, express high levels of Endomucin and CD31 and are instrumental in the coupling of angiogenesis and osteogenesis. The type H vessels depend on Notch and VEGF signaling (Kusumbe et al., 2014; Ramasamy et al., 2014) but are also regulated by factors such as platelet-derived growth factor (PDGF)-BB and hypoxia-inducible factor 1α (HIF-1α).

Neo-angiogenesis extends into the diseased vascular wall and is driven by angiogenic factors like VEGF. It promotes the progression of atherosclerosis and may cause intraplaque hemorrhages, plaque rupture and tissue ischemia (Hiyama et al., 2010). Capillary ingrowth has been observed in proximity to plaque calcification (Jeziorska et al., 1998), and could be a determinant of the mineralization in the vascular wall or serve as a conduit for osteoprogenitor cells (Collett and Canfield, 2005). Although neo-angiogenesis has been identified as a potential target for strategies aimed at atherosclerosis (Sedding et al., 2018), anti-angiogenic therapies have so far not been shown to modulate VC.



ENDOTHELIAL PROGENITOR CELLS IN VC

Endothelial cells or endothelial progenitor cells (EPCs) may be recruited from the circulation to locations conducive to calcification (Figure 2; schematic figure). Gossl et al. (2008) showed that a high percentage of EPCs expressed osteocalcin (OCN+) in patients with coronary atherosclerosis and might have a role in VC. A subsequent study demonstrated that patients with early coronary disease retained these OCN + EPCs within the coronary circulation, potentially enhancing the development of calcification (Gossl et al., 2010). Specific disease states are likely to influence the EPC. For example, patients with diabetes had a pro-calcific phenotype, significantly driven by inflammatory stimuli (Fadini et al., 2012), whereas patients with CKD and VC had a rise in endothelial microparticles and a reduction in the number of EPCs, suggesting that the endothelial repair process was impaired (Soriano et al., 2014). Other investigators found that the number of OCN + EPCs was positively related to the frequency of spotty calcification in patients with acute coronary syndrome (Zhang et al., 2015), suggesting that the role of EPCs in VC may ultimately depend on the patient’s co-morbidities.



ROLE OF THE VALVE ENDOTHELIUM IN CALCIFIC AORTIC VALVE CALCIFICATION

Calcific aortic valve disease (CAVD) is the most prevalent form of aortic stenosis, and is characterized by progressive fibro-calcific remodeling of the aortic valve leaflets (Lindman et al., 2016; Goody et al., 2020).

Population-based studies in developed countries have reported a high prevalence of CAVD that markedly increases over 65 years of age, and is around 3.4% for individuals over 75 years of age (Lindman et al., 2016), three quarters of which present with symptoms such as angina, congestive heart failure and syncope. The treatment for CAVD includes surgical and transcatheter aortic valve replacement, with no efficient medical treatment currently available. Similar to VC, the progressive calcification and fibrous thickening of aortic valves are actively regulated processes with similarities to chondrogenic and osteogenic differentiation.

During embryogenesis, EndMTs and crosstalk between ECs and the developing myocardium are instrumental for cardiac valve morphogenesis. There is also evidence suggesting that cellular reprogramming of the valvular ECs (VECs) occurs in CAVD (Ma X. et al., 2020). Results from Paranya et al. (2001) suggested that ECs derived from adult aortic valves could transition to a mesenchymal phenotype when stimulated by TGF-β or low levels of serum without addition of bFGF. This was supported in vivo by the presence of a cell population in human aortic valves that expressed both the endothelial marker CD31 and the SMC marker α-smooth muscle actin (α-SMA; Paranya et al., 2001). Later the same group showed that the mitral valves contained ECs with multilineage mesenchymal differentiation potential, including osteogenic differentiation (Wylie-Sears et al., 2011). Mahler et al. (2013) also reported a cell population of subendothelial cells co-expressing CD31 and α-SMA in calcific human aortic valves that further supports the existence of valvular EndMTs.

The valvular endothelium covers both the aortic (fibrosa) and the ventricular (ventricularis) side of the aortic leaflet, where the aortic side is most exposed to pro-osteogenic factors due to differences in shear stress. Simmons et al. (2005) reported a spatial heterogeneity of the valvular endothelial phenotype with distinct phenotypes on the two sides of the valve, which could explain the propensity for calcification on the aortic side. Later studies further showed that the valvular endothelium had distinct transcriptional differences, and should therefore be treated as a separate endothelial entity (Butcher et al., 2006). The porcine valvular endothelium had a more chondrogenic-oriented transcription profile when compared to the aortic endothelium (Butcher et al., 2006). Cadherin 11, which is linked to epithelial-mesenchymal transitions (Chen et al., 2021), was expressed in the VECs but not in the aortic ECs. However, BMP4 was expressed in both the aortic endothelium and the fibrosa side of the valve (Butcher et al., 2006), suggesting that BMP4 was in locations where it could trigger EndMTs. EndMTs occurring in the valves are also influenced by matrix stiffness and Wnt/β-catenin signaling (Zhong et al., 2018). Thus, even though conceptually similar, VC versus CAVD are likely to develop along distinct pathways.

Valvular ECs can serve as precursors of valvular interstitial cells (VICs; Bischoff and Aikawa, 2011), which in turn can take on an osteoblastic phenotype and enhance valve calcification. It has also been suggested that the VICs play a role in limiting EndMTs and osteogenesis in the VECs (Hjortnaes et al., 2015), which would support the importance of reciprocal VEC-VIC interactions for valve maintenance. Another example of VEC-VIC interactions include the VIC-mediated stimulation of VECs to invade the valves and form angiogenic networks through activation of Angiopoietin1-Tie2 signaling (Arevalos et al., 2016). In turn, the VECs influence the VICs by serving as a source of oxidative stress in response to TNF-β (Farrar et al., 2015). The response of the ECs, however, may not always be predictable as the valves age. A reduced regenerative capacity and senescence of VECs, in combination with low levels of EPCs, have been proposed to underlie the destruction of the valvular endothelium (Matsumoto et al., 2009). Overall, further studies of cellular transitions in the early and late stages of CAVD will be required to fully understand the unique features of the valve calcification.



LOSS OF MGP IN THE AORTIC VALVES INDUCES BMP ACTIVITY AND SOX2 EXPRESSION

As earlier stated, MGP has a powerful anti-calcific effect in the elastic arteries and is strongly expressed in the vascular endothelium (Luo et al., 1997; Yao et al., 2013). Interestingly, Hjortnaes et al. (2015) found in human aortic VECs that shear stress-activated Notch1 signaling up-regulated the expression of endothelial MGP, but down-regulated osteoblast-like gene networks (White et al., 2015). Theodoris et al. (2015) similarly found that Notch signaling was involved in the regulation of the Mgp gene using a system biology model that made use of a Notch1 mutation, human-induced pluripotent stem cells and fluid flow.

We examined whether loss- or gain-of-function of MGP would affect SMAD signaling and osteogenic markers in the aortic valves in mice. We prepared histological sections from the aortic valves from Apoe–/– or Apoe–/–;Mgp–/– mice (with Mgp gene deletion; Yao et al., 2010) that had been fed standard chow for 16 weeks, and Apoe–/– and Apoe–/–;Mgptg/wt mice (with a Mgp transgene; Yao et al., 2010) that had been fed a Western for 16 weeks. As reported, the Apoe–/–;Mgp–/– mice are unable to tolerate a high fat diet (Yao et al., 2010). The sections were stained with immunofluorescence as described using the same antibodies for MGP, pSMAD1/5/8, total SMAD, Runx2 (Cbfa1), and Sox2 as in Yao et al. (2010, 2013). The results showed that the MGP protein was detected mainly on the aortic side of the valves (Figure 4, top row), similar to BMP4 in Butcher et al. (2006). Activated phosphorylated (p)SMAD1/5/8 was detected in the Apoe–/–;Mgp–/– mice, consistent with enhanced BMP activity (Figure 4, middle rows). Furthermore, enhanced staining for the osteogenic marker Runx2 and for Sox2 was observed on the aortic side of the valves (Figure 4, bottom rows). Sox2 may have an emerging role in EC transitions, and was reminiscent of the Mgp–/– aortas. Thus, the loss of MGP was associated with enhanced BMP activity and possible EC transitions.


[image: image]

FIGURE 4. Aortic valves from Apoe− /− mice with loss− or gain-of-function of Mgp. Aortic valves from Apoe− /− and Apoe− /−; Mgp− /− mice, and from Apoe− /− mice and Apoe− /−; Mgptg/wt mice fed a HFD (16 weeks) were stained for MGP, phosphorylated (p)SMAD1/5/8, total SMAD, von Willebrand factor (vWF), Runx2, or Sox2 as indicated. When present, MGP was detected on the aortic side of the valve leaflet. Absence of MGP activated pSMAD1/5/8 and expression of Runx2 and Sox2, whereas excess MGP diminished pSMAD1/5/8, Runx2, and Sox2. Ao; aortic side (always facing up), Tg; transgene All bars are 25 μm.




PERSPECTIVES

Altogether, there is increasing evidence of endothelial involvement in VC and CAVD. The ECs may participate in the calcific process through direct transition to mesenchymal and osteogenic cell lineages, secretion of pro-calcific growth factors, proteolytic activity that disrupts the IEL, induction of endothelial alkaline phosphatase, and inappropriate interactions with underlying cells (Figure 2; schematic figure). In addition, the ECs may be recruited into angiogenic networks that support mineralization, whereas circulating EPCs might contribute abnormal ECs during pro-calcific conditions.

The role of the endothelium in VC and CAVD may be conceptually similar, but transcriptionally distinct, each derived from separate vascular structures. Exploration of the heterogeneity in the two types of ECs could provide an advantage in designing exclusive treatments specific cardiovascular areas. The easy access to the endothelium from the circulation is an additional factor that would support therapeutic strategies aimed at the ECs.

Several areas of investigation are ripe for further exploration of the endothelial role in VC. For example, even though some connections between TGFβ and BMP signaling have been found in EndMTs, more information is needed. It is not clear how the two pathways relate in the early transitions or the emergence of osteoblast-like characteristics. The regulation of TGFβ and BMP receptors and ligands can be altered on several levels including formation of receptor-ligand complexes, transcriptional changes involving the SMADs that are common for both signaling systems, and the choice of using canonical versus non-canonical TGFβ/BMP signaling.

Furthermore, it would be important to know if ECs are required to undergo full or partial EndMT before acquiring enough of an osteogenic phenotype to influence VC, and if the transitions can be reversed at intermediate stages. Partial EndMTs might enhance plasticity and regeneration in the vasculature and accommodate changes without the ECs losing their basic lineage differentiation.

We also need a better understanding of the interactions between the vascular layers, and how the cells of the layers communicate in absence and presence of IEL or other barriers. We would need to know how the destruction of the IEL changes the interactions between ECs and medial cells and the susceptibility to EndMTs. We may have to change our viewpoint from considering individual cells to viewing all the vascular layers as a biological system, where the layers act as entities and the interactions rather than the cells are the targets. It might also be useful to know the transcriptional regulation of cell-specific proteases used to break down various barriers.
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ALK, Activin receptor-like kinase; ApoE, Apolipoprotein E; bFGF, Basic fibroblast growth factor (also known as FGF2); BMP, Bone morphogenetic protein; BMPR2, BMP type 2 receptor; CAVD, Calcific aortic valve disease; CD, Cluster of differentiation (in CD31 and CD73); Cdh5, Cadherin 5, VE-cadherin; CKD, Chronic kidney disease; DAPI, 4′,6-Diamidino-2-Phenylindole; EC(s), Endothelial cell(s); EndMT, Endothelial-mesenchymal transition; EPC(s), Endothelial progenitor cell(s); FOP, Fibrodysplasia ossificans progressiva; Gla, Gamma-carboxyglutamic acid; HDL, High-density lipoproteins; HUVEC(s), Human umbilical vein endothelial cell(s); IEL, Internal elastic lamina; IL, Interleukin; LDL, Low-density lipoproteins; MGP, Matrix Gla protein; MMP, Matrix metalloproteinase; NT5E, Ecto-5′-nucleotidase; OCN, Osteocalcin; oxLDL, Oxidized low-density lipoproteins; ROS, Reactive oxygen species; Runx2, Runt-related transcription factor 2 (also known as core-binding factor subunit alpha-1 Cbfa1); SMA, smooth muscle actin; SMAD, Small mothers against decaplentaplegic; SMC(s), Smooth muscle cell(s); SMOC2, SPARC Related Modular Calcium Binding 2; Sox2, SRY (sex determining region Y)-box; TGF, Transforming growth factor; Tie2, TEK receptor tyrosine kinase; TNAP, Tissue-specific alkaline phosphatase; TNF, Tumor necrosis factor; VC, Vascular calcification; VEC(s), Valvular endothelial cell(s); VIC(s), Valvular interstitial cell(s); VEGF, Vascular endothelial growth factor; vWF, von Willebrand Factor.
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Many studies focused on the annulus fibrosus (AF) injury in rodent tail model for the intervertebral disk degeneration (IDD) research. However, previous studies caused tremendous injury of intervertebral disk (IVD) by penetrating whole disk. This study aimed to build a progressive IDD rodent tail model by a novel device for precise and minimally invasive puncture in AF. A precise puncture device was customized by 3D Printing Technique. 40 rodent tail IVDs were randomly grouped as follows: group A, non-puncture; group B, annulus needle puncture (ANP) for 4 week; group C, ANP for 8 week; and group D, ANP for 12 week. Pre- and post-puncture IVD height on radiographs and IVD signal intensity on T2 magnetic resonance imaging (MRI) were measured. Average bone density (ABD) on the end of coccygeal vertebrae between punctured disk was measured on the radiographs. Hematoxylin and eosin, TUNEL staining methods, immunofluorescence for cleaved-caspas3 and immunohistochemistry for aggrecan and collagen II were performed. Progressively and significantly increasing IVD height loss and degenerative grade were observed following the time points. The ABD was respectively, 81.20 ± 4.63 in group A, 83.93±3.18 in group B, 92.65 ± 4.32 in group C, 98.87 ± 6.69 in group D. In both group C and group D, there were significant differences with group A. In histology, increasing number of AF cells was noted in group B. In both group C and D, the fissures in AF were obviously observed, and a marked reduction of AF cells were also observed. In all ANP groups, there were significant decrease in number of NP cells, as well as aggrecan and collagen II contents. TUNEL assay showed cellular apoptosis were stimulated in all puncture group, especially in group D. A progressive IDD rat model could be standardly established by the micro-injury IVD puncture using a novel 3D printing device. This animal model provided a potential application for research of progressive hyperosteogeny following IDD development.

Keywords: disk degeneration, rodent tail model, vertebral hyperosteogeny, minimally invasive procedure, 3D printing technique


INTRODUCTION

Intervertebral disk degeneration (IDD) is a common pathophysiological condition in humans affecting the intervertebral disc (IVD), which can include height decrease, disk herniation, and vertebral osteogenesis, due to its implication in causing lower back pain (Deyo and Weinstein, 2001; Alini et al., 2008). As animal IVD presents a similar mechanical and biochemical environment to human IVD (Adams and Roughley, 2006), many animal models have been developed to provide a reliable guide to the study of biologic processes in degenerating disks. To mimic the degeneration process in human IVD, different in vivo animal models were built as mechanical type (Kroeber et al., 2002; Bergknut et al., 2012; Xia et al., 2015), chemical type (Ando et al., 1995; Yamada et al., 2001; Norcross et al., 2003), spontaneous type (Kimura et al., 1996; Watanabe et al., 1997; Sahlman et al., 2001), or injury type (Key and Ford, 1948; Smith and Walmsley, 1951; Lipson and Muir, 1980). A new method of annulus needle puncture (ANP) rabbit model was reported to establish a reproducible animal model of disk degeneration that could be detected in slowly progressive changes by magnetic resonance imaging (MRI), radiographs, and histology (Masuda et al., 2005; Sobajima et al., 2005). However, an incision was needed in the rabbit ANP model to explore the disk from the skin and muscles, which increased the risk of damage to surrounding structures and was time-consuming.

With minimal risk of damage to surrounding structures and minimal interference with normal physiological function, the rat tail discs (RTD) were more suitable and feasible for the ANP method to induce IDD (Han et al., 2008; Issy et al., 2013; Grunert et al., 2014; Liao, 2016; Cunha et al., 2017). However, there were still some limitations of RTD models in previous studies. According to our preliminary study, the width of the RTD was only about 1 to 2 mm. Most of the reported studies used the 18G (diameter = 1.2 mm) or 21G (diameter = 0.8 mm) needle to puncture the RTD, which lacked the meaning of progressive degeneration research due to great injury to the IVD. Moreover, there was no specific protocol to standardize how to puncture the disk, such as the puncture direction and the puncture point. An improper puncture point may cause hemorrhage and extra trauma due to neglecting the position of four main vessels in the tail. There was also no uniform standard for the depth of the puncture.

Thus, the purpose of this study is to establish a novel minimally invasive ANP rat model using customized precise puncture devices by three-dimensional (3D) printing technique. Under the standardized protocols of puncture point and depth, we can induce a progressive IDD model in a few-minute procedure without extra bleeding. MRI and histological studies were performed to evaluate the progression of IDD.



MATERIALS AND METHODS


Animals

Forty skeletally mature Sprague Dawley (SD) rats (3 months old) weighing an average of 350 g (purchased from the Center for Laboratory Animals, Ningbo University) were used in this study. Animal manipulation was conducted in compliance with Chinese legislation regarding the care and use of laboratory animals and approved by the Animal Care and Use Committee of Ningbo University.



Animal Groups

In this experiment, the rats were randomly assigned into four groups: one non-puncture group (n = 10) and three ANP groups for 4, 8, and 12 weeks, respectively (n = 10 for each group) (Table 1). In the ANP groups, a customized 3D-printing puncture device was used to puncture the RTD in the Co7/8 segment. The animals in the non-puncture group served as intact control subjects. Before the experiment, all the rats were given several days to adapt to the new housing and husbandry environment.


TABLE 1. Groups for Animal Surgery.
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ANP Device

The novel device for ANP was customized by 3D printing technique for the precise puncture purpose. Based on the measurement of rat tail dimensions, the 3D image of the tail was reconstructed by UG 8.5 (Siemens, Germany). The size and shape of the ANP device were designed as a ring that could exactly match the experimental level of the rat tail. The device consisted of two parts: the ring body with eight holes which were used for puncture and localization and the needle holders inserted with a 27G needle (Becton Dickinson, United States) in a certain length. The needle holders firmly fitted the puncture holes from four directions of the ring body to control the puncture depth under the requirement. In our preliminary research, the width of the nucleus pulposus (NP) was measured as less than 5 mm at the punctured level (Co7/8) no matter how the whole tail width varies. Thus, we controlled the needle tip gap between each side in 5.5 mm by the needle holder, which ensured that all punctures were made into the annulus without penetrating the NP despite the variation of tail width. The device was designed by Autodesk 123D (California, United States) and produced with Nylon PA2200 in EOS Formiga P110 3D Printer (Germany).



ANP Procedure

For the procedure preparation, the rats were weighed and injected intraperitoneally with 4% chloral hydrate at a dose of 0.4 ml/100 g body weight. As described in a previous study, the experimental level RTD (Co7/8) was located by digital palpation on the coccygeal vertebrae and confirmed by counting the vertebrae from the sacral region in a trial radiograph (Han et al., 2008). The punctured disk level was determined by palpation and four main vessels confirmed by direct vision were marked on the skin surface (Figure 1A). Then, the customized ANP device ring body was attached to the tail with the disk level seen in the middle of the puncture holes and the four vessels’ marker observed through each localization hole so that the vessels’ injury could be prevented during the puncture procedure under real-time monitoring (Figure 1B). After the ring body was attached, 27G needles were used to puncture the whole layer of the annulus fibrosus (AF) by needle holders matching the puncture holes (Figure 1C). To control the puncture depth, the length of the needle was customized according to preliminary measurements.


[image: image]

FIGURE 1. (A) Under digital palpation guidance, rat tail discs (Co7/8) and four main vessels were noted with a permanent marker. (B) The annulus needle puncture device body was attached to the rat tail, and 27G needles were used to puncture the annulus fibrosus (AF) though four localization holes. (C) During the puncture operation, 27G needles penetrate the entire layer of the AF without directly destroying the nucleus pulposus.


Daily monitoring of the rats was carried out to ensure their well-being, and all animals were allowed free unrestricted weight bearing and activity. After 4, 8, and 12 weeks of puncture, the animals were given X-ray and MRI examinations. After the X-ray and MRI examination, the animals were euthanized by an excess dose of chloral hydrate intraperitoneal injection, and the experimental RTD was excised for histological examination.



Radiology and Image Analysis

Radiographs of the rat tails were taken before and at 4, 8, and 12 weeks after puncture. Before imaging, the animals were anesthetized as indicated above. To obtain a similar degree of muscle relaxation, which may affect the disk width [4], the rats were anesthetized carefully with a precise dosage according to their body weight, and all radiographs were taken at consistent time intervals after injection. After inducing with anesthesia, the rats were placed in a prone position on a molybdenum target radiographic image unit (ZS-1001, Shimadzu Corp., Kyoto, Japan), with their tails laid straight on the platform. Radiographs were obtained using the image unit with a collimator-to-film distance of 66 cm, exposure of 63 mAs, and penetration power of 35 kV as described before [6]. After radiography, an orthopedic researcher performed all measurements in a blinded fashion. The average IVD width index (DWI) was calculated by averaging the measurements obtained from the ventral, middle, and dorsal portions of the IVD and dividing that by the average of the adjacent vertebral body width based on the method of Masuda et al. (2005). The region of interest at the end of the coccygeal vertebrae between the punctured disk was the same size for each rat, to measure the average bone density (ABD). Bone density was also presented in a heat map edited from original radiographs by Photoshop CC 2015 (Adobe, San Jose, CA, United States).



Magnetic Resonance Imaging

Magnetic resonance imaging was performed to evaluate the signal and structural changes in sagittal T2-weighted images using a 3.0-T clinical magnet (Philips Intera Achieva 3.0MR). T2-weighted sections in the sagittal plane were obtained in the following settings according to previous studies: fast spin echo sequence with time to repetition of 5,400 ms and time to echo of 920 ms, 320 h × 9,256 v matrix, field of view of 260, and four excitations. The section thickness was 2 mm with a 0-mm gap. The MRIs were evaluated by another blinded orthopedic researcher using the classification of intervertebral disk degeneration as reported by Pfirrmann et al. (2001) (Table 2) (one point = grade I, two points = grade II, three points = grade III, and four points = grade IV).


TABLE 2. Definition of a Magnetic resonance imaging Grading Scale.
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Tissue Harvesting and Histology

The experimental RTDs with adjacent vertebral bodies were harvested and fixed with 10% formalin for 24 h at 4°C. The samples were then rinsed with phosphate-buffered saline (PBS) and decalcified in 10% (w/v) sodium citrate/22.5% (v/v) formic acid (Morse’s solution) for 10 days, neutralized with 5% sodium sulfate for 4 days, and washed with water for 4 days. The samples were then dehydrated, embedded in paraffin, and sectioned (5 μm). After heating, deparaffinization, and hydration, sagittal sections of each IVD were made at 5–7 lm intervals, placed on silane-coated slides, and stained with hematoxylin and eosin (H&E).



TUNEL Staining

DNA fragmentation was detected by using an in situ Cell Death Detection Kit (Roche, South San Francisco, CA, United States). After being fixed with 4% paraformaldehyde for 1 h, the cells were incubated with 3% H2O2 and 0.1% Triton X-100 for 10 min. The cells were then washed with PBS and co-stained with TUNEL inspection fluid and 4′,6-diamidino-2-phenylindole. Three random microscopic fields per slide were observed under a fluorescence microscope (Olympus Inc., Tokyo, Japan).



Immunohistochemical Analysis

Immunohistochemistry (IHC) staining was performed with EXPOSE rabbit-specific HRP/DAB detection IHC kit (rabbit antihuman polyclonal antibodies, Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd., Beijing, China) according to the manufacturer’s instructions. Primary antibodies were diluted as follows and incubated at 4°C overnight: aggrecan (1:200, Abcam, ab36861) or collagen type II (1:100, Abcam, ab34712). Aggrecan (or collagen type II) is present when the cytoplasm was stained with a pale brown dye.



Statistical Analysis

All the experiments were performed at least three times. The results were expressed as means ± SD. Raw statistical analysis was processed by SPSS20.0 (IBM SPSS, Chicago, IL, United States). Data were analyzed by one-way ANOVA followed by a post hoc test for comparison between control and treatment groups. Nonparametric data (Pfirrmann MRI grade scores) were analyzed by Kruskal–Wallis H test. Differences were suggested to be statistically significant when P < 0.05.



RESULTS


Animal Surgery

There were no complications associated with the puncture operation. All experimental animals were punctured in 5 min with no prolonged bleeding. During the entire experimental period, all experimental rats were healthy like the non-puncture rats.



Radiograph

At 4, 8, and 12 weeks post-puncture, a radiograph of the tail was, respectively, taken to assess the disk width and the ABD. The results (Figure 2A) demonstrated that the disk width progressively narrowed over time, and no disk width changes were observed in the adjacent disk of the punctured IVDs. Mean DWI was 0.088 + 0.004 at baseline, which decreased by 17.4% (P < 0.001) after 4 weeks of puncture, 62.3% (P < 0.001) after 8 weeks of puncture, and 177.9% (P < 0.01) after 12 weeks of puncture, respectively (Figure 2B). Notably, the punctured disk width reduced at 12 weeks. A post hoc analysis demonstrated a statistically significant difference in DWI value between the pre-puncture and the post-puncture weekly measurements. The ABD was, respectively, 81.20 ± 4.63 in group A, 83.93 ± 3.18 in group B, 92.65 ± 4.32 in group C, and 98.87 ± 6.69 in group D. There was no difference between group A and group B. In both group C and group D, there were significant differences with group A (p < 0.001 in both groups C and D; Figure 3A). In Figure 3B, a heat map of radiographs was presented to visualize the difference in bone density between groups. It is obvious that a larger red area, which meant higher bone density, was shown in groups C and D than in groups A and B.
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FIGURE 2. (A) Representative radiographs of the tail were obtained before annulus needle puncture (ANP), 4 weeks after ANP, 8 weeks after ANP, and 12 weeks after ANP (red arrow: injured Co7/8, white arrow: uninjured Co8/9). No degeneration was observed in the adjacent disks (white arrow). (B) The disc height index (DHI) progressively decreased over time. %DHI post hoc test demonstrated a statistically significant difference in DHI between pre- and post-puncture (each of the subsequent weekly measurements). **, significant difference from other group disks (p ≤ 0.01); ***, significant difference from other groups (p ≤ 0.001).
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FIGURE 3. (A) Progressive increase of average bone density. One-way ANOVA multiple comparison showed that there was no difference between group A and group B. In both group C and group D, there were significant differences with group A (p < 0.001). (B) The heat map of representative radiographs visualized the progression of vertebral osteogenesis in punctured disc disk (red arrow) over time. ****, significant difference from other groups (p ≤ 0.0001)




Magnetic Resonance Imaging

An MRI was performed to classify the degeneration of the rat IVDs. A significantly lower T2-weighted signal intensity of MRI was found in the punctured IVDs when compared to the non-puncture IVDs (Figure 4A). Notably, no signal intensity changes were observed in the adjacent disk of punctured IVDs. In Figure 4B, the diagrams showed the Pfirrmann grades of IVDs. The RTD (Co7/8) in group A were Pfirrmann grade I, demonstrating no disk degeneration. The RTD (Co7/8) in the puncture group (group B and group C) reached Pfirrmann grade II–III and grade III–IV in group D, which indicates severe IVD degeneration.
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FIGURE 4. Representative T2-weighted MRI of the lumbar spine of rats in group A, group B, group C, and group D (red arrow: injured Co7/8, white arrow: uninjured Co8/9). (A) The disk of Co7/8 (red arrow) showed a moderate decrease of signal intensity in group B and a severe decrease of signal intensity in group C. The signal intensity in group D demonstrated whole-disk degeneration. In all groups, no degeneration was observed in the adjacent disks (white arrow). (B) The Pfirrmann MRI grade scores in three experimental groups (group B and group C and Group D) compared to the control group (five rats at each time point for each group). **Significant difference from other group disks (p ≤ 0.01).




ANP-Induced Rat IVD Degeneration

Based on the results of imaging experiments, we explored the effects of ANP on intervertebral disk cells using H&E staining. As shown in Figure 5, the AF in group A was arranged in an orderly fashion. However, lamellar disorganization of the annulus was observed, and few annulus fibrosus cells were detected at 4 weeks. In groups C and D, the disks distinctly revealed lamellar disorganization, with a wavy appearance and ruptured pattern fibers of the AF. Compared with the control group, the punctured disks demonstrated a loss of a clear border between the AF and NP as well as contained a low density of cells. Within the NP of punctured disks, there was a loss of vacuolated cells on H&E staining. In groups C and D, the notochord cells in NP were shown to gradually diminish, and fibrous cells increased. Thus, these results suggest that puncture-induced disk degeneration in the rat model of RTD.


[image: image]

FIGURE 5. Representative H&E staining of the intervertebral disk is shown. In group A, disk (Co7/8) demonstrated well-organized, intact annulus fibrosus (AF) with concentric lamellae and notochordal cells with large vacuoles in nucleus pulposus (NP). In group B and group C and group D, disk (Co7/8) demonstrated apparent lamellar disorganization or fragmentation in AF, gradually diminished notochordal cells, and increasing chondrocyte-like cells in NP.




ANP-Induced Cellular Apoptosis

The apoptosis of the notochord cell in NP was evaluated by TUNEL assay staining (Figure 6). As shown in Figure 6, we observed that apoptosis of the notochord cell was significantly increased in the punctured groups compared to the control group at 8 and 12 weeks post-puncture. Compared with the ANP groups, no positive staining was observed in the non-puncture group. Thus, we conclude that ANP leads to apoptosis of the notochord cell.
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FIGURE 6. TUNEL assay was performed to evaluate the apoptosis in nucleus pulposus cells (original magnification, × 400; scale bar, 20 μm.




ANP-Induced Cellular ECM Degeneration

Extracellular matrix (ECM) destruction, induced by inadequate anabolism, is considered as one of the characteristics representing degeneration in notochord cells. In our study, the expression levels of the ECM component collagen II proteins and aggrecan proteins were analyzed using immunohistochemical staining. As shown in Figure 7, the results showed a significant reduction of aggrecan and collagen II protein levels in the punctured groups compared to the non-puncture group. Thus, these results suggested that puncture could induce ECM degeneration in the notochord cell.


[image: image]

FIGURE 7. Immunohistochemical staining of aggrecan and collagen II expression in the nucleus pulposus samples (original magnification, ×200; scale bar, 50 μm). The expression of aggrecan and collagen II significantly decreased in group B and group C and group D.




DISCUSSION

Intervertebral disk degeneration was often accompanied by IVD structural changes, of which the annular tear was widely accepted as a common condition to destroy the immune privilege of the disk (Ishikawa et al., 2018; Moriguchi et al., 2018). In this study, we established a novel rat ANP model in a standardized method to explore the effect of annulus fibrosus micro-injury on IDD progressive development. Unlike other models, this standard modeling was induced by a customized puncture device using 3D printing to simulate the radioactive tear injury of human AF. This customized puncture device was designed for the following advantages: (1) there were four localization holes to visualize the vessel markers, which could avoid extra bleeding from vessel injury; (2) there were four other holes between the localization holes for an accurate puncture in different orientations; (3) the puncture needle was chosen in a thinner size of 27G for micro-injury and customized to a relative depth to ensure the same puncture effect among experimental animals; and (4) the puncture needle could penetrate almost the entire layer of the AF without directly destroying the nucleus pulposus, which was ensured by a stop at the end of the needle matching the puncture holes. According to our preliminary study, the width of the NP was kept stable at less than 5 mm. We customized the length of the needle to match a customized ring; thus, the needle tip in all ANP devices was made constant at 5.5 mm. As long as the ring matched the tail and the needles subsequently matched the ring, a precise puncture without penetrating the NP could be made in all experimental segments, no matter how the tail width varied.

In normal IVDs, the extracellular matrix of the NP is mainly composed of proteoglycans to ensure NP as a water-rich tissue which can be detected by MRI T2-weighted imaging as a hyperintensity signal within the NP area. The MRI T2 imaging results showed that the lower signal intensity of the NP area was observed in the punctured disk, and Pfirrmann grading revealed that the decreasing signal intensity was time independent and slowly progressive.

Aggrecan proteoglycan and collagen II represent the ability of ECM synthesis and play an essential role in the physiological function and maintenance of disks. As shown in Figure 7, we found that ANP caused a decreased level of collagen II expression and aggrecan expression in the notochord cell, which meant a homeostasis disruption in NP tissue.

Intervertebral disk cell apoptosis has been proven as one of the most important causes of IDD (Presciutti et al., 2014). It was reported that abnormal loading or oxidative stress may promote cell apoptosis and the significant decrease of the synthesis of extracellular matrix (Ha et al., 2006; Zhao et al., 2006). Our study revealed that AF radial fissure could contribute to the IDD. We speculated that the microinjury puncture of the AF affected the uniform distribution of load stress throughout the IVD because maintaining the load stress is based on the intact AF. We assumed that the injury of the entire layer of the annulus fibrosus may cause the destruction of the oxygen partial pressure balance in the NP, which could induce apoptosis in the notochord cell. In our following study, we will use this ANP model for further research on the apoptosis mechanism to validate this speculation.

Interestingly, the radiograph results showed a time-independent increase of vertebral bone density in the punctured disk, which may imply that vertebral osteogenesis was related to the IDD. The heat map of the radiographs directly visualized the progressive osteogenesis along with the decrease of disk width. In general, the disruption of IVD homeostasis due to the destruction of the IVD structure may lead not only to progressive IDD but also to osteophyte formation of IVD. There are few previous studies in which an animal model was used for researching osteogenesis following the IDD. Thus, our study built a novel animal model to provide a potential application for the correlation research between IDD and ectopic bone formation.



CONCLUSION

A standard progressive IDD rat model could be established by micro-injury IVD puncture using a novel 3D printing device. This animal model provided a potential application for research on progressive osteogenesis following IDD development.
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Rare Modifier Variants Alter the Severity of Cardiovascular Disease in Pseudoxanthoma Elasticum: Identification of Novel Candidate Modifier Genes and Disease Pathways Through Mixture of Effects Analysis
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Introduction: Pseudoxanthoma elasticum (PXE), an ectopic mineralization disorder caused by pathogenic ABCC6 variants, is characterized by skin, ocular and cardiovascular (CV) symptoms. Due to striking phenotypic variability without genotype-phenotype correlations, modifier genes are thought to play a role in disease variability. In this study, we evaluated the collective modifying effect of rare variants on the cardiovascular phenotype of PXE.

Materials and Methods: Mixed effects of rare variants were assessed by Whole Exome Sequencing in 11 PXE patients with an extreme CV phenotype (mild/severe). Statistical analysis (SKAT-O and C-alpha testing) was performed to identify new modifier genes for the CV PXE phenotype and enrichment analysis for genes significantly associated with the severe cohort was used to evaluate pathway and gene ontology features.

Results: Respectively 16 (SKAT-O) and 74 (C-alpha) genes were significantly associated to the severe cohort. Top significant genes could be stratified in 3 groups–calcium homeostasis, association with vascular disease and induction of apoptosis. Comparative analysis of both analyses led to prioritization of four genes (NLRP1, SELE, TRPV1, and CSF1R), all signaling through IL-1B.

Conclusion: This study explored for the first time the cumulative effect of rare variants on the severity of cardiovascular disease in PXE, leading to a panel of novel candidate modifier genes and disease pathways. Though further validation is essential, this panel may aid in risk stratification and genetic counseling of PXE patients and will help to gain new insights in the PXE pathophysiology.

Keywords: pseudoxanthoma elasticum, ABCC6, candidate modifier gene, cardiovascular disease, mixture of effects analysis, C-alpha test, SKAT-O


INTRODUCTION

Pseudoxanthoma elasticum (PXE, OMIM#264800) is an autosomal recessive ectopic mineralization disorder, characterized by elastic fiber mineralization in the mid-dermis of the skin, the elastic media of blood vessels and the Bruch’s membrane in the eye. The main vascular feature of the disease is medial calcification, leading to peripheral artery disease and narrowing of arteries of mainly the lower limbs for which surgical intervention may be necessary in advanced stages (Leftheriotis et al., 2013).

PXE is caused by bi-allelic pathogenic variants in the ABCC6 gene (ATP binding cassette, subfamily C, member 6, OMIM∗603234), encoding an ATP-dependent transmembrane transporter. To date, over 300 different potentially pathogenic variants have been reported (Vanakker et al., 2008; Finger et al., 2009). Pathogenic variants in the ENPP1 gene (ectonucleotide pyrophosphatase/phosphodiesterase 1; OMIM∗173335), the gene associated with Generalized Arterial Calcification of Infancy (GACI; OMIM#208000), were also found to cause PXE, although less frequently (Nitschke et al., 2012).

The pathophysiology of PXE is incompletely understood, but holds an important role for the calcification inhibitor inorganic pyrophosphate (PPi). The production of PPi relies on hydrolysis of ATP by the ENPP1 enzyme, after is has been transported from the liver to the vasculature. PPi serum levels are considerably decreased in PXE patients and ABCC6 deficiency has been demonstrated to hamper cellular ATP release, hence hindering PPi production (Jansen et al., 2014). Nonetheless, it is known that a lack of PPi is not the only disease mechanism in PXE. Also mitochondrial dysfunction and oxidative stress, apoptosis, inflammation and dysfunctional inhibitors of calcification, such as matrix gla protein (MGP) and fetuin-A have been described to contribute to the elastic fiber calcification in PXE patients, cell- and animal models (Uitto et al., 2010; Hosen et al., 2014; Brampton et al., 2021).

Striking for PXE is an extensive inter- and intrafamilial clinical variability, with no strong underlying genotype-phenotype correlations. Indeed, patients with the same pathogenic ABCC6 variants may develop a different phenotype with respect to the type and severity of the symptoms. Moreover, identical pathogenic variants in ABCC6 or ENPP1 were shown to cause either PXE or GACI in different patients (Nitschke et al., 2012). All these findings suggest that other factors must contribute to the clinical variability in PXE besides the causal genes, e.g., environmental factors such as life-style, epigenetic modifications and modifier genes (Stitziel et al., 2011; Kwon et al., 2020). Different approaches could be followed for genetic modifier discovery. One approach is the single-marker test, whereby individual variants within a gene are tested for an association with the disease outcome, with standard univariate statistical tests, controlled by a multiple-comparison correction. Unfortunately, for this approach large groups are needed to obtain statistically valid results, especially when using whole exome sequencing (Zarbock et al., 2009). In PXE, single-marker tests were used to identify single nucleotide polymorphisms (SNPs) in the VEGFA gene as modifiers of the severity of the ocular phenotype, using a candidate gene approach (Boraldi et al., 2014; De Vilder et al., 2020). Further, the allelic variant epsilon2/epsilon3 of the APOE gene was suggested as a modifying factor for the cardiovascular PXE phenotype with a seemingly protective effect in older age (Clarke et al., 2013).

Contrary to modifiers with a high penetrance, it is assumed that multiple rare variants of low penetrance either within or across genes collectively may influence complex human traits, with a combined protective, deleterious or null effect. While the effects of each individual rare variant can be modest, collectively they can sufficiently increase or decrease the disease risk or severity (Konigorski et al., 2017). To identify new modifier genes, a multiple-marker test can be used, which tests multiple variants simultaneously with the use of multivariate methods (Lee et al., 2012). Examples of such tests are the classical burden tests, which have an optimal result when the direction of effect is the same for all assessed variants (Lee et al., 2012). However, this is not always the case, therefore testing for the presence of a mixture of effects of multiple rare variants on a trait may prove beneficial, for which the C-alpha and the (optimized) sequence Kernel Association (SKAT-O) test can be used (Emond et al., 2012; Konigorski et al., 2017).

Here, we implemented extreme phenotype sampling, in which individuals who are at both ends of the phenotypic distribution are analyzed. The rationale for this approach is that it can be assumed that the frequency of alleles that contribute to the trait are enriched in patients with an extreme phenotype, hereby improving the power of the analysis. Especially in the setting of rare diseases, where limited sample sizes are available, such an approach helps to obtain valid results (Lanktree et al., 2010; Emond et al., 2015). For example, in cystic fibrosis (CF; OMIM#219700), this approach was used to successfully identify several disease modifiers (Emond et al., 2015).

In this study, we evaluated the collective modifying effect of rare variants on the cardiovascular phenotype of PXE. For this, we performed whole exome sequencing in 11 PXE patients with an extremely mild or severe cardiovascular phenotype, based on clinical severity and Agatston score of the lower limbs. Subsequently, we performed SKAT-O and C-alpha tests to help identify modifiers of the cardiovascular disease severity, leading to a panel of novel candidate modifier genes and disease pathways.



MATERIALS AND METHODS


Patient Characteristics

All patients were diagnosed with PXE based on a combination of skin pathology (elastic fiber mineralization and fragmentation in the mid-dermis of lesional skin, using Verhoef-van Giesson and Von Kossa staining), and typical (sub)retinal abnormalities on fundoscopy. Further, a molecular analysis of the ABCC6 gene was performed, while variants in the ENPP1 and GGCX gene were excluded (Hosen et al., 2015). Dichotomization of the patients into a severely vs. mildly affected group was based on calcium load of the vasculature of the lower limbs using the Agatston score following whole body CT scan: an Agatston score of > 1,000 was considered severe and < 200 was considered mild. Informed consent was obtained from all patients. Ethics Committee approval was obtained. Patient records were consulted only to obtain relevant patient data. The described research adhered to the tenets of the Declaration of Helsinki.



Whole Exome Sequencing

Exome capture was performed according to the manufacturer’s protocol using the SeqCap EZ Human Exome Library v3.0 kit (Roche/Nimblegen, Madison, WI). After ligation of the barcoded Illumina (Eindhoven, The Netherlands) adapters, samples were pooled per 2 before capturing. Consequently, 6 samples were sequenced per Illumina HiSeq 2500 flow cell lane. On average 50E6 2 × 100 bp paired end reads were sequenced per sample. On average, the mean coverage on the targeted exome bases was 37x across samples.



Variant Calling

The Illumina sequencing reads were mapped against the human reference genome (hs37d5) using bwa (alignment via Burrows-Wheeler transformation) version 0.7.12-r1039 (Li and Durbin, 2009). Variants were called using GATK version 3.3-0-g37228af following the “best practice guidelines” from GATK (DePristo et al., 2011). Basically, this entails consecutive use of HaplotypeCaller, GenotypeGVCFs, V ariantRecalibrator and ApplyRecalibration. Variants were also called using freebayes v0.9.20-16-g3e35e72 after pre- processing the reads using Picard tools version 1.1191 for sorting and marking of duplicate reads and GATK version 3.3-0-g37228af (RealignerTargetCreator, IndelRealigner and BaseRecalibrator). The variants called by GATK and freebayes were merged using GATK CombineVariants. The merged results completely confirmed the SNP and small indel results previously reported by Hosen et al. (2015). The merged variant files were used to discover modifier genes in the “mild” and “severe” patient group. Larger indels were called separately using FishingCNV (Shi and Majewski, 2013) and ExomeDepth (Plagnol et al., 2012), confirming the exon 23–24 deletion in patient P2 previously reported by Hosen et al. (2015).



Annotation Based Filtering

wANNOVAR (Chang and Wang, 2012) was used to annotate functional consequences of genetic variants. The tool was also used to filter the variants based on the “rare recessive disease model” option provided by wANNOVAR. This option filters variants that do not meet the requirement that more than two deleterious alleles (compound heterozygous or homozygous or hemizygous in chrX in males) need to be found in the same gene. wANNOVAR identifies these possible deleterious variants by selecting splicing and exonic variants that change protein coding, by removing variants observed in 1,000 Genomes Project, NHLBI- ESP 5400 exomes and dbSNP with a high minor allele frequency (≥ 5%), and by assessing the deleterious effect of the amino acid change using different methods such as SIFT (Ng and Henikoff, 2003) and Polyphen2 (Adzhubei et al., 2010).



Statistics

SKAT-O statistics were calculated using the SNP-Set (Sequence) Kernel Association Test, originally developed by Wu et al. (2011). The test is implemented and maintained in an R package “SKAT” by Seunggeun Lee. This R package is in turn integrated in the Variant Association Tools (VAT) package. The method aggregates individual SNP score statistics in a SNP set and efficiently computes SNP-set level p-values. The SKAT-O statistics were calculated using all variants with types: “non-synonymous,” “splicing,” “stoploss,” “stopgain” or “ncRNA” (using VAT). Only genes with p < 0.005 are reported.

C-alpha statistics were calculated using C-alpha test for unusual distribution of variants between cases and controls, developed by Neale et al. (2011). The C-alpha test is a two-tailed test. This test is integrated in the VAT tools package and also in the GEMINI framework (Paila et al., 2013) for exploring genome variation. VAT tools was used to calculate the C-alpha statistics using 500,000 permutations for all variants with type: “non-synonymous,” “splicing,” “stoploss,” “stopgain,” or “ncRNA.” Only genes with p < 0.005 are reported. GEMINI was used to calculate the C-alpha Z-scores (without permutations) using only non-synonymous SNPs. Only genes with Z-score < -5 or > 5 are reported.



Pathway Analysis

Reactome pathways on the genes flagged as significant by the SKAT-O and/or C-alpha statistics was performed using2 (Jassal et al., 2020). The tool automatically performs an overrepresentation analysis. The main goal of the pathway analysis in this study is however to group the genes of interest into pathways and explore the possible involvement of these pathways in PXE phenotype modulation. Further, functional data for the significant genes was searched using the Pubmed database. Gene interaction networks were plotted using Genemania and Cytoscape.



Interleukin B1 Expression

ILB1 expression was evaluated using qPCR in a stimulation experiment, as previously described, in dermal fibroblasts of the patients with a mild or severe phenotype as detailed above and in Table 1 (Lopez-Castejon and Brough, 2011). A detailed description of the methodology of the stimulation experiment can be found in the Supplementary Materials. In brief, at day 1 patient dermal fibroblasts were seeded in triplicate in 60 × 15 mm petri dishes, followed by a 48 h incubation at 37°C and 5% CO2. At day 3, medium in all petri dishes was replaced by a 1 μg/mL lipopolysaccharides (LPS, Sigma-Aldrich, Overijse, Belgium) -DMEM solution. After an incubation time of 16 h, the medium in all petri dishes was renewed with a 5 mM ATP (Sigma-Aldrich, Overijse, Belgium) in DMEM solution for 1 h at 37°C/5% CO2, followed by RNA extraction with the RNeasy mini kit according to manufacturer’s guidelines (Qiagen, Antwerp, Belgium). Additionally, for each patient, dermal fibroblasts were seeded in triplicate and used as negative control. IL1B expression was evaluated by Quantitative PCR a LightCycler 480 (Roche, Vilvoorde, Belgium) using hypoxanthine phosphoribosyltransferase 1 (HPRT1) and tyrosine 3-monooxygenase/tryptophan 5- monooxygenase (YWHAZ) as reference genes. Q-PCR data was analyzed using the qBase + software (Biogazelle, Zwijnaarde, Belgium). Differential gene expression was determined using the ΔΔCt method. To quantify statistical significance of differential expression, a 2-sided Mann-Whitney U test was performed (non-parametrical test, not assuming an underlying normal distribution) using the Qbase + software. The significance level was set at 0.05.


TABLE 1. Patient characteristics.

[image: Table 1]


RESULTS


Patient Characteristics

Whole exome sequencing was performed on 11 patients with an extreme cardiovascular PXE phenotype. Six patients had an extremely severe cardiovascular PXE phenotype (P1-P6) and five an extremely mild phenotype (P7-P11). The mean age in the severe group was 52.7 years (range: 34–71) and 50.4 years (range: 30–67) in the mild group. Table 1 gives an overview of the patients characteristics, including age, sex, phenotypic classification (Phenodex), ABCC6 genotype and Calcium score.



Variant Calling

GATK yielded 54.606 ± 2.543 variants across the different samples, while Freebayes called 164.904 ± 16.917 variants. None of the variant callers was able to (blindly) call all the variants known to be present in the patient samples (Hosen et al., 2015). After merging the variants called by both methods, the final variant vcf files contained 170.689 ± 14.691 variants. The merged results completely confirmed the snp and small indel results previously reported by Hosen et al. (2015).



C-alpha and SKAT-O Analyses Identify Enrichment of Genes Involved in Cardiovascular Disease, Inflammation, and Apoptosis

The SKAT-O and C-alpha statistics were calculated using all called variants with types “non-synonymous,” “splicing,” “stoploss,” “stopgain,” or “ncRNA,” which yielded, respectively 16 and 74 genes significantly modifying the phenotype severity (Supplementary Tables 1–3). Overall, 86 genes were identified to significantly modify the cardiovascular disease severity in PXE, of which four genes are present in both tests (HCAR3, CNGB3, SI, and PRKAR1A) (Figure 1). Forty-six of these genes could be associated with a monogenic phenotype (n = 15), a cardiovascular or cerebrovascular phenotype [such as a disease (n = 25) or a risk factor (n = 22)] or an aberrant mineralization phenotype (n = 3; Supplementary Table 4).
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FIGURE 1. Bioinformatics pipeline. Whole exome sequencing was performed in 11 PXE patients with an extreme cardiovascular (CV) PXE phenotype (severe n = 6; mild n = 5), based on calcium scoring through computed tomography (CT). Over 170,000 variants were identified, and SKAT-O and C-alpha statistical tests were performed, leading to 16 and 74 potential modifier genes, respectively. In total 86 unique potential modifier genes were identified (no FDR correction). CT, computed tomography; CV, cardiovascular; ncRNA, non-coding ribonucleic acid; SKAT-O, sequence kernel association test–optimal.


Gene interaction analysis demonstrates high network connectivity between most of the 86 identified candidate modifier genes themselves (Supplementary Figure 1) and to a lesser extent with ABCC6 (Supplementary Figure 2). A similar analysis with already known genes associated with human mineralization disorders (summarized in Supplementary Table 5), demonstrates an even denser network connectivity (Supplementary Figure 3).

Reactome pathway analysis revealed that CDON, DLC1, DYNC2H1, FLG, HCAR3, IQGAP3, OR10AG1, OR2L3, OR2M, OR4A16, OR51B4, OR5I1, OR6C1, OR6C70, PRKAR1A, SI, and TLN1 are in signal transduction pathway R-HSA-162582. NUP210, DEGS2, MMAB, SI, AK9, PRKAR1A, and PLBD1 belong to the metabolism related pathway R-HSA-1430728. FXYD3, TRPV1, NUP210, RYR3, and PRKAR1A belong to pathway R-HSA-382551 involved in transmembrane transport of small molecules. NUP210 and MUC4 belong to the protein metabolism pathway R-HSA-597592.

Table 2 and Supplemental Figure 4 show the processes to which the genes could be linked. Twenty out of the 86 genes have links with cardiovascular disease, 19/86 are linked to apoptosis, 14/86 to inflammation, 5/86 to cell proliferation and 3/86 to calcium homeostasis; for 41/86 genes no relevant data was available.


TABLE 2. Potential modifier genes per pathway in which they are involved.

[image: Table 2]


Gene Prioritization Highlights Four Genes Linked by Interleukin 1B Signaling

As apoptotic and inflammatory pathways had been previously suggested to play a role in the PXE pathophysiology and cardiovascular disease is a hallmark of PXE, we focused on these three processes to further prioritize the most interesting candidate modifier genes (Zhong et al., 2016). We found 11 genes that could be associated with at least two of these biological processes and four genes were linked with all three: NLRP1, SELE, TRPV1, and CSF1R (Table 2 and Supplementary Figure 4). NLRP1 is activated by proinflammatory signals and forms inflammasomes, which have a role in both inflammation and pyroptosis in multiple organ systems. In the skin NLRP1 induction may lead to skin hyperinflammation and carcinoma (Li et al., 2018) and in the eye, NLRP1 is associated with diabetic retinopathy and acute glaucoma (Chi et al., 2014; Bleda et al., 2016). Further, NLRP1 stimulates the progression of cardiovascular disease, more specifically atherosclerosis and was also linked to peripheral artery disease (Bleda et al., 2014, 2017; Shen et al., 2016). SELE is located downstream of inflammasomes and is activated by inflammatory signals (Milstone et al., 2000; Ley, 2003; Galkina and Ley, 2007). SELE also stimulates atherosclerosis and has both pro- and anti-apoptotic properties (Winkler et al., 2004; Porquet et al., 2011; Signorelli et al., 2012). Furthermore, it is also elevated in patients with peripheral artery disease (Wang and Wang, 2013). For TRPV1 a dual role was described in the context of inflammation, where both pro- and anti-inflammatory effects were observed (Musumeci et al., 2011; Wang et al., 2017). In the context of cardiovascular disease, TRPV1 is rather protective against atherosclerotic plaque formation by reducing lipid storage and diminishing endothelial cell inflammation but also has proapoptotic characteristics (Sappington et al., 2009; Ma et al., 2011; Zwicker et al., 2015; Bleda et al., 2017). Finally, CSF1R-associated signaling can also induce and reduce inflammation, can stimulate atherosclerosis and has anti-apoptotic characteristics (Kovarova et al., 2012; Nandi et al., 2012; Wei et al., 2015).

Interestingly, NLRP1, SELE, TRPV1, and CSF1R can all signal through the cytokine interleukin 1B, which is linked with cardiovascular disease, apoptosis and inflammation (Ley, 2003; Musumeci et al., 2011; Wei et al., 2015; Chowdhury et al., 2017; Wang et al., 2017; Figure 2). We were therefore interested to see whether there was differential expression of IL1B in patients with a mild cardiovascular phenotype compared to those with a severe cardiovascular phenotype. For this, we performed a preliminary IL1B stimulation experiment in dermal fibroblasts of patients with an extremely mild and severe cardiovascular phenotype and healthy controls, which showed a significant upregulation of IL1B in severely affected PXE patients compared to mildly affected patients (eightfold; p < 0.001, 95%CI: 2.9–24.6) and to healthy controls (51-fold; p < 0.001, 95%CI: 24.2–107.2; Supplementary Figure 5).
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FIGURE 2. Identification of a common denominator, IL1B. NLRP1, TRPV1, SELE, and CSF1R can all signal through IL1B. NLRP1 signals through inflammasomes leading to an upregulation of IL1B and its downstream effects, while CSF1R has an inhibitory effect on the cytokine. TRPV1 can both stimulate and inhibit IL1B. SELE is located downstream of and is stimulated by IL1B. ASC, adaptor protein; IL-18, interleukin 18; IL-1B, interleukin 1B.




DISCUSSION

PXE is a genetic disorder for which nearly no genotype-phenotype correlations exist between the causal gene ABCC6 and the eye, skin and cardiovascular features. Therefore, other mechanisms must play a role in explaining the extensive disease variability between patients. In this study we used an extreme phenotypes approach using whole exome sequencing to identify new candidate modifier genes for the cardiovascular phenotype of PXE.

Using mixture of effects analyses (C-alpha and SKAT-O) we found 86 genes to be associated with a severe cardiovascular PXE phenotype. Taking into account the risk of false positive results (type I error), we used two strategies to identify potential modifier genes for the PXE cardiovascular phenotype. First, we focused on those genes with a significant result in both the C-alpha and SKAT-O test: HCAR3, CNGB3, SI, and PRKAR1A. HCAR3 is a G-protein-coupled receptor, mediating antilipolytic effects, and is also abundantly present in neutrophils, where it is involved in the chemotactic response (Ahmed et al., 2009; Irukayama-Tomobe et al., 2009). Thus, it could have a protective role in cardiovascular disease, however no extensive functional data is present. For PRKAR1A, SI and CNGB3 no relevant associations with cardiovascular disease were identified, except for a relatively weak association between CNGB3 and varicosity (Fukaya et al., 2018). Interestingly, PRKAR1A was shown to directly influence RUNX2 expression, a master regulator of osteogenesis which is known to be upregulated in PXE (Hosen et al., 2014; Zhang et al., 2014). It will therefore be of interest to validate PRKAR1A further as a potential modifier for ectopic mineralization.

Second, we looked deeper into the (functional) data already known for all genes with an association with the severity of the cardiovascular PXE phenotype. Interestingly, several have been suggested as biomarker, susceptibility or modifier gene for cardiovascular phenotypes associated with vessel calcification (such as coronary artery disease, ischemic stroke, athero, and arteriosclerosis), risk factors (hypertension, obesity, diabetes mellitus, cholesterol metabolism) and disease mechanisms which may worsen cardiovascular disease and calcification (inflammation, ischemia/hypoxia and endothelial dysfunction). Indeed, besides being a common feature of stroke and atherosclerosis, arterial calcification shares many risk factors including diabetes, dyslipidemia, hypertension and inflammation (Wu et al., 2017; Chellan et al., 2018). Recent studies have also indicated that endothelial cells participate in vascular calcification via endothelial-mesenchymal transition, cytokine secretion, extracellular vesicle synthesis, angiogenesis regulation and hemodynamics (Yuan et al., 2021).

Besides associations with bone disorders with disturbed mineralization (osteoporosis and osteopetrosis) for the CSF1R and TLN1 genes, an interesting observation was done in an altered MyBP-C murine model, in which the cardiac myosin heavy chain and titin-binding domain were replaced by other amino acids. In these mice a phenotype occurs, showing a.o. dystrophic cardiac calcification (McConnell et al., 1999). Dystrophic cardiac calcification has been attributed to Abcc6 deficiency in the so-called dyscalc (DCC) mouse model (Meng et al., 2007). Though TTN is an extremely polymorphic gene and interpretation of its genetic variation can be challenging, this murine link with titin makes further investigation of TTN variants as modifiers of calcification worthwhile.

We also explored in which pathways the genes in the SKAT-O/C-alpha significant gene list are present. Several genes are in signal transduction pathway R-HSA-162582 and most of them (FLG, HCAR3, OR10AG1, OR2L3, OR2M2, OR4A16, OR51B4, OR5I1, OR6C1, OR6C70, PRKAR1A, SI, and TLN1) are involved in signaling by G protein-coupled receptors (GPCR). The human genome encodes thousands of G protein-coupled receptors (Vassilatis et al., 2003). Several hundred detect hormones, growth factors, and other endogenous ligands. Growth factors are known to modulate the PXE phenotype. The VEGF (vascular endothelial growth factor gene) is modulating the ocular symptoms resulting from PXE (Zarbock et al., 2009; De Vilder et al., 2020). Activation of the MAP kinase signal transduction and the ERK1/2 cascade leads to the significant inhibition of the expression of ABCC6 in HepG2 and Caco-2 cell lines (Varadi et al., 2011). FLG, SI, TLN1 are involved in the VEGF receptor signal transduction and MAP kinase signaling. More generally, FLG, KSR2, PRKAR1A, SI, and TLN1 are involved signal transduction of several growth factor signals and MAP kinase regulation.

NUP210, DEGS2, MMAB, SI, AK9, PRKAR1A, and PLBD1 belong, together with ENPP1 to the metabolism related pathway R-HSA-1430728. As ENPP1 is a known disease-causing gene of PXE [4], the other genes in this pathway might also act as possible modifiers. A group of genes that stand out are FXYD3, TRPV1, NUP210, RYR3, and PRKAR1A which are involved in transmembrane transport of small molecules. ABCC6 also belongs to this pathway (R-HSA-382551) and it is thus plausible that other genes in the same pathway might modify the PXE phenotype. NUP210 and MUC4 belong together with GGCX and VKORC1 to the protein metabolism pathway R-HSA-597592. As these enzymes of the vitamin K-cycle have been demonstrated to be involved in PXE and the PXE-like syndrome with coagulation factor deficiency, the other genes in this reactome pathway are PXE modifier candidates (Li et al., 2009; Vanakker et al., 2010).

It is important to remember that our approach is based on identifying candidate modifier genes based on a cumulative effect of rare variants. It can therefore be assumed that several of these pathways and mechanisms are simultaneously at play to influence disease severity. Whether some of these genes are more important than others in the specific context of PXE and the exact mechanisms underlying these interactions remain to be elucidated.

Due to the important role of PPi in the pathophysiology of PXE, it may be surprising that in our analysis no genes surfaced which are directly involved in the PPi metabolism. The same is true for the traditional genes which are involved in mineralization homeostasis and prevention of ectopic mineralization, such as MGP or AHSG. We cannot exclude that variants in these genes were missed due to the small and very selected patient population in this study, but may still be present in other patients. The results of this study are a first suggestion for candidate modifier genes and by no means should the list of identified genes be seen as exhaustive. While it remains difficult to estimate the definite number of modifier genes that would be relevant in an individual PXE patient, it is likely that these modifier genes are not identical in all patients. On the other hand the goal of this study is to identify genes with a high variant burden, with each variant having a relatively small individual effect. We might assume that functional variants in genes that are directly related to PPi metabolism and mineralization will have a larger individual effect; hence the variant burden can be relatively low which would explain why these genes do not end up among the significant results. While it will be interesting to also study the role of sequence variants in these genes more in detail, our results suggest that the identification of modifier genes cannot be limited to these “obvious” candidate genes.

We found that many of the candidate modifier genes could be linked with cardiovascular disease, inflammation and apoptosis. As inflammation and apoptosis have been previously implicated in the PXE pathophysiology and cardiovascular disease is part of the classic PXE triad, this confirms the validity of our results (Stoneman and Bennett, 2004; Van Vre et al., 2012; Zhong et al., 2016; Wu et al., 2017). Further prioritization based on these three processes led to four candidate modifier genes of the severity of the cardiovascular PXE phenotype: NLRP1, SELE, CSF1R, and TRPV1. Interestingly, these four genes share a common denominator as they can all signal through IL1B, a member of the IL1 family, which also consists of IL1alpha and IL1-ra, the latter being an endogenous IL1 inhibitor. IL1 signaling, both through direct contact (IL1alpha) and at a distance (IL1B), is implicated in a number of cardiovascular diseases, including atherosclerosis. It induces inflammatory functions of human endothelial cells, stimulates vascular smooth muscle cells—important in atherogenesis—through autocrine production of platelet-derived growth factor and leads to IL6 activation which in turn activates other atherothrombotic mediators, such as fibrinogen, plasminogen activator inhibitor and C-reactive protein (CRP) (Libby, 2017). Interestingly, IL6 upregulation was identified in peripheral artery disease (Wang et al., 2017). In addition, IL1 also alters cardiac myocyte functioning, thus impairing the contractile function of the heart. Moreover, IL1B can aggravate ischemia-reperfusion injury and cardiac remodeling after experimental myocardial infarction (Libby, 2017). Interestingly, a worse cardiac outcome after experimental ischemia-reperfusion has been shown in the PXE mouse model (Mungrue et al., 2011).

The significantly upregulated activation of the inflammatory response IL1B in cells of severely affected PXE patients compared to both mildly affected patients and healthy controls, with respective fold changes of 8 and 51 (Supplementary Figure 5), may point toward a role for IL1B in the severity of the cardiovascular PXE phenotype though further experimental validation will be needed to make a more robust conclusion. While TRPV1 and CSF1R have been demonstrated to activate the NLRP3 inflammasome in astrocytes and microglia cells, it has also been demonstrated that various types of crystals—cholesterol crystals but also calcium phosphate crystals such as hydroxyapatite, which is the relevant crystal type in PXE—can activate inflammasomes through lysosomal rupture and subsequent cathepsin B release (Usui et al., 2012; Yang et al., 2019; Hagan et al., 2020). Though most reports are on the NLRP3 and not the NLRP1 inflammasome, it cannot be excluded that a similar mechanism exists. As such the genomic variants we identified may very well not be the cause of IL1B increase, which can be directly due to the ectopic hydroxyapatite crystals in PXE. While this could explain while IL1B expression levels are higher in PXE cells compared to controls without stimulation, we would expect that the expression levels in this baseline condition would be higher in the severe PXE group compared to the mild group as they have much more calcification, which is not the case. Nonetheless, the PXE-induced inflammasome activation suggests that involved genes may influence the severity of cardiovascular disease like IL1B has been shown to contribute to the progression of atherosclerosis (Kirii et al., 2003; Chi et al., 2004). The involvement of IL1B may also be interesting from a therapeutic point of view, as anti-IL1B agents were shown to significantly decrease the risk of a new cardiovascular event in myocardial infarction patients in a large RCT (CANTOS study; Ridker et al., 2011).

Regarding the limitations of this study, it is important to note that with the use of the SKAT-O and C-alpha tests rare variants with a minimally positive, negative or neutral effect are all included and a combined effect is predicted, not taking into account whether the effect is aggravating or protective. These tests will also not detect any differences in expression, e.g., due to epigenetic changes, in potential modifier genes. A second limitation is the small sample size that was used, which is a known problem in studying rare diseases. To overcome this, we used extreme phenotype sampling and specific statistical tests to increase power to be able to draw conclusions from a relatively small cohort. Nonetheless, a validation of the results—in particular the prioritized candidate modifier genes—in larger, independent cohorts of PXE patients as well as experimental validation of the effects of the candidate modifier genes using e.g., genome editing technologies in PXE cell and animal models is essential before they can be implemented in clinical practice. A limitation to study the role of IL1B is the use of fibroblasts, which can be explained by the inavailability of smooth muscle vascular cells from the investigated patients. To make definite conclusions concerning the role of IL1B in PXE, there should be a validation of the expression results in a larger cohort as well as in smooth muscle vascular cells.

In conclusion, this preliminary study explored for the first time the cumulative effect of rare variants on the severity of cardiovascular disease in PXE. Using whole exome sequencing of extreme phenotypes and mixture of effects analyses, SKAT-O and C-alpha, a panel of 86 novel candidate modifier genes were identified, among which four candidate genes, i.e., NLRP1, SELE, CSF1R, and TRPV1, could be prioritized for the cardiovascular phenotype of PXE. Though further validation of the suggested modifier genes and pathways in independent and larger patient cohorts is essential as well as wet-lab validation of their putative effects, this panel can aid in risk stratification and genetic counseling of PXE patients and will help to gain new insights in the PXE pathophysiology.
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Bone development-related genes are enriched in healthy femoral arteries, which are more prone to calcification, as documented by the predominance of fibrocalcific plaques at the femoral location. We undertook a prospective histological study on the presence of calcifications in normal femoral arteries collected from donors. Since endothelial-to-mesenchymal transition (EndMT) participates in vascular remodeling, immunohistochemical (IHC) and molecular markers of EndMT and chondro-osteogenic differentiation were assessed. Transmission electron microscopy (TEM) was used to describe calcification at its inception. Two hundred and fourteen femoral arteries were enrolled. The mean age of the donors was 39.9 ± 12.9 years; male gender prevailed (M: 128). Histology showed a normal architecture; calcifications were found in 52 (24.3%) cases, without correlations with cardiovascular risk factors. Calcifications were seen on or just beneath the inner elastic lamina (IEL). At IHC, SLUG was increasingly expressed in the wall of focally calcified femoral arteries (FCFA). ETS-related gene (ERG), SLUG, CD44, and SOX-9 were positive in calcifications. RT-PCR showed increased levels of BPM-2, RUNX-2, alkaline phosphatase, and osteocalcin osteogenic transcripts and increased expression of the chondrogenic marker, SOX-9, in FCFA. TEM documented osteoblast-like cells adjacent to the IEL, releasing calcifying vesicles from the cell membrane. The vesicles were embedded in a proteoglycan-rich matrix and were entrapped in IEL fenestrations. In this study, ERG- and CD44-positive cell populations were found in the context of increased SLUG expression, thus supporting the participation of EndMT in FCFA; the increased transcript expression of osteochondrogenic markers, particularly SOX-9, reinforced the view that EndMT, osteochondrogenesis, and neoangiogenesis interact in the process of arterial calcification. Given its role as a transcription factor in the regulation of endothelial homeostasis, arterial ERG expression can be a clue of endothelial dysregulation and changes in IEL organization which can ultimately hinder calcifying vesicle diffusion through the IEL fenestrae. These results may have a broader implication for understanding arterial calcification within a disease context.
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INTRODUCTION

Focal arterial calcifications are a known but largely unreported entity, most often found in the muscular arteries of the extremities and occasionally of the viscera. Originally described in detail by Mönckeberg (1903), these focal calcifications have long been considered an age-related phenomenon. Yet, the causes, clinical significance, and fine morphology are not completely understood, and they are also not consistent in the literature. Micheletti et al. (2008) pointed out that this calcification pattern may be of help for understanding the process of vascular calcification in pathological conditions. Based on a retrospective study performed on 14 artery samples from different anatomical sites which did not include the femoral district, the authors concluded that focal calcifications involve a range of small muscular arteries with no or minimal histological inflammation. These calcification foci were seen both in the media and in the inner elastic lamina (IEL), but the authors hypothesized that the calcium deposition may begin on or just beneath the IEL (Micheletti et al., 2008).

The finding of calcifications in localized areas of otherwise healthy femoral arteries could reflect the increased expression in bone development-related genes, enriched in healthy femoral arteries (Steenman et al., 2018). In fact, femoral arteries are more prone to develop fibrocalcific plaques in a pathological context than other arterial peripheral districts (Herisson et al., 2011); furthermore, in this anatomical site, the atherosclerotic plaques are often associated with osteoid metaplasia (Sato et al., 2020) and higher expression of genes correlated to endochondral bone morphogenesis and endothelial-to-mesenchymal transition (EndMT), compared with pathological carotid arteries (Steenman et al., 2018).

Among the most recently studied EndMT mediators, the ETS-related gene (ERG) is the most expressed in arterial and venous endothelial cells (Hollenhorst et al., 2004), where it acts as a transcription factor for the control of endothelial homeostasis, activation, neoangiogenesis, and cell-to-cell as well as cell-to-matrix adhesion (Shah et al., 2016). On the other hand, ERG was observed to repress inflammatory cell activity and adhesion to the vessel wall in vitro by downregulating NF-kB, IL-8, and CD44, thus contributing to endothelial protection and stabilization (Yuan et al., 2009; Sperone et al., 2011). These results were recently confirmed by the finding that endothelial cells of regressing hyaloid vessels underwent downregulation of ERG and Friend leukemia integration 1 (FLI1), prior to apoptosis (Schafer et al., 2020).

A previous paper from our group reported a large histological series composed of 143 femoral artery segments from multi-organ donors with a mean age of 38 years. Our study showed that focal arterial calcification was present in 36 out of 143 (25.2%) cases (Vasuri et al., 2016).

The aims of the present study are to extend the characterization of the previous series of healthy femoral arteries and to assess the role of ERG and other mediators of EndMT in the pathogenesis of femoral focal calcifications, in order to better understand their relationship with calcified arterial disease.



MATERIALS AND METHODS


Study Population and Histopathology

All femoral artery specimens sampled in the last 5 years from the Regional Cardiovascular Tissue Bank in Bologna were retrospectively evaluated, as previously described (Vasuri et al., 2016). Tissue comes from the femoral specimens of multi-organ donors, taken for histopathological evaluation of tissue suitability.

The following clinical data were assessed: age, gender, smoking habit, body mass index, hypertension, diabetes, hypercholesterolemia, obesity (body mass index ≥ 30), cardiopathy, pneumopathy, vasculopathy, and/or nephropathy.

At the time of the first diagnosis for tissue suitability, femoral artery samples were fixed in formalin, embedded in paraffin (FFPE), and routinely processed. Hematoxylin–eosin and trichrome stains were performed for histopathological analysis. The presence of intimal and/or medial calcifications was recorded.



Immunohistochemistry

Three-micrometer-thick sections were cut from the tissue FFPE blocks. Immunohistochemistry (IHC) for ERG, factor VIII (FVIII), CD99, S100, and β-catenin was carried out with the automatic immunostainer Benchmark Ultra® (Ventana Medical Systems, Roche Group, Tucson, AZ 85755, United States). The primary antibodies and the technical specifications are listed in Table 1. For the IHC analysis, we selected the 40 most recent cases [20 focally calcified femoral arteries (FCFA) and 20 not calcified femoral arteries (NCFA)] with comparable state of preservation and without previous application of decalcification protocols.


TABLE 1. Technical characteristics of the antibodies used in automated and manual IHC.
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IHC for CD44, vascular endothelial growth factor-receptor 2 (VEGF-R2), Snail Family Transcriptional Repressor 2 (SLUG or SNAI2), and sex-determining region Y box transcription factor-9 (SOX-9) was manually performed using a non-biotin-amplified method (NovoLinkTM Polymer Detection System; Leica, Newcastle upon Tyne, United Kingdom), according to the manufacturer’s instruction. Three-micrometer-thick sections obtained from FFPE blocks were dewaxed with xylol and rehydrated in graded ethanol. Antigenicity was retrieved using citrate buffer at pH 6, at 120°C, and 1 atm for 21 min for CD44, SOX-9, and SLUG antibodies and in a 20-min heat bath (98.5°C) for VEGF-R2, followed by cooling and rinsing in distilled water. After the neutralization of endogenous peroxidase activity in 3% H2O2 in absolute methanol in the dark for 5 min at room temperature, samples were labeled with CD44 (1:100; BD Biosciences Pharmingen, San Jose, CA, United States), VEGF-R2 (1:1,600; D5B1, Cell Signaling, Danvers, MA, United States), SLUG (1:500; Santa Cruz Biotechnology, Dallas, TX, United States), and SOX-9 (1:500; Abcam, Cambridge, MA, United States) primary antibodies diluted in 1% BSA in PBS o/n at 4°C in a wet chamber. Primary antibodies were omitted in negative controls. Then, sections were exposed to 3,3′-diaminobenzidine (DAB) substrate/chromogen, counterstained with hematoxylin, dehydrated in a series of graded ethanol, and coverslipped.

Tissue slides were observed with a Leitz Diaplan light microscope (Wetzlar, Germany); digital images were acquired using Image-Pro Plus 6 software (Media Cybernetics, Rockville, MD, United States) at 10 × for VEGFR2 and SOX-9 and 25 × for SLUG. To quantify VEGF-R2, SOX-9, and SLUG positive areas, five random digital images taken from each sample were analyzed using ImageJ Fuji distribution (Schindelin et al., 2012). Results are expressed as percentage of positive area/total area.



Transmission Electron Microscopy

For electron microscopy, small femoral arterial samples were fixed in 2.5% glutaraldehyde in cacodylate buffer 0.1 mol/L pH 7.4, for 4 h. The samples were then stored in cacodylate buffer at 4°C. Tissue was then postfixed with a solution of 1% osmium tetroxide in 0.1 mol/L cacodylate buffer and embedded in araldite after a graded alcohol serial dehydration step. Semithin sections were stained with toluidine blue and observed at light microscopy to identify the areas of calcification. Sixty- to eighty-nm thin sections were stained by uranyl acetate and lead citrate and then observed in a transmission electron microscope CM100 Philips (Thermo Fisher, Waltham, MA, United States) at an accelerating voltage of 80 kV. Images were recorded with a MegaView digital camera.



RNA Extraction and Quantitative Real-Time Analysis

RT-PCR analysis was carried out on 20 cases (10 FCFA and 10 NCFA), selected according to temporal and preservation criteria. Total RNA was extracted from FFPE tissues using RecoverAllTM Total Nucleic Acid Isolation Kit (Invitrogen, Carlsbad, CA, United States), according to the manufacturer’s instructions, with overall yields ranging from 1.4 to 9.8 ng/μl. Reverse transcription was performed from 1.5 μl of total RNA in 7.5 μl reaction volume using High Capacity Reverse Transcription Kit (Life Technologies, Carlsbad, CA, United States) and specific primers (Table 1). Primers specific for the target genes were designed using the NCBI BLAST tool (purchased from Merck, Kenilworth, NJ, United States; Table 2). Real-time PCR was carried out in a CFX Connect Real-Time PCR Detection System (Bio-Rad, Hercules, CA, United States) using the SYBR green mix (Bio-Rad). Each assay was performed in triplicate and target gene expression was normalized to the housekeeping gene glyceraldehyde 3-phospate dehydrogenase (GAPDH). Final results were determined by the comparative 2−ΔΔCt method and expressed as fold changes relative to controls (Livak and Schmittgen, 2001).


TABLE 2. List of primer sequences used for reverse transcription and real-time PCR.
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Statistical Analysis

GraphPad Prism software was used for all statistical analyses. Variables are expressed as means ± standard deviations, ranges, and frequencies. The unpaired t-test was used when appropriate. A p-value ≤ 0.05 was considered as significant.




RESULTS


Study Population and Histopathology

This is a retrospective monocentric study on archival tissue from multi-organ deceased donors. In this population, the anonymous treatment of data, conducted according to the Ethical Guidelines of the 1975 Declaration of Helsinki and following revisions, is permitted by the Privacy Representative, according to Italian Law (G. U. Repubblica Italiana, No 72, 26/03/20120). No consent was therefore required.

We reviewed 214 femoral artery specimens from 128 (59.8%) male and 86 (40.2%) female multi-organ donors, with a mean age of 39.9 ± 12.9 years (range 14–60 years). Smoke habit was recorded in 61 (28.5%) donors, cardiopathy in 10 (4.7%), pneumopathy in 6 (2.8%), hypertension in 22 (10.3%), diabetes in 5 (2.3%), dyslipidemia in 7 (3.3%), nephropathy in 5 (2.3%), and vasculopathy in 3 (1.4%). A significant association with the presence of arterial calcifications was observed for none of these risk factors.

Histologically, the femoral arteries were morphologically normal; however, multiple foci of calcification were observed in 52 (24.3%) cases; these cases were labeled as FCFA (Figure 1A); the other cases were indicated as NCFA. Among FCFA, 12 focal calcifications were localized in the media layer, 21 in the intima/IEL, and in 19 cases, they were present in both layers. When calcium deposits involved IEL, discontinuation and rupture of the elastic fibers was seen (Figure 1B). Overall, these results overlapped with those from our previous report; in particular, mean donors’ age, gender distribution, correlation with cardiovascular risk factors, incidence of focal calcifications, and their distribution in the arterial wall were similar (Vasuri et al., 2016).


[image: image]

FIGURE 1. (A) Histological examination of a focally calcified femoral artery (FCFA) with preserved architecture and multiple calcifications of the inner elastic lamina. Hematoxylin–eosin stain. Scale bar = 0.5 mm. (B) At higher magnification, discontinuity and fragmentation of the elastic lamina are evident. Scale bar = 50 μm.




Expression of Early EndMT and Chondrogenic Markers in the Femoral Arterial Wall

The first part of the in situ IHC study consisted in the observation of the investigated markers on the entire section of the arterial wall (Figure 2), thus focusing on the smooth muscle cell layer.
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FIGURE 2. The immunohistochemical analysis of the entire arterial wall showed increased positivity for SLUG, a marker of EndMT, in the focally calcified femoral arteries (FCFA, n = 20) (p = 0.0006). Positivities observed for SOX-9 and VEGF-R2 showed no significant change between FCFA and not calcified femoral arteries (NCFA, n = 20), although the FCFA showed a trend of greater expression. Scale bar for SLUG = 10 μm; scale bar for SOX-9 and VEGF-R2 = 100 μm.


SLUG was significantly more expressed in FCFA than in NCFA, with a mean of 4.51 ± 0.75 and 1.62 ± 0.33 (positive area/total area ratio), respectively (p = 0.0006, t-test). VEGF-R2 showed a trend of higher expression in FCFA than in NCFA, with a mean positive area/total area ratio of 14.83 ± 1.03 and 12.02 ± 1.25, respectively (p = 0.095). SOX-9 was only slightly more expressed in FCFA, with a mean positive area/total area ratio of 10.90 ± 1.62 and 9.33 ± 1.34 in FCFA and NCFA, respectively (p = 0.455).

Except for the markers reported above, the others were only qualitatively assessed since we did not find positive smooth muscle cells in FCFA nor in NCFA. S100 was positive exclusively in small adventitial nerves, while CD99 was positive in the vasa vasorum and mesenchymal adventitial cells; FVIII and β-catenin were expressed primarily in luminal endothelial cells and vasa vasorum.



Expression of Early EndMT and Chondrogenic Markers in Focal Arterial Calcification

We analyzed the expression of some of the above-reported markers in the foci of calcification. As schematized in Figure 3, SLUG and SOX-9 were intensively positive; furthermore, CD44 and ERG were expressed in spindle mesenchymal cells seen within and at the periphery of the calcifications (Figure 4); interestingly, ERG stained newly formed vessels within the foci of calcification. In NCFA, CD44 and ERG were expressed in the vasa vasorum and luminal endothelial cells exclusively.
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FIGURE 3. Immunohistochemical analysis of the areas of calcification showed marked SLUG and SOX-9 positivity; in contrast, the endothelial cell lineage marker, FVIII, and the endothelial cell receptor, VEGF-R2, were negative. Scale bar for SLUG, SOX-9, and VEGF-R2 = 10 μm; scale bar for FVIII = 100 μm.



[image: image]

FIGURE 4. Additional immunohistochemical analysis of the areas of calcification showed CD44 (A) and ERG (B) positivity within and at the periphery of the calcifications where these markers were expressed by mesenchymal spindle cells; ERG was also positive in the endothelial cells that line the newly formed vessels present within the calcifications (C). Scale bar of all images = 100 μm.




Expression of Osteochondrogenic Transcripts in the Femoral Arterial Wall

The expression of osteochondrogenic transcripts was performed on FFPE sections therefore giving an average transcript representation of the whole femoral arterial wall. Except for SOX-9, we did not find any significant fold change in transcript expression; however, FCFA had an overall tendency to express more transcripts related to the osteochondrogenic differentiation program than NCFA (Figure 5). The mean fold changes of the investigated transcripts in the FCFA compared with NCFA were as follows: 2.16 ± 1.22 for BMP-2, 2.18 ± 1.81 for RUNX-2, 7.53 ± 7.76 for ALP, 4.45 ± 1.11 for SOX-9, and 4.71 ± 7.19 for OCN. The only transcript significantly higher in FCFA than in NCFA was SOX-9 (p = 0.0033).
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FIGURE 5. Focally calcified femoral arteries (FCFA, n = 10) showed an overall increase of transcripts involved in early and late osteochondrogenesis compared with not calcified femoral arteries (NCFA, n = 10); however, the expression gradient was only significant for SOX-9 (**p = 0.0033).




Transmission Electron Microscopy

TEM showed osteoblastic-like cells (Figure 6B) close to the IEL; these cells, after careful research, were also seen at histology where they appeared embedded in an empty lacuna (Figure 6A) which electron microscopy showed to be made up of collagen fibers and particulate and filamentous proteoglycans; at higher magnification, clusters of extracellular vesicles (50–200 nm in diameter) were seen at the plasma cell membrane and free in the matrix (Figures 6C,D); here, the vesicles were concentrated on the surface of the IEL and permeated its fenestrations (Figure 6F). Some of the vesicles were markedly electron dense, acting as a site of calcium deposition. On histology, large aggregates of calcified vesicles were seen as extracellular deposition of amorphous, basophilic substance at the IEL (Figures 6A,E).


[image: image]

FIGURE 6. Histological (A) and TEM (B) appearance of osteoblast-like cells [arrow in (A)] seen in proximity of the inner elastic lamina. The cells were embedded in an empty lacuna that ultrastructural examination showed to be rich in particulate and filamentous proteoglycans. The boxed areas are seen at higher magnification in (C,D), respectively; cell membrane ruffling with extrusions and matrix vesicles budding from the cell surface (arrows) can be appreciated in both images. (E) At histology, large aggregates of calcified vesicles were seen as extracellular deposition of amorphous, basophilic substance [arrow in (E), also seen in (A), arrowhead] close to the inner elastic lamina. (F) TEM showed clusters of calcified matrix vesicles permeating the fenestrations of the inner elastic lamina. Scale bars = 50 μm (A,E), 2 μm (B,F), and 0.5 μm (C,D).





DISCUSSION

The mechanism of arterial calcification is still largely unknown. Different pathogenetic mechanisms are reported to be involved: genetic factors as in the model of pseudoxantoma elasticum (D’Marco et al., 2020), epigenetic factors fueling atherosclerosis (Kwon et al., 2020), changes in transcriptional and post-transcriptional regulation control, as miRNA–mRNA axis (Vasuri et al., 2020), injuries leading to vascular wall necrosis and inflammation, differentiation of resident or circulating vascular progenitors (Psaltis et al., 2014; Vasuri et al., 2014), metabolic factors (Demer and Tintut, 2014), and local context factors. This heterogeneity may account for the presence of different vascular calcification disease morphologies and phenotypes.

The present study confirms our previous experience (Vasuri et al., 2016) that calcification affects even normal femoral arteries focally; this is a condition more frequent than expected. In a series of 214 consecutive femoral arteries, focal calcifications affected 24% of a young population whose arteries underwent histological analysis for establishing the suitability for arterial transplant programs. Likewise, to a previous report, their presence did not show any significant correlation with major known cardiovascular risk factors nor with minor morphological arterial changes (Micheletti et al., 2008). Males are affected more than females and the calcified arteries belong, structurally, to the muscular arterial category. In the previously reported series, the involved vessels were the dorsalis pedis, posterior tibialis, radial and temporal arteries, and small arteries of the thyroid, breast, and uterus (Micheletti et al., 2008). This confirms that muscular arteries have a predilection for developing calcifications under normal condition probably due to their increased expression in bone development-related genes (Steenman et al., 2018).

As already hypothesized in atherosclerosis (Chen et al., 2020), EndMT could be involved in this process. In fact, we found an increased immunoreactivity for SLUG by analyzing the entire thickness of the FCFA vascular wall, along with an intense immunostaining for markers related to EndMT (SLUG and ERG), to stemness (CD44), and to chondrogenesis (SOX-9), in correspondence to the areas of calcification. This pattern of positivity suggests a link between EndMT and osteochondrogenic differentiation which is also reported in the literature. In fact, SLUG, a member of the SNAIL family of transcriptional repressors, is known to have a role as an early regulator of epithelial cell fate and lineage commitment (Phillips and Kuperwasser, 2014). ERG, the ETS-related gene, is a transcription factor involved in the regulation of endothelial and cartilage homeostasis; ERG also regulates angiogenesis and stabilizes the endothelium maintaining junction integrity through its transcriptional regulation of junctional molecules (Shah et al., 2016). In combination with other cell surface molecules, the surface receptor CD44 is a common marker for both normal and cancer stem cells, acting as a receptor for hyaluronan, the major component of stem cell niches (Skandalis et al., 2019); however, CD44 is also expressed by inflammatory cells and even by endothelial cells (Trochon et al., 1996). CD44 was also found to be important for epithelial–mesenchymal transition induction by TGF-β (Kolliopoulos et al., 2018). Interestingly, a population of CD44+ multipotent mesenchymal stem cells has been found within the adult human arterial adventitia with properties of differentiation into adipocytes, chondrocytes, and osteocytes under culture conditions (Klein et al., 2011). This observation opens the question about the role that such cell population can have in arterial calcification. SOX-9 is a transcription factor regulating many morphogenetic processes; it is highly expressed in normal cartilage cells where it regulates proliferation and extracellular matrix production during chondrogenesis (Rockich et al., 2013), but it is also expressed in tumors of cartilage lineage (Wehrli et al., 2003).

In this study, at least two cell components were seen involved in the calcification process: CD44-positive mesenchymal cells that electron microscopy has seen to be placed within a proteoglycan-rich lacuna; these cells had an osteoblastic commitment and exhibited extensive cell membrane ruffling, with abundant extrusions and matrix vesicles budding from the cell surface; the latter finding is consistent with osteogenic cells actively promoting mineralization in the surrounding matrix (Zazzeroni et al., 2018). This mechanism is also similar to that described in physiological and pathological ossification of human tissues, where the matrix calcification is mediated by alkaline phosphatase-containing vesicles acting as site of apatite crystal accumulation (Golub, 2009; Bonucci, 2013). Indeed, we observed the presence of ERG-positive mesenchymal cells, possibly deriving from EndMT of the luminal endothelium and giving origin to neovessels adjacent to and within the intimal calcification. The connection between osteochondrogenesis and neoangiogenesis is well known (Cocks et al., 2017).

The presence of ERG+ and CD44+ cell populations, in a context of increased SLUG expression, supports the involvement of EndMT in FCFA; moreover, the increased transcript expression of osteochondrogenic markers, particularly SOX-9, reinforces the suggestion that EndMT, osteochondrogenesis, and neoangiogenesis are involved in an apparent context of morphological arterial normality. On the other hand, β-catenin expression did not change significantly, albeit it was expected to be altered, since it is described to be involved in EndMT and to stimulate chondrogenesis by increasing SOX-9 expression (Kirton et al., 2007). Supporting the chondrogenesis involvement, the SOX-9 transcript was significantly increased in FCFA samples, while calcifications were intensely SOX-9 positive at IHC. In addition, the ultrastructural examination of the matrix adjacent to the area of calcification revealed a particular richness in particulate and filamentous proteoglycans, one of the characteristics of the chondrogenic matrix. Furthermore, a similar matrix rich in hyaluronan and versicans was associated with a synthetic smooth muscle phenotype under PDGF and TGF-β stimulation; this provisional matrix facilitates migratory cell activities and angiogenesis (Wight, 2017). A recent in vitro study showed that hyperglycemia-induced exosomal vesicles from HUVEC are able to promote calcification in vascular smooth muscle cells via versican activation (Li et al., 2019). Therefore, the proteoglycan-rich matrix has an effect on vascular cell mobility, shape change, and differentiation.

Our study confirms that in muscular arteries the calcification rises in close proximity to IEL; this preferential location, also because there are few studies on this component of the vascular matrix, remains unexplained. However, the 3D architecture of IEL is more complex of what expected, as can be supposed from the studies performed on NaOH digested arteries and examined by scanning electron microscopy (Roach and Song, 1988). Also, IEL function in muscular resistance arteries is rather unclear; it is thought that in such arterial district changes in IEL, fenestrae size and number may alter diffusion of vasoactive substances between endothelial cells and smooth muscle cells leading to altered arterial responses (Halabi and Kozel, 2020). Since it was recently demonstrated that, unlike previously thought, in muscular arteries IEL synthesis is driven by the endothelium (Lin et al., 2019), it can be supposed that, in the context of EndMT, the synthesis of IEL may be altered as a consequence of luminal endothelial cell dysregulation and directed toward a morphology facilitating the entrapment of matrix vesicles within.

A limitation of the present study is that we studied a small arterial area in what appeared to be an otherwise normal arterial wall; this means that while morphology and IHC give reliable information on the differences between the calcified focus and the remaining portion of the artery, the expression analysis of the EndMT and osteochondrogenic genes could be not representative of the analyzed processes. Moreover, also the use of archival FFPE tissue can be not always reliable.

To our knowledge, this is the first study on the expression of ERG and other EndMT and osteochondrogenic markers in a series of normal human femoral arteries with foci on IEL calcification. Using immunohistochemistry, we documented ERG+ and CD44+ cell populations in the context of increased SLUG expression, thus supporting the participation of EndMT in FCFA; furthermore, the increased transcript expression of osteochondrogenic markers, particularly SOX-9, reinforced the view that EndMT, osteochondrogenesis, and neoangiogenesis interact in the process of focal calcification. Given its role as a transcription factor in the regulation of endothelial homeostasis, parietal ERG expression can be a clue of endothelial dysregulation and changes in IEL organization which can ultimately hinder matrix vesicle diffusion through the IEL fenestrae. These results are supposed to have a broader implication for understanding arterial calcification even in a disease context (Yuan et al., 2009; Sperone et al., 2011; Shah et al., 2016).
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Forward primer (5’ — 3')

AAG ACT CTG GGC AAG CTC TGG A
ACA CTT TCC AAC CGC AGT CA
GGG AAC CAA GAA GGC ACA GA
AAA CGC CCA CAG GCATAA AG
TGT CAA CCT CTT CGT GTC CC
CCT CAC GAC TCT ACG ATG CC
CTC TCC GCTGCTTTC TGG TA

AAA CGC TAA TGG CTG GGG AA
CTG GTT TTGTCA GTATGT GTG CT
TTG TGC CAG AGA AAG AGA GAG A
GCC CGAGTC CCATTT CCC GC
GAC AGA CCT ACG ATG CCA CCC AGC
ATA CGA GGG CAC GAG GAG

GCA GTT CCA AAG GCT ACAAC
CCC ACA AGT CCC AGAACC GCAG
TCC TAG ACC CAG TTC CAT ATA CACTTC
CTC TTC TGG TCA CAG CCC TA
AGA CAC AAC CAC ACA GCC AG
CTC ATG ACC ACA GTC CAT GC
ATG TCC AGA AGA GCA CAC GG
GCT GGT GTT TGC CAC TGA TG
GAT TTG GTC GTATTG GGC

Reverse primer (3' — 5)

TTG TCC GTT CTT CAC CGA CTT CCT
GGG AGG ACG GTT GGG TAT CA
TGG AGT GGA TGG ATG GGG AT
CAACCCTGG CTCTCCTTG G

GAC AAA ACA GAG CGT CAG CG
AGC CTG GAA CAATGC CTG AG
AGA GGT TGATTC CGATTG TGC
AAC CAG GAG GCG ACAATC TT

CTC ACC GCA CCT GAATTT GTT
GTT TCAGGG CAT TTT TCAAGG T
GCC ATA ACC GTC AGC AGG TAG CG
ATG AGC GAG AAC ACT GAC CCC AGG
AGA AGT AGA GAA ACC CAA ATG CT
GCT GGG TCACACTTICTCT G

GCA GGC AAG CA AGT GAC GGC
TTIGGACTTCTGC CAATTCCT T
GGG GGA CAG TAG AAA CAG CC
CCC AGG AAG AAC AGT CCAGC
CAC ATT GGG GGT AGG AAC AC
AGG GTC TCACAA GTC TGG GT
TCG GTG AGT TTC TCG TAG GTC
CTC GCT CCT GGA AGATGG
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Feature

Absent phalanx
Absent/delayed phalanx SOC
Distaliner- phalangeal fusion

Malformed metatarsal

dt

51.2%"
(36.5-65.7%)
9.8%
(3.9-225%)
122%
(5.3-26.5%)
100%
(91.4-100.0%)

d2

0.0%
(0-8.6%)
19.5%
(10.2-34.0%)
24%
0.1-12.6%)
4.9%
(0.9-16.1%)

a3

0.0%
(©-86%)
26.8%
(15.7-41.9%)
98%
3.7-21.6%)
4.9%
(0.9-16.1%)

4

00%
(0-8.6%)
203%
(17.4-44.5%)
14.6%
(6.9-28.4%)
4.9%
(0.9-16.1%)

ds

22.0%
(12.0-36.7%)
43.9%
(29.9-69.0%)
24.4%
(13.8-39.3%)
49%
(0.9-16.1%)

Incidence of specific skeletal features n radlographs of the forefoot of FOP patients were based on comparisons to the expected features as described (Sarrafian, 2011).
All percentages are based on the total cohort of 41 subjects. Because this study was cross-sectional, “absent” vs. “celayed” radlographic appearance of secondry
ossiication centers (SOC) cannot be distinguished and are thus grouped together; however, because the medlal phalanges ossify extremely early in ife when present,
“absent"is a more certain dlagnosis in that category. A digit was scored as having distal interphalangeal fusion ifthe rectangular morphology of the medial phalanx was
both clearly present and continuous with the approximately trianguiar distal phalanx. All subjects showed a malformed first metatarsal with a dysmorphic head and/or
broad diaphysis lacking the usual tapering from head to midshaft. Two subjects (4.9%) accounted for all other metatarsal malformations in digits 2-5 (detai, Figure 4).

Data are presented as percentage of subjects and 95% confidence interval, calculated using the Wilsor/Brown analysis.

“The absent phalanx in digit 1 results in monophalangeal hallux. These data are also indicated in Table 1.
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Pathways

Cardiovascular disease

Apoptosis

Inflammation

Calcium homeostasis
Cell proliferation
No relevant data

Genes

ABCA13, AHNAK2, CAMTA2, CDON, CSF1R,
FLG, HCAR3, MMAB, MYBPHL, NLRP1, NLRP11,
PDE4DIP, PLBD1, SELE, SERPINA9, TOR2A,
TRPV1, TTN, ULK4, ZNF85

ACIN1, BRWD1, CAPN14, CDON, CD101,
CHAF1A, CHFR, CNGB3, CSF1R, DLC1, IGF2-AS,
IQGAP3, MUC4, NLRP1, NOM1, OR51B4,
PRKAR1A, SELE, TRPV1

AHNAK2, CFH, CSF1R, DLC1, HCARS, HTRAS,
MUC4, NLRP1, NLRP11, PGLYRP2, PTPN7,
SELE, TOR2A, TRPV1

PKD1L2, PCLO, RYR3

DEGS2, IQGAPS, EPB41L4A, TLN1, GSG2

AK9, ANKRD20A3, APOL5, BZRAP1, CLDN24,
C9orf117, DMGDH, DNAH17, DHX57, DYNC2H1,
EFCC1, FAM46B, FAM66D, FXYD3, LINC00452,
LRRIQ3, MAP1A, NUP210, NWD1, OAF,
OR10AG1, OR2L3, OR2M2, OR4A16, ORS5I1,
OR6C1, OR6C70, OTOP2, PCDHA10, PMS2,
PPP1R36, RBM19, RINL, RNUG-28P, SI, SNTG2,
SNX18, USP17L7, WIPI1, ZNF28, ZNF417

Genes involved in two biological processes are underlined; genes involved in three
biological processes are in bold.
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Demographics Phenodex ABCC6 genotype Calcium score
Pt M/F Age S E CcVv Gl Pathogenic variant 1 Pathogenic variant 2
P1 M 40 1 2 2 - c.1653G > A p.(R518Q) C5 del2860_2865 / C5 6911.4
P2 F 34 1 2 2 - c.15653G > A p.(R518Q) C5 del2860_2865 / C5 3527.6
P3 M 58 2 2 2 + c.3490C > T p.(R1164%) C5 c.3490C > T p.(R1164%) C5 36325.2
P4 F 71 2 2 2 = c.3421C > T p.(R1141%) C5 c.998 + 2 998 + 3delTG C5 5547.8
P5 F 47 2 2 2 - €.3032T > C p.(L1011P) C3LP ¢.3032T > C p.(L1011P) C3LP 72341
P6 M 66 1 2 1 - c.3413G > A p.(R1138Q) C5 c.2911T > C p.(W971R) C3LP 19478
P7 M 59 1 2 1 = c.3421C > T p.(R1141%) C5 c.3421C> T p.R1141%) C5 14.8
P8 F 41 1 1-2 1 - c.15653G > A p.(R518Q) C5 del2860_2865 / C5 0
P9 F 30 1 1 2 = c1321C>T  p.R4410) c4 ¢.3107T > C p.(F1036S) c4 6.3
P10 M 55 1 1 1 - c.3490C > T p.(R1164%) C5 c.3490C > T p.(R1164%) C5 86.3
P11 F 67 2 2 1 = c.4198G > A p.(E1400K) C5 c.118C>T p.(P40S) C3LP 148.2

The phenodex is a score to describe the severity of the PXE phenotype in a standardized way. Skin phenotype (S): SO, no macroscopic skin lesions; S1 (, papular
lesions,; S2 (, =coalesced plaques of papules; Eye phenotype (E): EO (, no retinopathy,; E1 (, uncomplicated peau d’orange and/or angioid streaks; E2, subretinal
neovascularization;, hemorrhaging and vision loss; Cardiovascular phenotype: CVO (, no cardiovascular symptoms; CV1, non-occlusive vasculopathy; CV2, occlusive

vessel disease.; Gastrointestinal bleeding (Gl): +, yes; -,

no. F, female; M, male; Pt, patient code. Pathogenicity classification of the ABCC6 variants was done as

previously described (Verschuere et al., 2021): only class 5 pathogenic variants (C5), class 4 likely pathogenic variants (C4) and class 3 likely pathogenic variants (C3LP)
were considered as disease-causing variants.
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Gene

mXOR

mGapdh

hXOR

hGapadh

Forward primer (5 — 3/)

TGT CAA CCT CTT CGT GTC
CC

CTC ATG ACC ACA GTC CAT
GC

GCC TAA CAG GAG ATC ATA
AGAACCT

GATTTG GTC GTATTG GGC

Reverse primer (5 — 3')

GAC AAA ACA GAG CGT CAG
CG
CAC ATT GGG GGT AGG AAC
AC
CTG GAC AAATGC CCC TTC
CA

CTC GCT CCT GGA AGATGG
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Gene name

GAPDH

BMP-2

RUNX-2

SOX-9

ALP

OCN

Primer sequences

FWD AATGGGCAGCCGTTAGGAAA REV
AGGAGAAATCGGGCCAGCTA

FWD TGTCTTCTAGCGTTGCTGCT REV
CAACTCGAACTCGCTCAGGA

FWD TGATGACACTGCCACCTCTGA REV
GCACCTGCCTGGCTCTTCT

FWD AGTACCCGCACCTGCACAAC REV
CGCTTCTCGCTCTCGTTCAG

FWD GGGCTCCAGAAGCTCAACAC REV
GTGGAGCTGACCCTTGAGCAT

FWD CACCGAGACACCATGAGAGC REV
CTGCTTGGACAAAGGCTGC
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Antibody

ERG
CD99
S100
B-Cat
CD44
SLUG
SOX-9
VEGF-R2

Antigen retrieval

Ultra CC1 95°C 24 min

Ultra CC1 95°C 32 min

Ultra CC1 95°C 8 min

Ultra CC1 95°C 32 min

Citrate buffer at pH = 6, autoclave 120°C 21 min
Citrate buffer at pH = 6, autoclave 120°C 21 min
Citrate buffer at pH = 6, autoclave 120°C 21 min
Citrate buffer at pH = 6, heat bath 98.5°C 20 min

Clone

EPR3864
013
Polyclonal
14
G44-26
A-7

3C10
D5B1

Dilution

Prediluted
Prediluted
Prediluted
Prediluted
1:100
1:500
1:500
1:1,600

Incubation Ab primary

20 min at 36°C
32 min at 36°C
12 min at 36°C
16 min at 36°C
o/nat4°C
o/nat4°C
o/nat4°C
o/nat4°C

Detection system

OptiView DAB Detection Kit
OptiView DAB Detection Kit
OptiView DAB Detection Kit
OptiView DAB Detection Kit
NovoLink™ Polymer Detection System
NovoLink™ Polymer Detection System
NovoLink™ Polymer Detection System
NovoLink™ Polymer Detection System

o/n, overnight.
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HO (left Achilles tendon) Left tibia

Value Percentile? Value Percentile?
Geometry (area; mm?)
Tt.Ar 64.9 <2 714.6 75-90
Tb.Ar 49.6 L2 627.5 75-90
Ct.Ar 17.2 <2 92.6 2-10
Density (BMD; mg HA/cm3)
Tt.BMD 271.9 10-25 205.3 <2
Th.BMD 1421 10-25 100.9 <2
Ct.BMD 656.7 <2 934.8 25-75
Microarchitecture
Th.BV/TV (-) 0.195 10-25 0.143 <2
To.N (mm~7) 1.242 25-75 1149 10-25
Tb.Th (mm) 0.254 25-75 0.209 <2
Tb.Sp (mm) 0.766 25-75 0.858  75-90
Tb.1/N.SD (mm) 0.282 25-75 0.420 90-98
Ct.Th (mm) 0.917 <2 1.078 2-10
Ct.Po (-) 0.013 25-75 0.008 25-75
Mechanics (LFE)
FL (kN) 0.530 <2 5.28 <2

Tt: total; Th: trabecular; Ct: cortical, Ar: area; BMD: volumetric bone mineral
density; Tb.BV/TV: trabecular bone volume fraction; Tb.N: trabecular number;
Tb.Th: trabecular thickness; Tb.Sp: trabecular separation; Tb.1/N.SD: heterogene-
ity of the trabecular network; Ct.Th: cortical thickness; Ct.Po: cortical porosity; FL:
estimated failure load.

3Percentile is based on comparison with an age- and gender-matched reference
from literature (Whittier et al., 2020).
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Tibia

Geometry (area; mm?)
Tt.Ar

Tb.Ar

Ct.Ar

Density (BMD; mg HA/cm?)
Tt.BMD

Thb.BMD

Ct.BMD
Microarchitecture
To.BV/TV (-)

Tb.N (mm=")

Tb.Th (mm)

Tb.Sp (mm)

Tb.1/N.SD (mm)

Ct.Th (mm)

Ct.Po (-)

Mechanics (LFE)

FL (kN)

Left
Value

849.5
718.9
136.4

229.1
98.4
932.5

0.1558
0.855
0.235
1.170
0.827
1.510
0.012

8.21

Percentile?

2575
25-75
25-75

<2
<2
25-75

<2
<2
=2,
>98
>98
25-75
25-75

<2

Right
Value

831.3
713.7
123.3

232.8
113.9
936.9

0.172
1.086
0.233
0.902
0.403
1.318
0.007

7.82

Percentile?

25-75
25-75
2-10

<2
<2
7580

<2
2-10
<2
90-98
90-98
10-25
10-25

<2

Tt: total; Th: trabecular; Ct: cortical, Ar: area; BMD: volumetric bone mineral
density; Tb.BV/TV: trabecular bone volume fraction; Tb.N: trabecular number;
Tb.Th: trabecular thickness; Tb.Sp: trabecular separation; Tb.1/N.SD: heterogene-
ity of the trabecular network; Ct.Th: cortical thickness; Ct.Po: cortical porosity; FL:

estimated failure load.

aPercentile is based on comparison with an age- and gender-matched reference
from literature (Whittier et al., 2020).
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Radius Tibia

Left Value Percentile? Right Value Percentile? Left Value  Percentile?®  Right Value  Percentile?
Geometry (area; mm?)
Tt.Ar 247.7 25-75 = = 714.6 75-90 709.1 25-75
Tb.Ar 192.9 25-75 = = 627.5 75-90 622.8 75-90
Ct.Ar 58.2 25-75 - - 92.6 2-10 91.6 2-10
Density (BMD; mg HA/cm3)
Tt.BMD 336.0 25-75 - = 205.3 <2 202.6 <2
Th.BMD 143.1 25-75 = = 100.9 <2 95.2 <2
Ct.BMD 991.2 90-98 - - 934.8 25-75 955.5 25-75
Microarchitecture
Th.BV/TV (-) 0.187 25-75 = = 0.143 =2, 0.127 <2
Tb.N (mm~—1) 1.442 25-75 - = 1.149 1025 1.162 10-25
Tb.Th (mm) 0.211 25-75 - = 0.209 <2 0.202 <2
Tb.Sp (mm) 0.649 25-75 = = 0.858 75-90 0.855 75-90
Tb.1/N.SD (mm) 0.225 25-75 - - 0.420 90-98 0.380 90-98
Ct.Th (mm) 1.043 25-75 = — 1.078 2-10 1.013 <2
Ct.Po (-) 0.002 25-75 - - 0.008 25-75 0.009 25-75
Mechanics (LFE)
FL (kN) 2.68 25-75 = = 5.28 <2 4.88 <2

Tt: total: Thb: trabecular; Ct: cortical; Ar: area; BMD: volumetric bone mineral density; Tb.BV/TV: trabecular bone volume fraction; Tb.N: trabecular number; Tb. Th: trabecular
thickness; Thb.Sp: trabecular separation; Tb.1/N.SD: heterogeneity of the trabecular network; Ct.Th: cortical thickness; Ct.Po: cortical porosity; FL: estimated failure load.
aPercentile is based on comparison with an age- and gender-matched reference from literature (Whittier et al., 2020).
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All AS group Non-AS P

n=>55 n=32 group n = 23
Age, years 64.7 £ 9.5 63.3+10.0 66.7 + 8.6 0.21
Men (%) 78.2 75.0 82.6 0.50
Tricuspid valve (%) 43.6 28.1 65.2 <0.01
Macroscopical 69.0 96.9 30.4 <0.0001

calcification (%)

Values are expressed as either mean + SD or %. P-values were calculated
using x2-test for discrete variables and Mann-Whitney test for age (non-normal
distribution). P < 0.05 was considered as significant.
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Hypothesis

Plague calcification is initiated by
osteochondrocyte-like cells

Plaque calcification is initiated
independently from
osteochondrocyte-like cells

Arguments supporting the hypothesis

Plaques calcify through endochondral ossification in ApoE~/~mice, with crystals observed
by electron microscopy in proximity to chondrocyte-like cells

Mouse and human VSMCs trans-differentiate in culture into osteochondrocyte-like cells in
response to inflammatory and oxidative factors relevant to the context of atherosclerosis

VSMC-specific inactivation of RUNX2, the transcription factor governing hypertrophic
chondrocyte and osteoblast differentiation strongly decreases arterial calcium content in
APOE~/~ and Ldlr~/~ mice

VSMC-specific inactivation of RUNX2 strongly decreases, but does not totally prevent
arterial calcium deposition in ApoE~/~ and Ldlr—/~ mice

Human plaques only occasionally show bone-like structures at histology and evidence of
endochondral ossification is lacking

Osteocalcin, a marker of hypertrophic chondrocytes and osteoblasts expressed under the
control of RUNX2 is expressed after calcifications are formed in human plaques

Microcalcifications are often seen on VSMC and macrophage debris in human plaques

Inhibition of apoptosis decreases calcification in human VSMC cultures, and induction of
apoptosis specifically in VSMC increases calcification in ApoE~/~mice

References

Qiao et al., 1995; Rattazzi et al.,
2005

Al-Aly et al., 2007; Awan et al.,
2015; Bessueille and Magne,
2015; Lee et al., 2019

Sunetal,, 2012; Lin et al., 2016

Sun et al., 2012; Lin et al., 2016

Herisson et al., 2011; Jinnouchi
et al., 2020

Roijers et al., 2011; Chatrou

et al., 2015

Herisson et al., 2011; Jinnouchi
et al., 2020

Proudfoot et al., 2000; Clarke
et al., 2008; Clarke et al., 2006
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GO termID Biological process Observed protein FDR Proteins
count
G0:0044281 Small molecule metabolic 35 4.80E-08  ACSL1, AK2, AKR1B1, ATP5I, CARKD, CCBL2, CTPS1, DARS,
process DECR2, DHRS7B, DUT, ENO2, ETFB, FABP5, GAPDH, GFPT2,
HEXB, HK2, HMGCL, IMPA1, MAN2B1, NAMPT, NDUFA2,
NDUFA5, PDHA2, PDHX, PFKP, PGK1, PHGDH, PLOD2,
PMPCB, PTGS2, SHMT2, TARS, UQCRB
G0:0006091 Generation of precursor 17 1.06E-07  AKR1B1, ATP5I, ENO2, ETFB, GAPDH, GFPT2, HK2, HMGCL, NDUFA2,
metabolites and energy NDUFA5, NDUFAF2, PDHA2, PFKP, PGK1, PHGDH, PMPCB, UQCRB
GO:0009117 Nucleotide metabolic process 20 1.06E-07  ACSL1, AK2, ATP5I, CARKD, CTPS1, DUT, ENO2, GAPDH, HK2,
HMGCL, NAMPT, NDUFA2, NDUFAS, PDHA2, PDHX, PFKP, PGK1,
PMPCB, PTGS2, UQCRB
G0:0009165 Nucleotide biosynthetic 15 1.06E-07  ACSL1, AK2, ATP5I, CARKD, CTPS1, DUT, ENO2, GAPDH, HK2, NAMPT,
process PDHA2, PDHX, PFKP, PGK1, PTGS2
G0:0019637 Organophosphate metabolic 25 1.06E-07  ACSL1, AK2, ATP5I, CARKD, CTPS1, DUT, ENO2, FABP5, GAPDH, GFPT2,
process HEXB, HK2, HMGCL, IMPA1, MTMR6, NAMPT, NDUFA2, NDUFA5, PDHA2,
PDHX, PFKP, PGK1, PMPCB, PTGS2, UQCRB
G0:0055086 Nucleobase-containing small 21 1.06E-07  ACSL1, AK2, ATP5I, CARKD, CTPS1, DUT, ENO2, GAPDH, GFPT2, HK2,
molecule metabolic process HMGCL, NAMPT, NDUFA2, NDUFA5, PDHA2, PDHX,
PFKP, PGK1, PMPCB, PTGS2, UQCRB
G0:0090407 Organophosphate biosynthetic 19 1.76E-07  ACSL1, AK2, ATP5I, CARKD, CTPS1, DUT, ENO2, FABP5, GAPDH, HEXB,
process HK2, IMPA1, MTMR6, NAMPT, PDHA2, PDHX, PFKP, PGK1, PTGS2
G0:0009435 NAD biosynthetic process 8 2.87E-07 CARKD, ENO2, GAPDH, HK2, NAMPT, PFKP, PGK1, PTGS2
G0:1901566 Organonitrogen compound 28 3.45E-07  ABCBS6, ACSL1, AK2, ATP5I, CARKD, CHCHD1, CTPS1, DARS, DUT,
biosynthetic process EEF1A2, EEFSEC, EIF4EBP1, ENO2, FABP5, GAPDH, GFPT2,
HK2, MRPL12, NAMPT, PDHA2, PDHX, PFKP, PGK1, PHGDH, PLOD2,
PTGS2, SHMT2, TARS
G0O:0007005 Mitochondrion organization 16 5.29E-07  AFG3L2, APOOL, ATPSI, HK2, HMGCL, LONP1, MIPEP, NDUFA2,

NDUFAS5, NDUFAF2, PMPCB, SAMMS50, TIMM13, TIMM22,
TOMM70A, UQCRB

HAVIC, human aortic valve interstitial cells. FDR, false discovery rate.
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KEGG term KEGG pathway

Observed
protein count

FDR

Proteins

hsa04810 Regulation of actin cytoskeleton

hsa04151 PI3K-Akt signaling pathway

hsa05418 Fluid shear stress and atherosclerosis

hsa03013 RNA transport

hsa04010 MAPK signaling pathway

hsa04270 Vascular smooth muscle contraction

hsa04210 Apoptosis
hsa04015 Rap1 signaling pathway

hsa04014 Ras signaling pathway

hsa04630 Jak-STAT signaling pathway

AVS, aortic valve stenosis. FDR, false discovery rate.

31

33

14

14

18

10

10

13

14

11

1.36E-10

8.06E-07

0.0013

0.0054

0.0244

0.0247

0.0427

0.0441

0.0454

0.0454

ACTN4, ARHGEF1, ARHGEF7, CFL2, CYFIP1, DIAPHT,
EGFR, EZR, F2R, [TGA11, [TGA2, ITGAS, ITGA7, ITGAS,
ITGAV, ITGB1, ITGB5, MAPK1, MYH10, MYH14,

MYH9, MYL9, MYLK, PDGFRA, PDGFRB, PPP1R12A,
PPP1R12C, RRAS, RRAS2, VCL, WASL

AKT1, CCND1, CDK4, COL1A1, COL1A2, COL4A1,
COL6A1, COLBA2, COLGAS, EGFR, EPHA2, F2R, GNB4,
HSPO0AA1, HSPOOAB1, HSPOOBT, ITGAT1, ITGA2,
ITGAS, ITGA7, ITGAS, ITGAV, ITGB1, ITGB5, LAMC1,
MAPK1, NTRK2, PDGFRA, PDGFRB, PRKCA, RHEB,
RPS6, YWHAH

AKT1, ASS1, CAV1, GPC1, GSTM2, HSP9O0AAT,
HSP90AB1, HSPO0B1, ITGAV, NQO1, PLAT, SQSTM1,
SUMO2, TXN

CYFIP1, EIF2B4, EIF2S2, EIF3A, EIF3B, EIF3D, EIF3G,
EIF3H, EIF3I, EIF5, EIF5B, RANGAP1, SUMO2, TPR
AKT1, CACNA2D1, EGFR, EPHA2, FLNA, FLNB, FLNC,
HSPA2, HSPB1, MAPK1, MAPKAPKS3, NTRK2, PDGFRA,
PDGFRB, PRKCA, RRAS, RRAS2, TRADD

ARHGEF1, CALD1, GNAS, MAPK1, MYL9, MYLK,
PPP1R12A, PPP1R12C, PRKCA, PRKG1

AKT1, CAPN1, CAPN2, CTSD, CTSK, MAPKT,

PARP4, SPTAN1, TRADD, TUBA4A

AKT1, EGFR, EPHA2, F2R, GNAI2, GNAS, ITGB1,
MAPK1, PDGFRA, PDGFRB, PRKCA, RRAS, TLN1
AKT1, EGFR, EPHA2, EXOC2, GNB4, MAPK1, NTRK2,
PDGFRA, PDGFRB, PRKCA, PTPN11, RRAS, RRAS2,
TBK1

AKT1, CCND1, EGFR, FHL1, IL13RA2, IL6ST, PDGFRA,
PDGFRB, PTPN11, STAT2, STAT6
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Clinical parameter Control (N = 21) AVS (N = 48)

(Mean =+ SD) (Mean + SD)
Age (years) 61.2 +£11.7 79.8 £ 11.2*
Female (%) 38.1 37.5
HgA1c (%) 16+27 6.2 +£1.1*
Total cholesterol (mmol/L) 40+12 3.6+1.0
LDL (mmol/L) 22410 1.9+ 08
HDL (mmol/L) 1.0+£0.3 11403
Triglycerides (mmol/L) 1.6 £0.7 1.2+ 0.62
Creatinine (wmol/L) 85.6 £+ 30.1 100.7 £ 66.4
Albumin (mmol/L) 282+75 30.7 £8.3
Circulating calcium (mmol/L) 20+0.3 21 +0.20
Aortic valve area (cm?) 23407 0.8 +0.3*
Pmax (mmHg) 131 £12.3 83.2 £28.2°
Pmean (mmHg) 6.8 £8.1 51.1 £18.7*
Jet velocity (cm/s) 169.5 +£66.8 443.7 + 80.0*
LVEF (%) 62.7 £6.5 56.4 £ 15.5

ap < 0.05 by sex, °P < 0.05 by age, *P < 0.0001 compared to normal valves.
AVS, aortic valve stenosis. *P < 0.05, *P < 0.01. SD, standard deviation;
HgATc, hemoglobin Alc; LDL, low-density lipoprotein; HDL, high-density lipopro-
tein; Pmax, max pressure across the aortic valve; Pmean, mean pressure across
the aortic valve; LVEF, left ventricular ejection fraction.
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GO termID Biological process Observed protein FDR Proteins
count

G0:0030111 Regulation of Wnt signaling 22 0.0016 APP, ATP6VOC, BICC1, CAV1, CCND1, COL1A1, DAB2, DDX3X,

pathway EGFR, EMD, GPC3, IGFBP2, ILK, I[TGAS, JUP, LRP1, MACF1,
PPAP2B, SEMA5A, SFRP4, SLC9A3R1, VCP

G0:0030177 Positive regulation of Wnt 13 0.0024 ATPBVOC, CAV1, COL1A1, DAB2, DDX3X, EGFR, GPC3, ILK, JUP,
signaling pathway MACF1, SEMA5A, SFRP4, VCP

G0:0060828 Regulation of canonical Wnt 16 0.0111 APP, BICC1, CAV1, COL1A1, DAB2, DDX3X, EGFR, EMD, GPC3,
signaling pathway IGFBP2, ILK, JUP, SEMAS5A, SFRP4, SLC9A3R1, VCP

G0:0090263 Positive regulation of canonical 9 0.0212 CAV1, COL1A1, DDX3X, EGFR, ILK, JUP, SEMA5A, SFRP4, VCP

Wnt signaling pathway

HAVIC, human aortic valve interstitial cells. FDR, false discovery rate.
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H,POj (ag) + H20q) 4 H30%(a) + HPO ()
Kp(37°C) = 7.7569 x 107
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Total population

OR (95% Cl)
Adrenomedulin (AM) 0.628 (0.276-2.479)
Agouti-related protein (AGRP) 0.878(0.397-1.945)
Agiopoietin-1 receptor TIE2) 0.906 (0.239-3.437)
Beta-nerve growth factor (Beta-NGF) 0.775 (0.241-2.490)
Cancer antigen 125 (CA125) 0.982 0.497-1.941)
Caspase 8 (CASPE) 0.989 0.532-1.840)
Cathepsin D (CTSD) 1313 (0.560-3.079)
Cathepsin L1 (CTSL1) 1,654 (0.474-5.771)
C-G moltif chemokine 3 (COLY) 1,628 (0.501-4.660)
C-C motif chemokine 4 (CCLA) 1,639 (0.850-2.786)
-G moltif chemokine 20 (CCL20) 1.225 (0.846-1.774)
CD40 igand (CD40L) 0.705 (0.422-1.180)
CDAOL receptor (CD40) 0.599 (0.224-1.603)
Chitinase -3l protein 1 (CHIBL1) 1.241(0.751-2.00)
C-X~C mofif chemokine 1 (CXCL1) 0,620 0.374-1.058)
C-X~C motif chemokine 6 (CXCLE) 0,868 (0.503-1.498)
G-X~C motif chemokine 16 (CXCL16) 1,416 (0.401-4.99)
Cystatin B (CSTB) 1.194 (0.650-2.199)
Dickkopf—related protein 1 (DKK1) 0.642 (0.315-1.311)
Endothelal cell—specific molecule 1 (ESM1) 0,696 (0.280-1.783)
Eosinophil atioric protein (ECP) 1060 (0.544-2.066)
Epidermal growth factor (EGF) 0,662 (0.425-1.032)
E-selectin (SELE) 0,978 (0.490-1.951)
Fatty acid-binding protein 4 (FABP4) 0,894 0.373-2.142)
Fibroblast growth factor 23 (FGF23) 0.699 (0.376-1.297)
Follstatin (FS) 0,835 (0.354-1.968)
Fractakine (CX3CL1) 1.148 (0.397-3.319)
Galanin peptides (GAL) 1.437 (0.723-2.853)
Galectin 3 (GALY) 1.000(0.443-2265)
Growh/cifferentiation factor 15 (GDF-15) 1218 (0.543-2.729)
Growth hormone (GH) 0.976(0.801-1.189)
Heat shock 27 KDa protein (HSP27) 0,639 (0.549-1.284)
Heparin-binding EGF —fike growth factor (HB-EGF) 0,355 (0.004-1.345)
Hepatocyte growth factor (HGF) 0.942(0.419-2.121)
Interleukin 1 receptor antagonist protein (L1RA) 2,280 (1.126-4.651)
Interteukin 6 (L6) 1296 (0.859-1.957)
Interieukin-6 receptor subunit apha (LGRA) 0730 (0.281-1.941)
Interleukin 8 (L8) 1718 (0.629-3542)
Intereukin 16 (L16) 1033 (0.463-2.306)
Intereukin 18 (L18) 0831 (0.377-1.628)
Intereukin-27 suburit alpha (L27A) 2.216(0.645-7.617)
Kalikrein 6 (KLK6) 1270 (0.441-2.660)
Kalikrein 11 (K1 1) 0898 (0.320-2.459)
Lectin-like oxidized LDL receptor 1 (LOX1) 1.012(0.513-1.995)
Leptn (LEP) 1705 (0.992-2.929)
Macrophage colony stimulating factor (CSF1) 2:330 0410-13:245)
Matix metalloproteinase 1 (MMP1) 0,863 0.463-1.607)
Matrix metaloproteinase 3 (MMP3) 0,998 (0.500-1.990)
Matrix metaloproteinase (MMP7) 1517 (0.687-3.349)
Matrix metalloproteinase (MMP10) 1278 (0.651-2.510)
Matrix metalloproteinase 12 (MMP12) 1,563 (0.688-2.829)
Membrane-bound aminopeptidase P (mAmP) 1,031 (0.711-1.494)
Monooyte chemotactic protein 1 (MCP1) 2,008 (0.022-4.772)
Myeloperoxidase (MPO) 1,011 (0.268-3.821)
Myoglobin (VB) 1387 (0.688-2.793)
NF—kappa-B essential moduator (NEMO) 0,664 (0.365-1.206)
N—terminal pro ~B-~type natriuretic peptide (NT-proBNP) 0938 (0.617-1.426)
Osteoprotegerin (OPG) 1449 (0.500-4.197)
Pappalysin—1 (PAPPA) 0.367 (0.155-0870)
Pentraxin-related protein PTX3 (PTX3) 0.564 (0.234-1.358)
Placenta growth factor (PIGF) 0,849 0.252-2.861)
Platelet-derived growth factor subuit B (PDGFsuB) 0813 0.577-1.152)
Platelet endothelial ell adhesion molecle (PECAM1) 0,600 (0.225-1.602)
Prolactin (PRL) 1,031 (0.586-1.812)
Proteinase-activated receptor 1 (PAR1) 0733 0.243-2.208)
Protein S100-A12 (EN-RAGE) 1179 (0.627-2.216)
Proto-oncogene tyrosine~—protein kinase Src (SRC) 0.705 (0.418-1.186)
P-selectin glycoprotein igand 1 (PSGL-1) 1.749 (0.222-18.749)
Receptor for advanced glycosylation end products (RAGE) 0696 (0.260-1.863)
Renin (REN) 1.438 (0.816-2.539)
Rosistin (RETN) 0704 (0.335-1.480)
SIR2-lke protein (SIRT2) 0908 (0.674-1.224)
‘Spondin 1 (SPON1) 0515 0.154-1.724)
ST2 protein (ST2) 0975 (0.473-2.012)
Stem cel factor (SCF) 0822 0.272-2.488)
el immunogiobuiin and mucin domain 1 (TIM) 1,448 (0.784-2.677)
‘Thrombomoduiin (TW) 1361 (0.396-4.684)
Tissue factor (TF) 1.219 (0:346-4.297)
Tissue-type plasminogen activator (PA) 0612 (0.284-1.322)
TNF-rolated activation-—induced cytokine (TRANCE) 0,660 0.262-1.198)
TNF-related apoptosis-inducing igand (TRAIL) 1.554 (0:379-6.375)

TNF-refated apoptosis-inducing ligand receptor 2 (TRAILR2)  1.185 (0.349-4.021)
Tumor necrosis factor receptor superfamily member 6 (FAS)  0.906 (0.207-2.766)
Tumor necrosis factor ligand superfamily member 14 (TNFSF14)2.401 (0.840-6.860)

Tumor necrosis factor receptor 1 (TNFR1) 1419 (0.407-4.944)
Tumor necrosis factor receptor 2 (TNFR2) 1401 (0.546-3.592)
Urokinase plasminogen activator surface receptor (UPAR) 3,070 (0.879-10.726)
Vascular endothelal growth factor A (VEGF-A) 1.004 (0.309-3.870)
Vascular endothelial growth factor D (VEGF-D) 1.093 (0.478-2.499)

Sionificant values are in bold.

P-value
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0.749
0.884
0668
0959
0973
0532
0.430
0.456
0154
0283
0.183
0307
0.9
0.080
0610
0589
0567
0224
0.436
0864
0.069
0.949
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0256
0835
0798
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> 0999
0632
0.806
0.419
0.128
0.886

0.022
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0539
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0119
0874
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0360
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0.023
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0792
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0308
0916
0580
0,600
0.188
0505
0470
0209
0354
0526
0282
0946
0729
0287
0.624
0758
o211
0.135
0541
0786
0.862
0.102
0582
0.483
0079
0889
0.833

Female

OR (95% CI)

1891(0.204-17.499)
2.179(0.208-15.954)
29.457 (0.461-1881.605)
1.804 (0.081-40.356)
1.007 (0.251-4.796)
0,836 (0.265-2.633)
4289 (0.553-33.247)
5.412 (0.142-206.068)
0.786/(0.090-6.881)
1.033(0.392-2.725)
1.472 (0.546-3.965)
0971 (0.349-2.699)
1,849 (0.187-18.290)
1134 (0.411-3.128)
0,688 0.233-2.082)
1.040 (0.494-2.190)
10201 (0.424-249.714)
1195 (0.380-3.761)
0.773(0.199-3.010)
1,203 (0.232-6.235)
0.280(0.051-1.524)
0,696 (0.284-1.705)
1,339 (0.288-6.236)
1377 (0.142-13.348)
1,417 (0.451-4.456)
0.790(0.163-3.823)
2823 (0.349-22.850)
12,381 (1.814-116.694)
1.276(0.321-6.072)
0,968 (0.088-10.710)
1.227 (0.724-2.080)
0.940 0.383-2.306)
0.524 (0.039-7.002)
0970 0.245-3.850)
2.192 (0.469-10.245)
1.315(0.455-3.809)
0,954 (0.126-7.239)
1.007 (0.321-3.161)
2,637 (0.233-20.828)
1.457 (0.282-7.529)
2,004 (0.204-19.706)
17.088 (0.713-400.697)
3.081 (0.355-26.763)
0.9650211-4.417)
3.294(0.628-13.098)
5.189(0.141-190.728)
0945 (0.308-2.894)
5.854 (0.932-36.759)
1.731(0.433-6918)
1793 (0.469-6.869)
1.121(0.203-4.207)
1220 0536-2.775)
0,880 0.128-6.069)
1,635 (0.064-37.027)
2,616 (0.466-14.662)
0562 (0.146-2.166)
0976 (0.356-2.680)
2.777(0.384-20.076)
0644 (0.088-4.738)
0.878 0.164-4.702)
4.359(0.202-65.031)
0,582 0.275-1.234)
4398 (0.300-64.463)
1.796 (0.577-5.59)
1501 (0.152-14.851)
1500 (0.470-4.847)
0.962 (0.350-2.641)
12,810 (0.284-13874.08)
7.234(0.529-98.950)
2.332(0.696-7.819)
1503 (0.281-9.780)
0856 (0.533-1.375)
1677 0.050-56.731)
13638 (1.211-153.53)
2421(0.182-82147)
1162 0.296-4.484)
26971 (3.057-23798.389)
6.166 (0.308-123.627)
0.683(0.099-4.715)
2,143 (0:324-14.187)
4.111(0.247-68.385)
2,140 (0.108-42.467)
6.474(0.575-72.853)
3224 0327-81.749)
4,016 0.304-52.991)
3.164(0.324-30.891)
4.499 (0.267-75.939)
5.119(0.203-89.384)
2,614 (0.364-18.754)

P-value

0575
0.443
0411
0710
0902
0759
0.163
0363
0827
0948
0444
0955
0599
0808
0.499
0917
0152
0760
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0826
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0428
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0783
0551
0769
0331
0.028
0729
0979
0.447
0940
0627
0966
0319
0613
0964
0991
0.433
0,658
0551
0.080
0.308
0963
0.001
0371
0920
0.059
0.438
0.304
0867
0636
0.807
0792
0274
0.408
0963
0311
0.666
0880
0286
0.158
0280
0312
0.729
0.489
0939
0.133
0.138
0.470
0670
0521
0773
0.084
0508
0838
0014
0234
0.699
0.420
0.324
0618
0.130
0316
0291
0322
0.207
0263
0339

Male

OR (95% CI)

0.571(0.145-2.240)
0,646 (0.259-1.615)
0.412(0.088-1.926)
0,642 (0.170-2.425)
1.007 (0.459-2.212)
1.089 (0.531-2.232)
1.119(0.415-3.015)
1.322(0.340-5.147)
1.651 (0.430-6.340)
1655 (0.781-3510)
1.256 (0.839-1.880)
0.659(0.363-1.194)
0.400 0.121-1.330)
1.302 (0.719-2.356)
0,660 (0.369-1.180)
0.555 (0.227-1.356)
0,876 (0.204-3.755)
1,315 (0.627-2.760)
0.663 (0.284-1.547)
0.508(0.154-1.673)
1,615 (0.762-3.425)
0.669 (0.403-1.111)
1.051 (0.462-2.389)
0799 (0.291-2193)
0.410(0.170-0991)
0.970(0.329-2.859)
0,559 0.150-2.090)
0.867 (0.405-1.859)
0,626 (0.304-2.238)
1.222 (0.515-2.900)
0.908(0.715-1.154)
0.803(0.490-1.316)
0317 (0.067-1.510)
1,339 (0.389-4.612)
2.790(1.163-6.695
1326 (0.624-2.139)
0.763(0.243-2.392)
2,698 (1.001-7.270)
0871 (0.364-2.084)
0.746 (0.302-1.845)
1.986 (0.449-8.779)
0,681 (0200-2.310)
0,667 (0.208-2.141)
1160 (0.530-2.499)
1617 (0.853-3.068)
1.709 (0.219-13.309)
1,002 (0.452-2.220)
0,562 (0.218-1.446)
1518 (0.564-4.089)
1.133 (0.492-2.607)
1.600 (0.836-3.059)
0892 (0573-1.387)
2,635 (1.021-6.805)
0784 (0.165-3.729)
1.009 (0.445-2.288)
0.722(0.377-1.384)
0841 (0.521-1.356)
1246 (0.320-4.857)
0.303 (0.110-0.836)
0.506 (0.172-1.485)
0.480 (0.108-2.127)
0937 (0.635-1.382)
0,393 0.125-1.238)
0,705 (0.333-1.493)
0638 (0.179-2.269)
1,088 (0.497-2.380)
0,650 (0.347-1.218)
0,670 (0.060-7.443)
0.306 (0.087-1.082)
1,073 (0.527-2.181)
0.651(0.276-1.534)
0.960 (0.654-1.408)
0.435 (0.114-1.657)
0,604 (0.258-1.411)
0.566 (0.158-2.028)
1,548 (0.766-3.129)
0.497 (0.115-2.149)
0.752 (0.174-3.246)
0581 (0.248-1.360)
0313(0.123-0.799)
1.120 (0.214-5.866)
1.128 (0.276-4.611)
0475 (0.120-1.879)
2,254 (0.699-7.271)
1,023 (0.226-4.634)
1.200 (0.412-3.545)
3195 (0.699-14.610)
0.785 (0.182-3.382)
0.957 (0.451-2.032)

P-value

0.422
0.350
0259
0513
0.986
0816
0.824
0.687
0.466
0.189
0.268
0.169
0.135
0.383
0.161
0196
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0.468
0341
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o2t
0120
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0.048
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0.388
0715
0705
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0384
0.149
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0.022
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0.050
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0537
0.496
0723
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0996
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0.409
0770
0.156
0612
0.045
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0983
0327
0.477
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0.021
0215
0334
0742
o1t
0361
0.487
0832
0478
0744
0,066
0.847
0326

0.222
0244
0.381
0.223
0.349
0.702
0211
0.015
0893
0.867
0.289
0.174
0977
0.729
0.134
0.745
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Resistin (RETN) 0.704 (0.335-1.480)

SIR2-lke protein (SIRT2) 0908 (0.674-1.224)
‘Spondin 1 (SPON1) 0515 0.154-1.724)
ST2 protein (ST2) 0975 (0.473-2.012)
Stem cell factor (SC) 0822 0.272-2.488)
el immunogiobuiin and mucin domain 1 (TIM) 1,448 (0.784-2.677)
‘Thrombomoduiin (TW) 1361 (0.396-4.684)
Tissue factor (TF) 1219 (0.346-4.207)
Tissue-type plasminogen activator (PA) 0612 (0.284-1.322)
TNFrelated activation—induced cytokine (TRANGE) 0,560 (0.262-1.198)
TNF-related apoptosis-inducing igand (TRAIL) 1,554 (0:379-6.375)

TNF-refated apoptosis-inducing ligand receptor 2 (TRAILR2) 1,185 (0.349-4.021)
Tumor necrosis factor receptor superfamily member 6 (FAS)  0.906 (0.207-2.766)
Tumor necrosis factor ligand superfamily member 14 (TNFSF14)2.401 (0.840-6.860)

Tumor necrosis factor receptor 1 (TNFR1) 1419 (0.407-4.944)
Tumor necrosis factor receptor 2 (TNFR2) 1401 (0.546-3.592)
Urokinase plasminogen activator surface receptor (UPAR) 3,070 (0.879-10.726)
Vascular endothelal growth factor A (VEGF-A) 1.004 (0.309-3.870)
Vascular endothelial growth factor D (VEGF-D) 1,093 (0.478-2.499)

Sionificant values are in bold.
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AG = AGy + RTlnayp (solid) — RTInay, (ag) + RTlnag, (aq) = 0
(6)
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Medium pH [CO3] mM [Ca?*], mM [PO43+]1, mM S(CaCO03) S(ACP2)

Blood (min.) 7.4 23 1.02 1.0 1.02 0.65
Blood (max.) 7.4 30 1.23 1.5 1.63 0.83
MEM 7.93 26.19 1.8 1 2.64 1.11
MEM 8.00 26.19 1.8 3 2.86 1.85
DMEM 8.45 44.05 1.8 1 6.30 1.66
DMEM 8.40 44.05 1.8 3 5.95 2.36

MEM, Minimal Essential Medium; DMEM, Dulbecco’s Modified Eagle Medium. The values of CaCOg supersaturations were determined according to the following
equilibrium constants:

COy 4 H20 & HaCO3 Kh (25°C) = 5.88 x 107
COz(g) & CO2(aq) 1/Kq (25°C) = 29.8

HoCO3 < HCO3~ + H* Kat (25°C) =2.51 x 10~
HCO3~ « CO32~ + Ht Kaz (25°C) = 4.69 x 10~
(HaCO3 + COp) < HCO3™ + Ht Ka(app) (25°C) = 5.01 x 10~7

Ca?*(ag) + CO3~ (aq) < CaCOs(s) Ksp (25°C) = 4.69 x 10~ 1.
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[Ca?t], mM [PO4%~1, mM Medium [HCO3] mM pHy-pH S (ACP2) S (DCPD) S (OCP) S (HAP)

1.02 1 Blood (min.) 7.40 0.65 0.32 3
1.23 15 Blood (max.) 7.40 0.83 0.41 4 8
1.23 2 Hyperphosphatemic 7.40 0.92 0.48 5 g

Minimal and maximal values of calcium and phosphate in blood of healthy subjects (Larsson and Ohman, 1978; Boron and Boulpaep, 2009).
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Compound, acronym, formula (mineral)

Monocalcium phosphate monohydrate, MCPN, Ca(H2PO4)2-H2O

Dicalcium phosphate, DCP, CaHPO4 (Monetite)

Dicalcium phosphate dihydrate, DCPD, CaHPO4-2H>0 (Brushite)
Octocalcium phosphate, OCP, CagHz (PO4)g-5H20

Hydroxyapatite, HAP, Cag(PO4)g(OH)2

Amorphous calcium phosphate, ACP2@, CaHg 25(P04)g.74-nH,0®

lonic Product

2+
aca x a HPO%’

2+
dca™ X 8ypop-
3

4
a 3
HPOS

C a2+
10 6 2
X X
8caz aHPog- aoH
2+ 0.22 0.74
i aPog-

X apy+ X a

X X

aca

Ksp, 37°C

soluble©

251 x 10~7

2.19 x 1077
2.01 x 10749
5.5 x 10-118
3.35 x 10~ 12

pH

<2

<4

3.5-6.8
~6

9.5-12
7.4

References

Madsen and Thorvardarson,
1984

Madsen and Thorvardarson,
1984; Tamimi et al., 2012; Shi
etal., 2017

Moreno et al., 1966

Tung et al., 1988
McDowell et al., 1977
Christoffersen et al., 1990

@Two types of ACP have been described, here ACP2 with Ca/P ratio of 1.35 is considered.

®n = 3-4.5; 15-20% HyO.
(©Solubility, S = 783.1 g/L.
Bold face — species relevant in human pathobiology.
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Conc. (mmol/L)

Element Min. Max. Mean References
Na* 135 148 1415 Harrington et al., 2014
K+ 0.4 55 2.9 Harrington et al., 2014
Ca?t 2.3 2.6 25 Harrington et al., 2014
Mg?+ 0.7 0.9 0.8 Harrington et al., 2014
o 95 105 100 Reid et al., 2003
HCOz~ 24 32 28 Reid et al., 2003

Pi 112 1.45 1.3 Aduen et al., 1994

1l

Oddoze et al., 2012
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Age (years)

Sex ratio (M/F)

Hypertension

Type 2 diabetes

Dyslipidemia

BMI (kg/m?)

eGFR (mL/min/1.73 m2)

PTH (pg/mL)

25-OH Vit D (ng/mL)

Bone specific alkaline phosphatase (Lg/L)
[Ca]pl (mmol/L)

[Pilp! (mmol/L)

Osteocalcin (ug/L)

Arterial calcifications (calcium score/cm?)
Fe PP; (%)

Ct (n = 10)

58 [47-68]

73

4 (40%)

1 (10%)

2 (20%)

28 [26-32]

70 [64-74]

55 [46-62]

38 [30-45]

9.2 [5.8-12.7]
2.41[2.33-2.42]
0.99 [0.95-1.03]
22.6[20.9-26.8]
9 [1-75]

11 [4-13%]

HD (n = 10)

58 [54-64]

4/6

6 (60%)

4 (40%)

7 (70%)

27 [22-32]

300 [234-504]*
45 [33-50]

156.56 [10.5-28.1]
2.20 [2.14-2.24]*
1.06 [0.91-1.22]
137.0 [100.7-263.8]**
399 [250-526]"
nd

EKTR (n = 10)

59 [44-72)
5/5

4 (40%)

3 (30%)

6 (60%)

26 [24-29]

44 [38-471*

188 [153-210]"*
32 [26-42]

25.9 [14.9-31.1]"
2.40 [2.34-2.51]
0.69 [0.60-0.99]
46.5 [25.2-83.0]**
nd

14 [9-31%)

LKTR (n = 9)

50 [37-59]

4/6

2 (22%)

0 (%)

4 (44%)

25 [22-28]

58 [60-68]

134 [89-143]*
43 [28-48]

5.7 [5.2-6.3]
2.49 [2.32-2.52)
0.97 [0.86-1.04]
32.5[26.3-47.9
nd

9 [8-16%)]

*Vs ctrl P < 0.05.
**P < 0.01.
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Ca** + PO}~ = CaPO;
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24+ 2—
Ca®* 4 HPO?™ «= CaHPOj(aq.)
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Ca?* + HyPO; <= CaH,PO}
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Feature Prevalence in
subjects with FOP

Hallux valgus 38/41
(93%; 80.6-97.5%)

Deviated hallucal ~ 13/21*

sesamoids (62%; 49.9-79.2%)
Ectopic ossification 38/41
centers (93%; 80.6-97.5%)
Monophalangeal ~ 21/41
hallux (51%; 35.5-65.7%)

Lateral epiphyseal  16/21**
bracket, p1 of d1  (76%; 54.9-89.4%)

Prevalence in general population

7.8% < 18yo, 23% 18-65 yo
(Nix et al., 2010)
Data unavailable
Data unavailable

Unique to FOP

9 reported (Neil and Conacher, 1984;
Low et al., 2013; Verma et al., 2014)

Incidence of various malformations in first digits of 41 analyzed subjects. Data are
presented as fraction of total subjects, followed by percent and 95% confidence
interval calculated using the Wilson/Brown test.

*Of the 41 patients in the study, only 21 had fully visible hallucal sesamoids that

could be reasonably assessed.

**Only 21 of the 41 patients had a proximal phalanx of the first digit and therefore

could be evaluated for this feature.
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Gene

Human GAPDH
Human NUCB2
Rat GAPDH
Rat Scx

Rat Mkx

Rat Tnmd

Rat ALP

Rat Col1al

Rat RUNX2

Forward

CCATGACAACTTTGGTATCGTGGAA
CCCGGCCAGAACGTGTTA
GAAGGTCGGTGTGAACGGATTTG
AACACGGCCTTCACTGCGCTG
TTTACAAGCACCGTGACAACCC
TGGGGGAGCAAACACTTCTG
ACCCTGCCTTACCAACTCATT
CATCGGTGGTACTAAC

CACA AGTGCGGTGCAAACTT

Reverse

GGCCATCACGCCACAGTTTC
CTTCGCACTTTCCACAGGGT
CATGTAGACCATGTAGTTGAGGTCA
CAGTAGCACGTTGCCCAGGTG
ACAGTGTTCTTCAGCCGTCGTC
TCTTCTTCTCGCCATTGCTGT
TCTCCAGCCGTGTCTCCTC
CTGGATCATATTGCACA
GCAGCCTTAAATATTACTGCATGG
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Endothelial lineage

CD31 (also known as PECAM1)

VWF (von Willebrand factor)

Cadherin 5 (also known as VE-cadherin)

VEGFR2 (vascular endothelial growth factor receptor 2; also known as KDR
or Flk-1)

Fibroblastic mesenchymal lineage

COL1A1 (a1 type | collagen)

COL1A2 (a2 type | collagen)

SOX9 (SRY-box 9)

PDGFRu (platelet-derived growth factor-o)

TCF21 (transcription factor 21)

Vimentin

FSP1 (fibroblast-specific protein 1; also known as S100-A4)
DDR2 (discoidin domain-containing receptor 2)

THY1 (Thy-1 membrane glycoprotein; also known as CD90)

Myofibroblast lineage

aSMA (a smooth muscle actin)
Periostin

Osteogenic lineage

Rux2 (Runt-related transcription factor 2; also known as Cbfal)
Osterix (also known as Sp7)

COL1A1 (a1 type | collagen)

Alkaline phosphatase expression and activity

Osteocalcin

Osteopontin

Fibronectin

Calcium mineral
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Initial scoring Follow-up scoring

Variables Score Description Variables Score Description
Erosion of the 0 Normal Erosion of the Same as initial scoring
sacroiliac joints 1 Doubtful sacroiliac
. joints
2 <25% of the articular surface area affected J

225 >25% to <560% of the articular surface area affected
2.5 >50% to <75% of the articular surface area affected
2.75  >75% to <100% of the articular surface area affected

3 All the articular surface area affected
Narrowing of 0 Normal Narrowing of Same as initial scoring
the hip joint 1 Doubtful the hip joint
space 2 < 25% pinching space

225  >25% to <50% pinching
2.5 >50% to <75% pinching
2.75  >75% to <100% pinching

3 Complete pinching
Spinal 0 Normal Spinal Same as initial scoring
enthesophytes entheso-

1 Doubtful phytes

2 <25% of the line spacing

225  >25% to <560% of the line spacing
2.5 >50% to <75% of the line spacing
2.75  >75% to <100% of the line spacing
3 Full bridge

Calcaneal 0 Absent Calcaneal 0 stable
enthesophytes Doubtful enthesophyte  Aqq 0.5 Increased size <50% between 2 consecutive exams
2 Present size Add 1 Increased size >50% between 2 consecutive exams
Calcification 0 Absent Calcification 0 Stable
1 Doubtful size Add 0.5 Increased volume < 50% between 2 consecutive exams
2 Present Add 1 Increased volume > 50% between 2 consecutive exams
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Case no. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42
First report Keutel et al., 1971| Say et al., [ Walbaum Fryns | Cormode Khosroshahi et al., 1989 Haddad Ziereisen Teebi Buchsteiner Munroe | Gilbert and | Tlyslz Miller, 20032 Hur et al., 2005 Ozdemir Parmar | Acaretal., | Cranenburg | Ayyildiz| Demirel Sunand | Bosemani | Weaver et al., 2014 Taystz Ciloglu | Bayramoglu| Perrone| Girit and | Rahmoun
19732 etal, etal, etal, etal., etal, etal., etal., 1998 etal, 1999 | Lacombe, etal, et al., 2006 etal, 2010 etal., 2011 etal, |etal.,2012| Chen, | etal., 2014? etal., 2015 | etal, and etal.,, | Senal, and

1975 1984 1986 1993 1993 1998 1999 1999 2006 2012 2012 2015 | Saritemur, | 2018 2019 | Mahraoui,
Follow-up Meier et al., Devriendt Munroe et al., 1999; 2016 2020
reports 2001; etal, Khosroshahi et al., 2014 Cohen and Weaver

Cranenburg 1999; Boyadiiev, 2006; etal, 2014
etal., 2011 Munroe Nanda et al., 2006;
etal., Bosemani et al.,
1999 2014
Age (year 11 8 7 13 13 31/2 14 11 10 8 8 2 15 14 21 - 4 4 4 5 8 6 3 4 7 9 81 16 6 New-born | 8 months 2 35 29 20 13 22 20 26 13 14 3 months
unless months
specified)
Gender ? J ? Jd ? J ? ? ? ? d [ o8 o8 o8 ? [ox ? ? o4 ? Jd ? ? ? ? ? Jd ? ? J Jd ? Jd J ? ? ? ? ? J Jd
Country of Turkey Turkey | Morocco| Belgium - Turkey Saudi - Palestine Turkey Spain Turkey - - Kuwait Turkey Middle Turkey Turkey Turkey Turkey East Asia Kuwait Turkey Kuwait Turkey Turkey Turkey Brazil | Turkey | Morocco
origin Arabia France East
Consanguinity [ @ [ J = [ J [ J [ J [ J [ J [ J = O [ ] = = [ ] O [ ] = = [ J [ J [ J [ J [ J [ J [ J [ J [ J O = o [ J [ J [ J ® [ J = [ J [ J [ J [ J
Brachytele- [ J [ J ® [ J ® [ J [ J [ J o [ J [ J [ J o o [ J - @ [ J [ J [ ] [ J [ J [ J [ J [ J [ J [ J [ J [ J [ J [ J = [ J O [ J [ J [ J = [ J [ J = [ J
phalangism
Cartilage [ J [ J ® [ J ® [ J [ J [ J o [ J [ J [ J o o [ ] - [ ] [ ] = = [ ] [ ] [ ] [ [ ] [ ] [ J [ J [ J [ J [ J — [ J o [ J [ J [ J — [ J o [ J o
calcification
Facial features — [ J [ J [ J [ J [ J [ J [ J [ J [ J [ J [ J [ J [ J [ J = [ J [ ] — - o [ J o [ J [ ] [ ] o O o [ J [ J = [ ] o [ ] [ J O [ ] [ ] o [ ] o
PPS/cardiac ® [ J = O o O [ J [ J [ J [ J [ J [ J O [ J [ J = O [ J = = [ J O [ J O [ J [ J O [ J [ J [ J [ J - [ J o [ J [ J [ J - O o O @)
defects
Short stature O @] [ ] - [ ] @] O O [ J O [ J - [ J - - - O O - - O - O @] O O O @] O [ ] - - [ ] O [ J [ J [ J — O Qo [ J —
Developmental o O O = ([ ] o o o O O ([ ] [ ] ([ ] — = — [ ] O = — o O [ ] o o o - o [ ] O O - (@) @) = =
delay
Hearing loss [ J [ ] [ J [ J [ J = [ ] [ ] o [ J [ J o o o [ J = o [ J [ J [ J [ J [ J = = [ J [ J [ J [ J O = O O [ J —
Seizures O [ ] - - - [ ] O O O O - - [ ] - - - @] [ ] [ ] @] [ ] - - [ ] - - - @] © - [ ] - - -
Respiratory [ J [ J [ J [ J [ J [ J [ J [ J o [ J [ J [ ] @] — — — = [ ] = = O O O [ J [ J = = [ J O [ J [ J = = = [ J [ J [ J = [ J [ J [ J [ J
problems
Vascular O (] @] [ ] [ J
calcification
Others Dental Alopecia Skin lesions, severe hypertension Myopia Miscarriage Skin defects, pinna Petrified |  Alopecia Petrified
impairment] calcification ears auricles

MGP mutation — - - — c.87T>A" - c.43delG** IVS1-2A>G - - — — IVS2+1G>A — — — c.79C>T |IVS1+1G>A™ — — — IV82+1G>A| ¢.79C>T | delE4 | IVS1-2A>G — IVS1+1G>A| c.2T>C — —

®: present; O: absent; -: unknown, undetermined or unclear. @Not originally described as a Keutel patient. ®Detailed information was not reported although cases were said to present all classical Keutel

syndrome symptoms. *c¢113T>A in Munroe et al. (1999); *c69delG in Munroe et al. (1999) and c48delG in Cranenburg et al. (2011); **c61+1G>A in Cranenburg et al. (2011).
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A Keutel syndrome | KS  MGP | Matrix Gla protein B

First report of a KS patient —— (71)
(Keutel et al., 1971)

Discovery in the bovine
bone (Price et al., 1983)
GIa
domain @@ J

Second case of KS -
patient (Frynsetal., 1984)

- Primary structure oo oo
(Price and Williamson, 1985 AXXE/ RR/™
o N /
- Presence in cartilage
(Hale et al., 1988) c.43delG* (Munroe et al., 1999)
. Human gene Frameshift and premature STOP codon
(Cancela et al., 1990) No MGP (or peptide without SP/P domains)

- Arterial calcification in
knockout (KO) mice
(Luo et al., 1997)

IVS1-2A>G™ (Munroe et al., 1999; Tiiysiiz et al., 2015)
Mutated splice acceptor site and intron 1 retention

Review of 14 KS patients No MGP (or peptide without SP/P domains)

(Teebi et al., 1998)

Alopecia in adult KS patients ——— (99) —— Mutations in MGP associated C.87T>A™" (Munroe etal., 1999)
(Devriendt et al., 1999) with KS (Munroe et al., 1999) Premature STOP codon
No MGP (or peptide without SP/P domains)

Tracheobronchial stenosis
in KS patients (Meier et al., 2001)
IVS2+1G>A (Hur et al., 2005; Bosemani et al., 2014)

- MGP regulates BMP-2 Mutated splice donor site and intron 2 retention
activity (zebboudj et al., 2002) No MGP (or peptide without SP/P domains)

Brachytelephalangy in -
KS patients (Miller, 2003)

C.79C>T (Acar et al., 2010; Weaver et al., 2014))
Premature STOP codon

Jrachesbronchial calciiication «—— @ No MGP (or peptide without SP/P domains)

in KS patients (Ozdemir et al., 2006)

Petrified ears in KS -
patients (Parmar et al., 2006)

delE4**** (Weaver et al., 2014)
MGP inhibits pulmonary Deletion of the sequence coding for residues 57-103

. vascular development No MGP (or peptide without the Gla domain)
(Yao et al., 2007)

MGP phosphorvlation and IVS1+1G>A***** (Cranenburg et al., 2011; Bayramoglu & Saritemur, 2016)
Carngyla?ionréssociated Mutated splice donor site and premature STOP codon

i No MGP (or peptide without SP/P domains
Arterial calcification in KS with KS (Cranenburg et al., 2011) (or pep )

patients (Ayyildiz et al., 2012)

c.2T>C (Perrone et al., 2018)

(14) —Elastin role in arterial calcification Mutated ATG and loss of the INITIATION codon
in KO mice (Khavandgar et al., 2014) No MGP (or peptide without SP/P domains)
(17) — Midface hypoplasia in KO mice
(Marulanda et al., 2017) * ¢.69delG in Munroe et al. (1999) and c¢.48delG in Cranenburg et al. (2011)
_ ** ¢.62-2A>G in Tiysiiz et al. (2015)
MGP negatively regulates *** ¢.113T>A in Munroe et al. (1999)
_ C_a_|C|f|C3t|0n in aortic valve **** Nature and extent of this deletion has not been divulgated by Weaver et al. (2014)
interstitial cells (Chiyoya et al., 2018) eexx o 61+1G>A in Cranenburg et al. (2011)

C Mutation  n cC B FD PPS SS MR m RP S

(1) c.43delG 4 0000 0000 0000 0000 (OO0 OOOO 000 0000 0000

(2) IvS1-2A>G 3 00" 00" 00?2 00" ( 1 N OO? 00?2 00" OO ?

(3) c.87T>A 1 ® ® ® e o ® o o ?

(4) vs2+1G>A 4  000? 0002 0002 0002 O020? 00e? 2222 0007 0000
3

(5) c.79C>T 000 000 000 O0® OO ?2?27? 000 A ?T??
(6) delE4 1 ® ® ® e ® ? o o ?
(7) VS1+1G>A 2 o0 o0 O® 0O OO OO L@ o0 7@
c.2T>C 1 ® ® ® ® O O O o ?

@: present; O: absent; ?: unknown, undetermined or unclear; n: number of patients; CC: cartilage calcification; B: brachytelephalangism; FD: facial dysplasia; PPS: peripheral pulmonary
stenosis; SS: short stature; MR: Mental retardation; HL: hearing loss; RP: respiratory problems; S: seizures
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pre
AKTA

post AKTA (CPM
fraction)

post AKTA (Fetuin-A
fraction)

Fetuin-A (mg/ml)
Ca (mM)
P (mM)

0.622
1.463
0.786

0.091 (15.8%)
0.671 (45.9%)
0.302 (38.5%)

0.463 (74.6%)
0.178 (12.2%)
0.156 (19.8%)
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Gene

ARPO

Runx2

OCN

MGP

TNAP

SMPD3

Primer

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Sequence

5'-TCCAGAGGCACCATTGAAATT-3'
5'-TCGCTGGCTCCCACCTT-3’
5'-AGGCACAGACAGAAGCTTGATG-3'
5'-GCGATCAGAGAACAAACTAGGTT-3
5'-GACCGCCTACAAACGCATCT-3'
5'-GGGCAGCACAGGTCCTEEATAGT-3'
5'-ATGAAGAGCCTGCTCCCTCT-8'
5'-ATATTTGGCTCCTCGGCGCT-3'
5'-CTGCCACTGCCTACTTGTGT-3
5'-GATGGATGTGACCTCATTGC-3'
5'-AGAAACCCGGTCCTCGTACT-3'
5 -CCTGACCAGTGCCATTCTTT-3
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Source Method Result

Fatty acid metabolizing enzymes

Cyclooxygenase-1 Aortic valves HC 4 In AS valves (Suzuki et al., 2014; Sakaue et al., 2020)
VIC gPCR 4 In VIC from calcified valve tissue (Sakaue et al., 2020)
Cyclooxygenase-2 Aortic valves IHC 4 In AS valves (Suzuki et al., 2014; Wirrig et al., 2015)
5-Lipoxygenase Aortic valves gPCR, IHC 4 In calcified valve tissue (Nagy et al., 2011; Suzuki et al., 2014)
VIC gPCR, ICC 4 After treatment with hypomethylating agent (Nagy and Back, 2005)
FADS1 and FADS2 Aortic valves Microarray 4 In calcified valve tissue (Plunde et al., 2020)
Lipid mediator release
PGE2 VIC ELISA 4 In VIC from stenotic valve tissue in response do LPS, S1P (Fernandez-Pisonero et al., 2014)
LTB4 Aortic valves ELISA 4 In AS valves, correlated to degree of calcification (Kochtebane et al., 2013)
Aortic valves LC-MS/MS 4 In calcified valve tissue (Artiach et al., 2020a)
VIC ELISA 4 After treatment with hypomethylating agent (Nagy and Back, 2005)
RvD3 Aortic valves LC-MS/MS | (Trend) in calcified valve tissue (Artiach et al., 2020a)
RVE1 Aortic valves LC-MS/MS 1 In calcified valve tissue (Artiach et al., 2020a)

AS, aortic stenosis; FADS, fatty acid desaturase; ICC, immunocytochemistry; IHC, immunohistochemistry; LC-MS/MS, liquid chromatography tandem mass spectrometry;
LTB4, leukotriene B4, LPS, lipopolysaccharide; PGE2, prostaglandin E2; gPCR, quantitative polymerase chain reaction; RvD3, resolvin D3; RvE1, resolvin E1; S1R
shingosine-1-phosphate; VIC, valvular interstitial cell.
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