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Fibroblast Growth Factor 23 decreases PDE4 expression in heart increasing the risk of cardiac arrhythmia, Klotho opposes these effects
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Aims:

The concentration of Fibroblast Growth Factor 23 (FGF23) rises progressively in renal failure (RF). High FGF23 concentrations have been consistently associated with adverse cardiovascular outcomes or death, in chronic kidney disease (CKD), heart failure or liver cirrhosis. We identified the mechanisms whereby high concentrations of FGF23 can increase the risk of death of cardiovascular origin.

Methods and Results:

We studied the effects of FGF23 and Klotho in adult rat ventricular cardiomyocytes (ARVMs) and on the heart of mice with CKD. We show that FGF23 increases the frequency of spontaneous calcium waves (SCWs), a marker of cardiomyocyte arrhythmogenicity, in ARVMs. FGF23 increased sarcoplasmic reticulum Ca 2+ leakage, basal phosphorylation of Ca 2+cycling proteins including phospholamban and ryanodine receptor type 2. These effects are secondary to a decrease in phosphodiesterase 4B (PDE4B) in ARVMs and in heart of mice with RF. Soluble Klotho, a circulating form of the FGF23 receptor, prevents FGF23 effects on ARVMs by increasing PDE3A and PDE3B expression. Conclusions: Our results suggest that the combination of high FGF23 and low sKlotho concentrations decreases PDE activity in ARVMs, which favors the occurrence of ventricular arrhythmias and may participate in the high death rate observed in patients with CKD.

Introduction

Fibroblast growth factor 23 (FGF23) is a hormone synthesized by osteoblasts and osteocytes. Its physiological role is to maintain phosphate and calcitriol concentrations within the normal range. Under physiological conditions the main target of FGF23 is the kidney. FGF23 increases phosphate excretion in urine by inhibiting the activity of the renal sodium-phosphate co-transporters [START_REF] Courbebaisse | Biology of Fibroblast Growth Factor 23 : From physiology to pathology[END_REF]. FGF23 lowers calcitriol concentration by diminishing its synthesis, and by stimulating its degradation. The actions of FGF23 on the kidneys require the presence of a FGF receptor (FGFR) and αKlotho. αKlotho is a single pass trans-membrane glycoprotein of 130 kDa expressed at the cell surface of renal cells also called membrane klotho (mKlotho). mKlotho associates to a FGFR to form the receptor for FGF23 [26]. A circulating form of αKlotho (soluble klotho or sKlotho) is released in the plasma. sKlotho is produced by the cleavage of mKlotho. The physiological role of sKlotho is still unclear.

At the early step of chronic kidney disease (CKD) FGF23 plasma concentration rises in order to maintain plasma phosphate concentration within normal values. Thus, blocking FGF23 effects by specific antibodies in animals with altered glomerular filtration rate augments phosphate, calcium and calcitriol plasma concentration and results in vascular calcifications [START_REF] Hasegawa | Direct evidence for a causative role of FGF23 in the abnormal renal phosphate handling and vitamin D metabolism in rats with early-stage chronic kidney disease[END_REF]48].

Regardless of the etiology, CKD is associated with an increased risk of death that augments exponentially as renal function declines [START_REF] Webster | Chronic Kidney Disease[END_REF]. Patients with CKD have a higher risk of dying prematurely than to progress to end-stage renal failure (RF). The death is largely due to cardiovascular causes: sudden death, myocardial infarction, etc. The causes of these cardiovascular disorders in patients with CKD are multifactorial. Control of blood pressure and lipid abnormalities has limited effects on cardiovascular mortality in patients with RF suggesting that other mechanisms are involved. Understanding the mechanisms that contribute to these outcomes could help identifying new strategies to lower the risk of death of patients with RF. Elevated concentrations of FGF23 in RF have been repeatedly associated with cardiac hypertrophy, higher incidence of atrial fibrillation and an increased risk of death in clinical studies [30,47,[START_REF] Tanaka | Association between FGF23, α-Klotho, and Cardiac Abnormalities among Patients with Various Chronic Kidney Disease Stages[END_REF]58]. High FGF23 concentration is the best predictor of the risk of death in patients with liver cirrhosis [START_REF] Prié | Plasma Fibroblast Growth Factor 23 Concentration Is Increased and Predicts Mortality in Patients on the Liver-Transplant Waiting List[END_REF]. FGF23 levels are associated with poorer outcomes in patients with heart insufficiency [START_REF] Gruson | C-terminal FGF23 is a strong predictor of survival in systolic heart failure[END_REF][START_REF] Isakova | Associations Insufficiency Cohort Study[END_REF]21,25,29,[START_REF] Plischke | Inorganic phosphate and FGF-23 predict outcome in stable systolic heart failure[END_REF][START_REF] Udell | Fibroblast growth factor-23, cardiovascular prognosis, and benefit of angiotensin-converting enzyme inhibition in stable ischemic heart disease[END_REF]. All these data suggest that FGF23 could have a deleterious effect on heart.

It has been demonstrated that FGF23 caused pathological hypertrophy of isolated neonatal cardiomyocytes via activation of the calcineurin-NFAT pathway [START_REF] Faul | FGF23 induces left ventricular hypertrophy[END_REF]. This effect was FGF receptor-dependent but independent of Klotho. It has been recently reported that FGF23 could favor spontaneous proarrhythmic Ca 2+ events and that sKlotho could block this effect [START_REF] Navarro-García | Fibroblast growth factor-23 promotes rhythm alterations and contractile dysfunction in adult ventricular cardiomyocytes[END_REF]. While all these data support a direct role of FGF23 on heart, the effects of FGF23 beyond the cardiac hypertrophy, and the mechanisms by which high FGF23 concentration could favor ventricular arrhythmias and sudden death are however largely unknown. The deletion of Klotho gene in mice is associated with an increase in FGF23 plasma concentration and premature death of uncertain causes [26,46]. sKlotho concentration also decreases in the plasma of patients with CKD [26]. The consequences of the combination of high-FGF23 and low-sKlotho plasma concentrations on cardiomyocytes are unknown. The aim of this study was thus to further characterize the effects of FGF23 on adult rat ventricular myocytes (ARVMs), the mechanisms involved, and to determine the role of sKlotho on ARVMs.

Methods

A detailed description of the methods is presented in the Electronic Supplementary Material. Isolation and culture of ARVMs. Male Wistar rats (250-300 mg) were anesthetized by intraperitoneal injection of dolethal (150 mg/kg) and the hearts were excised rapidly from anaesthetized male Wistar rats (250-300 mg).

Individual ARVMs were obtained by retrograde perfusion through the ascending aorta using Langendorff apparatus as described previously [START_REF] Verde | Characterization of the cyclic nucleotide phosphodiesterase subtypes involved in the regulation of the L-type Ca2+ current in rat ventricular myocytes[END_REF]. The method used to isolate ARVM is detailed in Supplementary Material.

Production of FGF23 and sKlotho. Human recombinant FGF23 was purchased from R&D Systems (Minneapolis USA). FGF23 concentration was determined using the iFGF23 immuno-chemi-luminescent sandwich assay developed by DiaSorin (Saluggia, Italy) as previously described [50].

HEK cells were stably transfected with a plasmid encoding amino acid 1 to 986 that represents the circulating or soluble form of Klotho (sKlotho). sKlotho was released in the supernatant, the size of the protein was controlled by western blot. The concentration of sKlotho was determined with the IBL Elisa kit (Human soluble α-Klotho Assay Kit code No. 27998 -IBL, Japan). cAMP measurements by FRET. ARVMs were infected with an adenovirus encoding the Epac-S H187 cAMP-FRET probe (kindly provided by Dr. Kees Jalink, Cancer Institude, Amsterdam, Netherlands[24]) for 48h. Changes in cAMP levels were assessed by YFP/CFP (yellow fluorescent protein/cyan fluorescent protein) emission ratios.

ICa,L current measurements. L type Ca 2+ current was recorded in the wholecell configuration of the patch-clamp technique as previously described [START_REF] Verde | Characterization of the cyclic nucleotide phosphodiesterase subtypes involved in the regulation of the L-type Ca2+ current in rat ventricular myocytes[END_REF].

Currents were not compensated for capacitance and leak currents. All experiments were performed at room temperature. Immunoblot Analysis. Protein samples were prepared from ventricular myocytes. Samples were separated in denaturizing acrylamide gels and transferred ontro nitrocellulose or PVDF membranes. After blocking the membranes with skimmed milk (5%) for 1h, the incubation with appropriate antibodies was performed over night at 4°C. After three washes with TBST, blots were incubated with appropriate peroxidase-conjugated antibodies for 1 h. Antibody binding was visualized using enhanced chemiluminescence (Thermo Scientific Waltham, MA, USA) and quantified with Quantity One software (Biorad, Hercules, CA, USA).

Measurements of SR Ca

Real time quantitative RT-PCR analysis of mRNA. RNA was extracted from heart samples with trizol (Invitrogen, Carlsbad, CA, USA), reverse-transcribed into cDNA (iScript cDNA Synthesis Kit, Biorad Hercules, CA, USA), and mRNA abundance was analyzed by real-time PCR with SYBR-green (SYBR Green/ROX qPCR, Master Mix, Fermentas, Waltham, MA, USA). Details of primers are provided in Supplementary Table 1.

Mouse experiments.

All experiments were performed on 9-week-old FVB/N mice from (Janvier's Labs, Le Genest-Saint Isle, France) subjected to 75% nephrectomy or sham-operation and sacrificed 8 weeks after surgery. Surgery and euthanasia of animals were performed under general anesthesia by intraperitoneal injection of ketamine (160 mg/kg) and xylazine (8 mg/kg). At the time of sacrifice urine and plasma were collected and the kidney and heart were removed and frozen in liquid nitrogen.

Circulating mouse FGF23 concentrations were measured in duplicate using an ELISA assay (Immutopics International, San Clemente, CA, USA), according to the manufacturers protocol.

Statistical analysis.

The tests used to assess statistical significance are mentioned for each experiment in the legend of the figures or in the text. All the results are expressed as mean (±SEM). Differences with p-values <0.05 were considered as statistically significant.

Results

Effects of FGF23 and sKlotho on SCWs. Because ventricular arrhythmia is a frequent cause of death in patients with RF, we checked if incubation of ARVMs with FGF23 at a concentration of 6 ng/ml, a level commonly observed in patients with RF, could promote SCWs, a marker of arrhythmic events. Ca 2+ transients were recorded in ARVMs cultivated for 24 h with a control medium or FGF23 and subsequently loaded with the calcium indicator Fura-2 and stimulated at a pace of 0.5 Hz in the presence of isoprenaline (ISO 1 or 10 nM; Table 1 and supplementary Figure 1 A). We assessed the number of cells with SCWs during a 3-min recording. In the absence of FGF23, 1 nM ISO did not induce SCWs (Table 1 and supplementary Figure 1). By contrast 45.8% of ARVMs treated with FGF23 exhibited SCWs in the presence of 1 nM ISO (Table 1 and supplementary Figure 1). Raising ISO concentration to 10 nM induced SCWs in 62.5% of ARVMs treated with control medium, and treatment with FGF23 further increased the number of ARVMs presenting SCWs to 95.0% (Table 1). Incubation of ARVMs with sKlotho decreased the number of cells with SCWs thus preventing the FGF23 effect (Table 1). Unexpectedly in the absence of FGF23, sKlotho alone also decreased the number of cells with SCWs induced by 10 nM of ISO to 41.1% (Table 1).

Effects of FGF23 on SR Ca 2+ leak, SR Ca 2+ load and phosphorylation of

Ca 2+ handling proteins. Because ISO-induced arrhythmias are largely due to an increased diastolic Ca 2+ leak from the SR via RyR2, we measured Ca 2+ leakage using a Na + /Ca 2+ -free Tyrode solution (0Na + /0Ca 2+ solution) to prevent Ca 2+ extrusion by the Na + /Ca 2+ exchanger (NCX) and tetracaine (1 mM) to block RyR2. Application of caffeine (10 mM) at the end of the experiment was used to evaluate SR Ca 2+ load. FGF23 treatment drastically increased SR Ca 2+ leak (Figure 1A andB), whereas it did not modify SR Ca 2+ load (Figure 1C). To analyze the presence of SCWs, cells were briefly exposed to 0Na + /0Ca 2+ solution and SCWs were recorded during a 20s pacing pause. Cardiomyocytes treated with FGF23 showed more occurrences of SCWs than control cells (Figure 1D 1) and FGF23 increases PLB and RyR2 phosphorylation (Figure 2), we checked if FGF23 and sKlotho could affect [cAMP]i accumulation in ARVMs in response to ISO stimulation. We measured real-time changes of ISO-induced [cAMP]i in ARVMs infected with an adenovirus expressing the FRET-based cAMP probe Epac-S H187 . ARVMs were incubated for 24 h with control medium, FGF23, sKlotho alone or FGF23 in combination with sKlotho.

The cells were then challenged with a short application of ISO (30 nM, 15 s, Figure 3A, B andC). Maximal [cAMP]i accumulation in response to a 15 sec application of ISO was significantly higher (Figure 3A andC) and the decay kinetic, which reflects cAMP hydrolysis by PDEs[22], was slower (Figure 3B) in FGF23 treated than in control ARVMs. ARVMs express FGR1, FGFR3 and FGFR4 (supplementary Figure 3D). In heart FGF23 can stimulate the calcineurin/NFAT pathway. To determine if this pathway could mediate FGF23 effect on [cAMP]i in response to ISO we inhibited calcineurin stimulation with CspA. CspA alone did not modify ISO-induced [cAMP]i level (Figure 3A andC).

However, in the presence of CspA FGF23 did not enhance ISO-induced

[cAMP]i accumulation (Figure 3A andC). Next we determined the effect of sKlotho alone or in combination with FGF23 on β-AR induced [cAMP]i. sKlotho prevented the amplification of ISO-induced [cAMP]i accumulation by FGF23 (Figure 3A andC).

To further characterize the mechanisms by which FGF23 could interfere with ISO-induced cAMP accumulation we assessed by western blotting the expression of the main cAMP-specific PDE isoforms expressed in ARVMs.

FGF23 specifically decreased PDE4B expression (Figure 3D andE). PDE3A, PDE3B and PDE4A protein expression were unchanged by FGF23 treatment (Figure 3D andE). Next, we determined PDEs mRNA levels by quantitative reverse-transcription polymerase chain reaction (qRT-PCR) and we found about 5-fold lower level of PDE4B in ARVMs treated with FGF23 compared with cells treated with control medium, indicating that changes in PDE4B expression induced by FGF23 take place at the transcriptional level (Figure 3F). To determine if the decrease in PDE4B expression was specific of FGF23 or secondary to cardiac hypertrophy we used FGF2 as a control. FGF2 alone, which increased ARVMs surface area (Supplementary Figure 2B), did not modify the expression of PDE4B nor that of PDE3A, 3B and 4A (Figure 4A). This confirms that the decrease in PDE4B expression was specifically induced by FGF23 and not a consequence of ARVMs hypertrophy. Incubation of ARVMs with sKlotho or CspA in combination with FGF23 completely prevented the effect of FGF23 on PDE4B expression (Figure 4B, 4C and 4D).

To determine the contribution of different pathways to PDE4B regulation by FGF23 in ARVMs, we analyzed the phosphorylation pattern of Extracellular Signal-regulated Kinase (ERK), Phospholipase Cγ (PLCγ) and serine/threonine kinase (Akt) after acute (15 min) or 24h stimulation with FGF23. We used ARVMs treated for 10 min with phenylephrine (Phe, 50 μM) as positive control.

Exposition of ARVMs with FGF23 for 15 min did not modify Akt phosphorylation (Figure 5A) while a 24h incubation significantly decreased the phosphorylation level of Akt (Figure 5B). Moreover, FGF23 increased phosphorylation of PLCγ1 within 15 min of treatment without changing overall PLCγ1 expression (Figure 5C) but a 24h-exposition with FGF23 did not affect PLCγ1 phosphorylation (Figure 5D). FGF23 did not change the level of ERK phosphorylation after acute stimulation and after a 24h of treatment (Figure 6A, 6B and 6C).

Effects of FGF23 on excitation-contraction coupling. We tested whether the decrease in PDE4B expression induced by FGF23s modified the β-AR regulation of excitation-contraction coupling. First, we analyzed the L-type calcium current amplitude (ICa,L) by the whole cell patch clamp technique.

FGF23 significantly increased basal ICa,L density (Figure 7 C, 7D and 7F). The response to a pulse application of ISO (30 nM, 15 s) was markedly increased by FGF23 treatment (Figure 7A, 7B and 7E). However, co-incubation of cardiomyocytes with FGF23 and either CspA, or FGFR antagonist PD173074, or sKlotho restored a normal response to ISO (Figure 7).

Effects of sKlotho on PDEs expression levels and Ca 2+ -handling proteins.

We further characterized the effects of sKlotho on ARVMs. We first verified by qRT-PCR and western blot that ARVMs did not express αKlotho (data not shown). Since sKlotho alone decreases the percentage of ARVMs exhibiting SCWs in response to ISO (Table 1) and prevents the actions of FGF23 on basal phosphorylation level of PLB and RyR2 (Figure 2B), [cAMP]i accumulation (Figure 3A, B andC) and ICa,L amplitude (Figure 7E and 7F), we checked if sKlotho could modify the expression of PDEs. Incubation of ARVMs with sKlotho (0.95ng/ml, a concentration within the normal range in human[45], [START_REF] Pavik | Soluble klotho and autosomal dominant polycystic kidney disease[END_REF] for 24 h) increased the expression of PDE3A and PDE3B at the protein level (respectively by ~60% and ~30%, western blot Figure 8A) as well as at the mRNA level (respectively by ~7-fold and 9-fold, qRT-PCR Supplementary Figure 3B). sKlotho did not modify the expression of PDE4A and PDE4B (Supplementary Figure 3A andB). Co-incubation of cardiomyocytes with FGF23 and sKlotho did not modify the expression level of PDEs (Figure 8B). sKlotho alone decreased the phosphorylation level of PLB and RyR2 at both PKA and CAMKII phosphorylation sites (Figure 8C) resulting in a decreased number of cells exhibiting SCWs in response to ISO (Table 1). sKlotho did not modify transient receptor potential cation channels (TRPC6) or SR Ca 2+ -ATPase (SERCA2a) expressions (Supplementary Figure 3C) nor phosphorylation level of ERK (Figure 6C).

Subtotal nephrectomy induces cardiac hypertrophy and modifies PDE4B

expression. To determine if the FGF23-induced modifications of PDE expression observed in ARVMs in culture were relevant in a model of CKD we studied mice submitted to 75% excision of total renal mass (Nx). Mean values of body, kidney, or heart weight, creatinine and proteinuria levels and urine excretion of Na + , K + and Ca 2+ in sham-operated and Nx mice are presented in Supplementary Table 2. As expected, plasma creatinine concentration and urinary protein, two markers of renal function were significantly increased in Nx mice as compared to the Sham group (Figure 9A, Supplementary Table 2) indicating glomerular injury. Nx animals also exhibited cardiac hypertrophy (Figure 9B). Plasma FGF23 concentration measured six weeks after surgery was higher in Nx mice than in Sham animals (Figure 9C). To test whether elevated FGF23 plasma concentrations observed in CKD could modify cardiac PDEs levels, we assessed by western blotting the expression of the main cAMP-specific PDE isoforms in the heart. We observed that PDE4B expression was specifically reduced in Nx mice as compared to the Sham group (~2 fold, Figure 9E). Consistently the level of PDE4B mRNA was lower in the heart of Nx animals than in Sham mice (Figure 9D). The impact of the Nx on PDE4B was specific since neither the mRNA, nor the protein level of PDE3A, PDE3B and PDE4A changed in the heart after the Nx.

Discussion

While it is known that a high concentration of FGF23 can induce hypertrophy and have deleterious effects on heart function, the mechanisms by which FGF23 alters cardiomyocyte physiology remain largely unknown [START_REF] Grabner | The role of fibroblast growth factor 23 and Klotho in uremic cardiomyopathy[END_REF]. Our results unveil some of these mechanisms. We show that treatment with FGF23 increases the number of SCWs in ARVMs in response to ISO. We observed that FGF23 increased RyR2 and PLB phosphorylation at PKA and CaMKII sites, modifications that are known to augment SR Ca 2+ leak. There is strong evidence that increased diastolic Ca 2+ leak from the SR via RyR2, increases occurrence of SCWs via activation of the electrogenic Na + /Ca 2+ -exchanger, causing delay after depolarizations which are able to trigger action potentials, increasing the risk of ventricular arrhythmia [3]. Increased CaMKII phosphorylation of S2814 on RyR2 was shown to play a critical role in the development of ventricular arrhythmias even in the absence of structural heart disease [START_REF] Van Oort | Ryanodine receptor phosphorylation by calcium/calmodulin-dependent protein kinase II promotes lifethreatening ventricular arrhythmias in mice with heart failure[END_REF][START_REF] Respress | Role of RyR2 phosphorylation at S2814 during heart failure progression[END_REF]. Our findings that FGF23 increases the number of SCWs in cardiomyocytes by acute β-AR stimulation due to increased SR Ca 2+ leak and higher RyR2-S2814 phosphorylation are in agreement with these observations. Recently Novarro-Garcia et al reported similar results [START_REF] Navarro-García | Fibroblast growth factor-23 promotes rhythm alterations and contractile dysfunction in adult ventricular cardiomyocytes[END_REF]. They observed that FGF23 induced RyR phosphorylation at the CaMKII site resulting in an increase in Ca 2+ spark frequency that could trigger pro-arrhythmogenic events. Our data identify the mechanisms involved in FGF23 effect on ARVM. We report for the first time that FGF23 specifically inhibits PDE4B expression. PDE4B is a cAMP-specific PDE and one of the main isoforms of PDEs expressed in rodent cardiomyocytes. It plays a central role in the control of cAMP signaling in response to β-AR stimulation and is associated with the L-type calcium channels [START_REF] Conti | Cyclic AMP-specific PDE4 phosphodiesterases as critical components of cyclic AMP signaling[END_REF][START_REF] Mika | Differential regulation of cardiac excitation-contraction coupling by cAMP phosphodiesterase subtypes[END_REF][START_REF] Verde | Characterization of the cyclic nucleotide phosphodiesterase subtypes involved in the regulation of the L-type Ca2+ current in rat ventricular myocytes[END_REF]. PDE4 is also expressed in human heart and is involved [START_REF] Molina | Cyclic adenosine monophosphate phosphodiesterase type 4 protects against atrial arrhythmias[END_REF] in the generation of cAMP compartments by forming barriers for cAMP diffusion or acting as local sink for cAMP [23,27,[START_REF] Rochais | A specific pattern of phosphodiesterases controls the cAMP signals generated by different Gs-coupled receptors in adult rat ventricular myocytes[END_REF][START_REF] Rochais | Negative feedback exerted by cAMP-dependent protein kinase and cAMP phosphodiesterase on subsarcolemmal cAMP signals in intact cardiac myocytes: An in vivo study using adenovirus-mediated expression of CNG channels[END_REF] .

We observed that a 24 h exposure of ARVMs to FGF23 specifically decreased the expression of PDE4B, and that this effect was abolished when the calcineurin/NFAT pathway was inhibited by CspA. Abi-Gerges et al. reported a decreased expression and activity of PDE4B in cardiac hypertrophy [1].

However, the decrease in PDE4B expression induced by FGF23 was not due to ARVMs hypertrophy per se since FGF2, which had similar effects on ARVMs size as FGF23, did not modify PDE expression. The decrease in PDE4B expression resulted in an increase in ISO-induced [cAMP]i accumulation, PLB and RyR2 phosphorylations, ICa,L amplitude, calcium transients and sarcomere shortening. These results parallel those obtained by Bobin et al, who showed similar effects in ARVMs with a selective PDE4 inhibitor [4]. Our findings also mimic those obtained in cardiomyocytes from PDE4B-/-mice where Ca 2+ transients, cell contraction, and spontaneous Ca 2+ release events under βadrenergic stimulation were increased by comparison with wild-type cardiomyocytes [28]. Leroy et al. also reported in in vivo experiments that the percentage of mice with ventricular tachycardia after ISO infusion and a burst pacing was significantly higher in PDE4B -/-mice than in wild type. We observed that PDE4B inhibition by FGF23 also significantly augments sarcomere shortening and Ca 2+ transient in the absence of ISO stimulation. These results are similar to the results obtained by Cilvik et al., who showed that ventricular myocytes from FGFR1-transgenic mice have enhanced contraction suggesting that activation of FGF signaling pathway in cardiomyocytes increases contractility and results in a hypertrophic cardiomyopathy [START_REF] Cilvik | Fibroblast growth factor receptor 1 signaling in adult cardiomyocytes increases contractility and results in a hypertrophic cardiomyopathy[END_REF]. In addition, we showed that PDE4B is decreased at protein and transcriptional level in mice subjected to subtotal nephrectomy. Altogether, our data demonstrate that the reduction in PDE4B expression induced by FGF23 has functional consequences which may contribute to the increased risk of ventricular arrhythmia responsible for sudden death in patients with RF. Blocking these effects of FGF23 could decrease the death rate in CKD patients.

Our data show that the effects of FGF23 on cardiomyocytes are mediated by a FGFR. Indeed, FGFR antagonists prevented all the effects of FGF23 on cardiomyocytes. Although the affinity of FGF23 for FGFR is low, at the high concentrations as observed in patients with RF, FGF23 is able to stimulate the calcineurin/NFAT pathway via a FGFR in the absence of αKlotho [START_REF] Faul | FGF23 induces left ventricular hypertrophy[END_REF]. We showed that a short exposition of ARVMs to FGF23 increases phosphorylated PLCγ level. This finding is supported by studies of Grabner et The mechanism by which FGF23 decreases PDE4B expression and the role of PLCγ and Akt signaling will require further investigations.

We also studied the role of sKlotho on ARVMs in the presence or in the absence of FGF23. Although the role of αKlotho as a FGF23 co-receptor is established, the role of the circulating form of Klotho is still largely unclear. We report here that sKlotho. can modify cardiomyocytes functions via two mechanisms: by interfering with FGF23 action, it prevents FGF23-induced PDE4B decreases, and by acting alone in the absence of FGF23, it increases PDE3A and 3B expression. Klotho can modulate TRPC6 activity in the absence of FGF23 or FGFR in cardiomyocytes or in a myoblast cell line [START_REF] Wright | Soluble klotho regulates TRPC6 calcium signaling via lipid rafts, independent of the FGFR-FGF23 pathway[END_REF] [57]. Klotho also modifies KCNQ1/KCNE1 K+ channels stability when expressed in Xenopus oocytes [2]. sKlotho can modify the activity of various ion channels and Na-phosphate cotransporters [START_REF] Hu | a novel phosphaturic substance acting as an autocrine enzyme in the renal proximal tubule[END_REF], and can bind to Wnt ligands [START_REF] Buendía | Klotho Prevents Translocation of NFκB[END_REF][START_REF] Huang | Regulation of ion channels by secreted Klotho : mechanisms and implications[END_REF]57].

We report here that sKlotho can also prevent the decrease in PDE4B expression induced by FGF23. Several mechanisms can be involved. It has been recently reported that sKlotho can form a complex with a FGFR and FGF23 that can activate the phosphorylation of the ERK pathway in HEK293 cells [START_REF] Chen | α-Klotho is a non-enzymatic molecular scaffold for FGF23 hormone signalling[END_REF]. While the possibility of formation of a complex between sKlotho, FGF23 and a FGFR in ARVMs would require further investigation, we did not observe phosphorylation of ERK in the presence of FGF23 and sKlotho at concentrations that prevent FGF23 effects on ARVMs. Alternatively, sKlotho could prevent the association of FGF23 to FGFR preventing the activation of the NFAT pathway.

We also show that not only sKlotho interferes with FGF23 actions, but it also increases the expression of PDE3A and PDE3B in the absence of FGF23.

It has been reported that sKlotho can interfere with phosphoinositide 3-kinase (PI3K) signaling triggered by IGF1 in cardiomyocytes [57]. PI3Kγ can associate with PDE3 and increase its activity but not its expression [START_REF] Ghigo | Phosphoinositide 3kinase γ protects against catecholamine-induced ventricular arrhythmia through protein kinase A-mediated regulation of distinct phosphodiesterases[END_REF]. The mechanisms by which sKlotho increases PDE3 expression and the potential role of PI3K signaling in this matter will require further investigations.

PDE3 is a major regulator of cAMP in cardiomyocytes and was shown to regulate cardiac contractility by modulating PLB-SERCA2 activity and subsequent sarcoplasmic reticulum Ca 2+ uptake [START_REF] Sanja | Phosphodiesterase Type 3A Regulates Basal Myocardial Contractility Through Interacting With Sarcoplasmic Reticulum Calcium ATPase Type 2a Signaling Complexes in Mouse Heart[END_REF]. Moreover PDE3 might be also important in pathological cardiac remodeling, for example decreased PDE3A expression has been found in diseased hearts in rodents [1]. Some studies showed that the inhibition of PDE3 activity or knockdown of PDE3 expression was associated with myocyte apoptosis [START_REF] Ding | Functional role of phosphodiesterase 3 in cardiomyocyte apoptosis: Implication in heart failure[END_REF]. Recent study demonstrated that myocardial overexpression of PDE3A in transgenic mice leads to a decrease in heart rate and myocardial contractile function through attenuating PKA-mediated troponin I phosphorylation and can protect the heart against cardiac ischemia/reperfusion injury [START_REF] Oikawa | Cyclic nucleotide phosphodiesterase 3A1 protects the heart against ischemia-reperfusion injury[END_REF]. Our findings suggest that a decrease in PDE3 expression could participate in the enhanced ISO-induced hypertrophy observed in Klotho deficient mice.

Low levels of circulating Klotho concentration are inconstantly associated to the risk of atrial fibrillation in patients with end stage renal disease [START_REF] Nowak | Prognostic Value and Link to Atrial Fibrillation of Soluble Klotho and FGF23 in Hemodialysis Patients[END_REF] [START_REF] Mizia-Stec | Lower soluble Klotho and higher fibroblast growth factor 23 serum levels are associated with episodes of atrial fibrillation[END_REF]. Our results could give an explanation for these differences between studies. High concentrations of FGF23 markedly decrease PDE4B expression that favor arrhythmogenic effects as reported here. Observing an additional effect due to the decline in sKlotho is challenging and could be influenced by the characteristics of the populations studied such as FGF23 levels, the distribution and levels of sKlotho concentration… Klotho is not present in ventricular myocytes but is detected in the sinoatrial node [START_REF] Takeshita | Sinoatrial Node Dysfunction and Early Unexpected Death of[END_REF]. It is unknown if this form of Klotho is similar to sKlotho. It has been reported that Isolated sino-atrial nodes of mice with Klotho gene disruption are dysfunctional. The mechanisms by which Klotho expressed in nodal cells modifies their function remain to be elucidated.

Conclusions

This study unveils the mechanisms by which the high concentrations of FGF23 associated to low sKlotho concentration in the plasma have deleterious effects on the heart of patients with CKD. FGF23 decreases PDE4B by stimulating the calcineurin/NFAT pathway via the activation of a FGFR. This results in an increase in Ca 2+ leakage and basal phosphorylation levels of Ca 2+ -cycling proteins including PLB and RyR2 leading to the higher occurrence of SCWs.

We show that FGF23 increases [cAMP]i levels, basal and ISO-induced ICa,L amplitude, and calcium transients. All these effects are prevented in the presence of sKlotho that increases PDE3A and PDE3B expressions. PDE4 is expressed in human myocardium and its inhibition has been shown to induce arrhythmias in human atrium. Our data suggest that inhibition of PDE4 expression [START_REF] Molina | Cyclic adenosine monophosphate phosphodiesterase type 4 protects against atrial arrhythmias[END_REF] could also participate in the increase rate of sudden death mainly due to ventricular arrhythmia in disorders with high FGF23 concentration and/or low sKlotho levels as observed in renal insufficiency and heart failure. 

Isolation and culture of ARVMs

Male Wistar rats (250-300 mg) were subjected to anaesthesia by intraperitoneal injection of pentothal (150 mg/kg) and hearts were excised rapidly. Individual ARVMs were obtained by retrograde perfusion through the ascending aorta using Langendorff apparatus as described previously 1 . For enzymatic dissociation, the hearts were perfused at a constant flow of 6 ml/min at 37°C with a Ca 2+ -free Ringer solution containing (in mM): NaCl 117, KCl 5, NaHCO3 4.4, KH2PO4 1.5, MgCl2 1.7, D-glucose 11.7, Na-phospocreatine 10, taurine 20 and 4-(2-hydroxyethyl)piperazine-1ethanosulfonic acid (HEPES) 21, pH 7.1 during 2 min, followed by a perfusion at 4 mg/mL for 45 min with the same solution containing 1 mg/mL of collagenase A (Roche Diagnostics GmbH, Mannheim, Germany). The ventricles were then separated from atria, finely chopped and gently agitated to dissociate individual cells. The resulting cell suspension was filtered, and the cells were allowed to settle down. The supernatant was discarded and cells re-suspended two more times with Ringer solution at increasing [Ca 2+ ] from 20 to 100 µM. Freshly isolated cells were suspended in minimal essential medium (MEM: Sigma, St Louis, MO, USA) supplemented with 2.5% of fetal bovine serum (FBS, Invitrogen, Cergy-Pontoise, France), 1% penicillin-streptomycin, 20 mM HEPES and plated on 35 mm laminin-coated culture dishes (10 µg/mL). ARVMs were left to adhere for 1 h in a 95% O2, 5% CO2 atmosphere at 37°C, before the medium was replaced by FBS-free MEM and cells were treated with appropriate combinations and concentrations of FGF23, sKlotho, CspA, the FGFR antagonist (PD173074), noradrenaline, phenylephrine or FGF2.

Production of FGF23 and sKlotho.

A plasmid containing the human FGF23 cDNA encoding amino acids 1 to 251 of the intact peptide was expressed in Chinese hamster ovary cells. FGF23 protein, tagged with c-Myc, was purified from the medium using an anti-c-Myc agarose column purification procedure (Pierce TM Anti-c-Myc Agarose Thermo Scientific TM , Waltham, MA, USA). FGF23 concentration was determined using the iFGF23 immuno-chemiluminescent sandwich assay developed by DiaSorin (Saluggia, Italy) as previously described 2 .

HEK cells were stably transfected with a plasmid encoding amino acid 1 to 986 that represents the circulating or soluble form of Klotho (sKlotho). sKlotho was released in the supernatant, the size of the protein was controlled by western blot. The concentration of sKlotho was determined with the IBL Elisa kit (Human soluble α-Klotho Assay Kit code No. 27998 -IBL, Japan).

Cell extracts and Western Blot analysis.

ARVMs treated with appropriate combination with FGF23 (6 ng/ml), sKlotho (0.95 ng/ml), CspA (1 µM) and phenylephrine (50 μM) were lysed in cold RIPA (Radio-Immunoprecipation Assay) lysis buffer containing (in mM): Tris-HCl 50 (pH 7.4), NaCl 150, EDTA 2, NP40 1%, DOC 1%, SDS 0.1% supplemented with a protease inhibitor (Complete mini EDTA-free, Roche) and a phosphatase inhibitor (PhosphoSTOP, Roche Diagnostics, Gmbh, Mannheim, Germany) mixtures. Lysates were centrifuged for 10 min at 10000g and at 4°C, and the supernatant assayed for protein concentration using a FBS gradient. Protein samples prepared from isolated ARVMs were separated in denaturating acrylamide gels and subsequently transferred onto PVDF membranes. After blocking the membrane with 5% skimmed milk (p-PLB, PLB, p-RyR, RyR, SERCA 2a, TRPC6, FGFR1, FGFR3, FGFR4, PDEs, p-ERK, ERK, p-Akt, Akt, calsequestrin) or 5% BSA blocking buffer (p-PLCγ1, PLCγ1) the incubation with anti-Calsequestrin (1/2500, Affinity Bioreagents), anti-phosphorylated PLB at Ser16 (1/500, Badrilla), anti-phosphorylated PLB at Thr17 (1/500, Badrilla), anti-total PLB (1/500, Santa Cruz), anti-phosphorylated RyR at Ser2808 (1/1000, Badrilla), antiphosphorylated RyR at Ser2814 (1/1000, Badrilla), anti-total RyR (1/2000, Santa Cruz), anti-TRPC6 (1/1000, Merck Millipore), anti SERCA 2a (1/200, Santa Cruz), anti-FGFR1 (1/1000, Abcam), anti-FGFR3 (1/1000, Abcam), anti-FGFR4 (1/1000, Abcam), anti-phosphorylated ERK1/2 at Thr202/Tyr204 (1/1000, Cell Signaling), anti-total ERK1/2 (1/1000, Cell Signaling), anti-phosphorylated PLCγ1 at Tyr783 (1/1000, Cell Signaling), anti-total PLCγ1 (1/1000, Cell Signaling),anti-phosphorylated Akt Ser473 (1/1000, Cell Signaling), anti-phosphorylated Akt Thr308 (1/1000, Cell Signaling), anti-total Akt (1/1000, Cell Signaling), anti-phosphodiesterase type 4A (1/5000) and type 4B (1/1000, the antibodies anti all PDE4 isoforms were kindly provided by Prof. Marco Conti, University of California, USA), anti-phosphodiesterase type 3A (1/1000, kindly provided by Dr Chen Yan, University of Rochester Medical Center, USA) and antiphosphodiesterase type 3B (1/1000, kindly provided by Dr Alessandra Ghigo, University of Torino, Italy) was carried out over night at 4°C. After incubation with appropriate secondary antibodies for 1h, proteins were visualized by enhanced chemoluminescence and quantified with Quantity One software (Biorad, Hercules, CA, USA).

Real-time PCR.

Total RNA was isolated by utilizing Trizol reagent (Invitrogen) and the purity and concentration of RNA was detected by UV spectrophotometer. The values of OD260/OD280 of RNA samples were all in normal range (1.5 -2.0). 1 µg of RNA per samples was taken to generate cDNA (iScript cDNA Synthesis Kit, BioRad, Hercules, CA, USA) according to the manufactures guidelines. The relative amounts of PDE3A, PDE3B, PDE4A and PDE4B mRNA transcripts were quantified by real time PCR (SYBR Green/ROX qPCR, Master Mix, Fermentas, Waltham, MA, USA). Details of primers are provided in Supplementary Table 2. Reactions were conducted in a 96well Thermal Cycler (Applied Biosystems, Foster City, CA, USA). The mRNA levels were normalized to those of YWHAZ and Rpl32. cAMP measurements by FRET. ARVMs were infected with an adenovirus encoding the Epac-S H187 cAMP-FRET probe (kindly provided by Dr. Kees Jalink, Cancer Institude, Amsterdam, Netherlands 3 ) for 48h. Twenty four hours after adenoviral infection, cells were appropriate treated with FGF23 (6 ng/ml), soluble Klotho (0.95 ng/ml) and/or CspA (1 µM) for an additional 24 h. Thereafter, the cells were washed once and maintained in a physiological buffer containing (in mM): NaCl 144, KCl 5.4, CaCl2 1.8, MgCl2 1.8 and HEPES 20, pH 7.4 at room temperature. ISO at concentration of 30 nM was applied briefly (15 s). Images were captured every 5 s using the x40 oil immersion objective of an inverted microscope (Nikon) connected to a CoolSNAP-HQ2 CCD-camera (Visitron System, Pullheim, Germany) controlled by the Metafluor Software (Molecular Devices). Cyan Fluorescent Protein (CFP) was excited for 300 ms by a Xenon lamp (Nikon) using a 440/20 BP filter and a 455 LP dichroic mirror. Dual-emission imaging of CFP and Yellow Fluorescent Protein (YFP) was performed using a Dual-View emission splitter equipped with a 510 LP dichroic mirror and BP filters 480/30 and 535/25 nm, respectively. The YFP/CFP emission ratio upon 436 nm excitation (filters YFP 535±15 nm, CFP 480±20 nm) was measured. After each measurement, emission values were corrected for bleed through of CFP into YFP channel. The imaging data was analyzed with Excel. All experiments were performed at room temperature.

Measurements of SR Ca 2+ leak and SR Ca 2+ load. Isolated ARVMs treated with FGF23 (6 ng/ml) for 24 h were loaded with 1 µM Fura-2-AM (Invitrogen, Carlsbad, CA, USA) for 15 min in a Ringer solution containing (in mM): KCl 5.4, NaCl 121.6, Na-pyruvate 5, NaHCO3 4.013, NaH2PO4 0.8, CaCl2 1,8, MgCl2 1.8, glucose 5 and HEPES 10 (pH 7.4 with NaOH) at room temperature for 15 min. SR Ca 2+ leak and load were measured as previously described 4 . Fura-2 loaded ventricular myocytes were paced by field stimulation at 0.5 Hz in normal Ringer for few minutes until cellular Ca 2+ transients reached a steady state. Directly after the last pulse, normal Ringer was substituted for 30 s by a 0Na + /0Ca 2+ Ringer in which Na + was replaced by Li + and supplemented with 10 mM EGTA. This condition allowed measuring intracellular Ca 2+ levels in a closed system without trans-sarcolemmal Ca 2+ fluxes. Then, the cell was switched back to normal Ringer and paced at 0.5 Hz until Ca 2+ transient amplitude and sarcomere shortening reached steady-state. Again, following the last pulse, cells were perfused for 30 s with a 0Na + /0Ca 2+ solution including 1 mM of the RyR2 inhibitor, tetracaine. As a consequence, SR Ca 2+ leak into the cytoplasm was prevented. SR Ca 2+ leak was estimated as a difference between the Fura-2 ratio recorded at the end of the 0Na + /0Ca 2+ Ringer perfusion with and without tetracaine. At the end of this protocol, tetracaine was washed out for at least 60 seconds and caffeine (10 mM) was applied to evaluate the total SR Ca 2+ content. SR Ca 2+ leak was measured by subtracting the ratio of fluorescence recorded in steady-state in 0Na + /0Ca 2+ Ringer with tetracaine from the ratio recorded in steadystate in 0Na + /0Ca 2+ Ringer without tetracaine. SR Ca 2+ load was estimated by dividing the amplitude of the caffeine-induced twitch (difference between the peak ratio obtained with caffeine and the diastolic ratio measured before tetracaine treatment) by the diastolic ratio. All parameters were calculated using IonWizard 6 (IonOptix, Westwood, MA, USA).

Measurement of cell surface area.

To determine the cellular hypertrophy, we measured cell surface area. Twenty four hours after appropriate treatment with increasing concentrations of FGF23 (0.6, 1.2 and 6 ng/mL), noradrenaline (NOR 10 µM) or recombinant FGF2 (6 ng/mL) images of treated cells were taken from different fields of each culture dish with a cooled charged coupled (CCD) camera (Sensicam PE ; PCO, Kelheim, Germany) using the 20x objective of a Nikon TE 300 inverted microscope and 488 nm illumination. Surface area of individual myocytes was determined using Image J software (Wayne Rasband, National Institutes of Health, USA). Data are normalized to control cells (with control medium) and presented as % increase over control condition.

Induction of RI by nephrectomy 5/6.

Eight-week-old mice were randomized to either 5/6 nephrectomy (5/6Nx) or sham surgery. Surgery and euthanasia of animals were performed under general anesthesia by intraperitoneal injection of ketamine (160 mg/kg) and xylazine (8 mg/kg). Briefly, an abdominal midline incision of the skin and muscles was made and the left kidney was decapsulated to avoid adrenal and ureter damage after which the upper and lower poles were removed by an electro coagulator. In the same procedure, the right kidney was removed after ligation of the renal blood vessels and the ureter. In control mice, sham surgery was performed, which included decapsulation of both kidneys, but no removal of kidney tissue. After surgery, all mice received subcutaneous injections of postoperative analgesia for two consecutive days. Six weeks after surgery, the urine and blood plasma were collected.

FGF23 measurements in plasma samples. Blood was collected from mice subjected to 5/6Nx or sham-operated mice by heart puncture at the end of experimental protocol. Blood was put into EDTA-coagulated tubes and centrifuged for 10 min at 1500 g at 4°C. Plasma samples were stored at -80°C. Circulating FGF23 concentrations were measured in duplicate using an ELISA assay (Immutopics International, San Clemente, CA, USA), according to the manufacturers protocol. 

YWHAZ

Rat/mouse NM_013011/NM_011740 5' AGACGGAAGGTGCTGAGAAA 3' 5' GAAGCATTGGGGATCAAGAA 3'

Rpl32

Rat/mouse NM_013226/NM_172086 5' GCTGCTGATGTGCAACAAA 3' 5' GGGATTGGTGACTCTGATGG 3' 

  All experiments were carried out according to the European Community guiding principles in the care and use of animals (2010/63/UE, 22 September 2010), the local Ethics committee (CEEA26 CAPSud) guidelines and the French decree n°2013-118, 1 st February 2013 on the protection of animals used for scientific purposes (JORF n°0032, 7 February 2013 p2199, text n°24). Animal experiments were approved by the French Ministry of Agriculture (prefectural agreement N°2016-108 and agreement to our animal facility N° C 92-019-01).

  2+ leak and load. Isolated ARVMs were loaded with 1 µM Fura-2-AM (Invitrogen, Carlsbad, CA, USA). Calcium transient was recorded with Fura-2 ratios (IonOptix) as described previously[28]. Myocytes were stimulated at a frequency of 0.5 Hz. SR Ca 2+ leak and load were measured as previously described [49].

  and 1E) suggesting pro-arrhythmogenic effects of FGF23 on the heart. To determine the molecular mechanisms of the increased SR Ca 2+ leak, we analyzed the phosphorylation level of two key Ca 2+ -handling proteins by immunoblot: PLB and RyR2. A 24h-incubation of ARVMs with FGF23 significantly increased phosphorylation at Serine 16 and Threonine 17 of PLB and at Serine 2808 and 2814 of RyR (Figures 2A and 2C). These results indicate that both protein kinase A (PKA) and Ca 2+ /calmodulin-dependent protein kinase II (CaMKII) are activated by FGF23 treatment. Co-incubation of FGF23 and sKlotho prevents the FGF23-induced phosphorylation of PLB and RyR2 (Figures 2B and 2D).

FGF23

  decreases PDE4 expression and increases ISO-induced cAMP levels. Since FGF23 increases and sKlotho decreases SCW frequency induced by ISO (Table

  al and Han et al[START_REF] Grabner | Activation of Cardiac Fibroblast Growth Factor Receptor 4 Causes Left Ventricular Hypertrophy[END_REF][START_REF] Han | Journal of Molecular and Cellular Cardiology FGF23 induced left ventricular hypertrophy mediated by FGFR4 signaling in the myocardium is attenuated by soluble Klotho in mice[END_REF] who showed that FGF23 activates cardiotoxic PLCγ signaling pathway and induces cardiac hypertrophic growth in vivo and in vitro via FGFR4 in the absence of co-expression of α-Klotho. A 24h FGF23 treatment decreased the amount of phosphorylated Akt. FGF23-induced changes in PLCγ and/or Akt activation could mediate other FGF23 effects on ARVMs beyond cardiac hypertrophy including decrease in PDE4B expression.
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 4 Fig. 4. FGF2 did not modify the expression of PDE4B, sKlotho and cyclosporine
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 5 Fig. 5. Acute stimulation of ARVMs with FGF23 activates phosphorylated PLCγ
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 8 Fig. 8. Effects of sKlotho on PDE3 expression and the phosphorylation of Ca 2+
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 9 Fig. 9. Subtotal nephrectomy induces cardiac hypertrophy and modifies PDE4B

  Figure S1. FGF23-treated ARVMs show a higher susceptibility to arrhythmic events. A: Representative traces of Ca 2+ transients in Fura-2 loaded ARVMs paced at 0.5 Hz in the presence of ISO (1 nM) from a cell cultured in control medium (left) or with FGF23 for 24h (right).

  Figure S1. FGF23-treated ARVMs show a higher susceptibility to arrhythmic events. A: Representative traces of Ca 2+ transients in Fura-2 loaded ARVMs paced at 0.5 Hz in the presence of ISO (1 nM) from a cell cultured in control medium (left) or with FGF23 for 24h (right).
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 S2 Figure S2.FGF23 induces an increase in cell surface area. A: Representative images of ARVMs treated for 24h with FGF23 (6 ng/ml) or vehicle (Ctrl). B: ARVMs treated with control medium (Ctrl) or increasing concentrations of FGF23, noradrenaline (NOR) or FGF2 as a positive control. All data are presented as mean (±SEM), statistical significance was determined by one-way Anova followed by Dunnett's comparison test, **p<0.001, ***p<0.0001 vs. control (N=5 rats, n=77-99 cells).
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 S32 Figure S3. sKlotho does not affect TRPC6, SERCA2, PDE4A and PDE4B expression. Expression pattern of FGFR types and phosphorylation of ERK ventricular myocytes. A: sKlotho does not change PDE4 and PDE4B expression level. Left panel shows the immunoblot and right panel its quantification. Protein expression was normalized to calsequestrin (CSQ). Data are presented as a fold change from the control (Ctrl) levels (±SEM). The protein level was not different between groups (N=2 rats per group). B: sKlotho increases mRNA level of PDE3A and PDE3B. and does not modify PDE4A, PDE4B mRNA levels. mRNA expression was analyzed with qRT-PCR and normalized. Data are presented as a fold change from the control (Ctrl) levels (±SEM). Statistical significance was determined by Student's t test, *** p<0.001 vs. control (N=4 rats per group). C: sKlotho does not change expression level of TRPC6 and SERCA. Left panel shows the immunoblot and right panel its quantification. Protein expression was normalized to calsequestrin (CSQ). Data are presented as a fold change from the control (Ctrl) levels (±SEM). The protein level was not different between groups (N=4 rats per group). D: Three types of FGFR are expressed in the cardiomyocytes (FGFR1, FGFR3, FGFR4). Left panel shows the immunoblot and right panel its quantification. Protein expression was normalized to GAPDH protein. Data are presented as a fold change from the control (Ctrl) levels (±SEM). No difference was observed after treatment with FGF23 compared to control group. (N=3 rat per group).

Table S1 :

 S1 qRT-PCR primer sequences for SYBR green technology.

		Group	
		Sham-	Subtotal	
		operated	Nephrectomy	
		(Mean ± standard error of	
	Laboratory test	mean)	P
	Body weight (g)	28.7±1.4	22.8±0.9	0.00178
	Remnant kidney weight (mg)	154.0±6.9	281.5±18.3	<0.001
	Heart weight (mg)	119.0±4.4	134.7±4.8	0.0475
	Creatinine in plasma (mmol/L) 10.37±1.00	29.90±4.14	0.0039
	Creatinine in urine (mmol/L)	5.06±0.31	1.20±0.15	<0.001
	Microalbumine in urine (mg/L)	16.5±7.2	2857±811	0.036
	Protein in urine (g/L)	7.6±2.8	12.4±3.2	0.355
	Sodium in urine (mmol/L)	182±23	42±3	<0.001
	Potassium in urine (mmol/L)	275±16	47±5	<0.001
	Chloride in urine (mmol/L)	338±34	62±4	<0.001
	Microalbumine urine/creatinine			
	plasma (mg/L)	3.0±1.2	2203±454	0.00639
	Protein urine/creatinine plasma			
	(g/L)	1.4±0.4	9.8±1.8	0.00968
	Sodium urine/creatinine plasma			
	(mmol/L)	36.8±5.4	41.3±6.5	0.672
	Potassium urine/creatinine			
	plasma (mmol/L)	54.8±3.5	42.9±5.2	0.164
	Chloride urine/creatinine plasma			
	(mmol/L)	68.1±8.2	58.2±6.4	0.387

Table S2 :

 S2 Characteristic of sham-operated mice and mice submitted to subtotal nephrectomy. All parameters of plasma and urine were compared to sham-operated mice. Statistical significance was determined by Student's t test to compare the 2 groups and p values are presented in the table (N=6-11 mice per group).
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