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Biallelic PDE2A variants: a new cause of syndromic paroxysmal dyskinesia
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Introduction

Paroxysmal dyskinesias (PD) are a heterogeneous group of rare hyperkinetic movement disorders characterized by recurrent and sudden attacks of dystonic and/or choreic involuntary movements [START_REF] Bhatia | Paroxysmal dyskinesias[END_REF][START_REF] Gardiner | The clinical and genetic heterogeneity of paroxysmal dyskinesias[END_REF][START_REF] Mcguire | Paroxysmal dyskinesias[END_REF]. Several genes have been associated with different types of PD with normal interictal examination: PRRT2 is the main gene for paroxysmal kinesigenic dyskinesia (PKD) sometimes with epilepsy [START_REF] Ebrahimi-Fakhari | The evolving spectrum of PRRT2-associated paroxysmal diseases[END_REF]; paroxysmal exercise-induced dyskinesia (PED) is mainly related to some SLC2A1 variants [START_REF] Schneider | GLUT1 gene mutations cause sporadic paroxysmal exercise-induced dyskinesias[END_REF]; paroxysmal nonkinesigenic dyskinesia (PNKD) is related to alterations in MR1 [START_REF] Erro | The epileptic and nonepileptic spectrum of paroxysmal dyskinesias: channelopathies, synaptopathies, and transportopathies: the pathophysiology of paroxysmal dyskinesias[END_REF]. More complex phenotypes associating PD and chronic interictal chorea or choreodystonic movement disorder and/or epilepsy may be due to SLC2A1 or ADCY5 variants [START_REF] Chen | ADCY5-related dyskinesia: broader spectrum and genotype-phenotype correlations[END_REF]. None of these genes were identified as disease causing in our patients. PDE2A seems to be a new candidate gene for syndromic paroxysmal dyskinesia.

More recently, Salpietro et al. reported a missense homozygous variant in PDE2A in a patient with cognitive impairment, interictal EEG abnormalities, and childhoodonset chorea [START_REF] Salpietro | A homozygous loss-of-function mutation in PDE2A associated to early-onset hereditary chorea: a homozygous PDE2A mutation causing chorea[END_REF]. Disease onset consisted in fluctuating attacks of sudden falls, followed by dystonic postures and generalized choreic movements suggesting paroxysmal dyskinesia. Here we report on three new patients (two siblings and a sporadic case), including two with PD and one with epilepsy, who underwent whole-exome sequencing (WES) revealing biallelic PDE2A variants.

In addition, a PDE2A isoform was reported to be localized in mitochondria and regulates cellular energy metabolism [START_REF] Monterisi | PDE2A2 regulates mitochondria morphology and apoptotic cell death via local modulation of cAMP/PKA signalling[END_REF]. Mitochondria is a dynamic network that is continuously remodeled by fusion and fission reactions. Imbalanced fusion/fission reactions contribute to the pathogenesis of complex conditions. Mitochondrial dysfunction in brain, an intensely energy-dependent tissue, could play a role in the pathophysiology of hyperkinetic movement disorder associated at disease onset with cortical hyperexcitability. Here we report that abnormal mitochondria network is present in patient#3 and #1 with biallelic PDE2A variants.

Materials and methods

All procedures were carried out with the adequate understanding and written consent of the patient and her both parents, and according to the appropriate ethical committee (n°CPP 09/40-DC-2009-1002/DC-2014-2222). Consent for videos was obtained from the proband and their parents.

Whole-exome sequencing

DNA was extracted using standard procedures and trio WES was performed on a HiSeq 1000 Sequencing System (Illumina, San Diego, CA), with a 2 × 150 bp high output sequencing kit after enrichment with SeqCap EZ MedExome kit (Roche, Basel, Switzerland), according to manufacturer's specifications. Sequence quality was assessed with FastQC 0.11.5, then the reads were mapped using BWA-MEM (version 0.7.13), sorted and indexed in a bam file (Samtools 1.4.1), duplicates were flagged (Sambamba 0.6.6), coverage was calculated (Picard-Tools 2.10.10). Variant calling was done with GATK 3.7 Haplotype Caller. Variants were then annotated with SnpEff 4.3, dbNSFP 2.9.3, gnomAD, ClinVar, HGMD, Variome Great Middle East and an internal database. Coverage for these patients was 93% at a 20× depth threshold.

Sanger sequencing

After exome analysis, PDE2A variants were confirmed by Sanger sequencing using patient's, and parents' DNA. Sequencing of PCR amplified fragments was performed on an ABI 3100 with the Big Dye Sequencing Kit according to the manufacturer's specifications (Thermo Fischer Scientific, Waltham, MA).

RT-PCR

In order to investigate the consequences of the c.1922 +5G>A variant located in the vicinity of exon 22, total RNA was purified from blood sample collected on PAXgene (Qiagen) and fibroblasts, then cDNA was synthesized using the SuperScript II Reverse Transcriptase kit (Invitrogen). Polymerase Chain Reaction (PCR) was used to amplify the cDNA using a first couple of primers located in exons 21 and 24. Nested RT-PCR was performed using the initial PCR reaction product as template for the second round of amplification using a set of primers internal to the one used in the first. To specifically amplify and sequence the predicted transcript lacking exon 22 resulting from the c.1922+5G>A variant, we used, for the nested PCR, a forward primer that covers both the 3′ end of exon 21 and the 5′ end of exon 23. PCR products were run on a 1% agarose gel and Sanger-sequenced using Big Dye Sequencing Kit (Thermo Fischer Scientific, Waltham, MA) and ABI 3100 equipment according to the manufacturer's specifications.

In silico splice site prediction

To evaluate the potential pathogenicity impact of the C>T of the splice site variation on the efficiency of splicing, in silico analysis was performed using prediction bioinformatics tools available in Alamut ® Visual interactive biosoftware.

Mitochondria morphology analysis

Primary skin fibroblasts from patient#1 and #3 and a control individual were grown in DMEM supplemented with 10% fetal calf serum and 1% penicillin-streptomycin-glutamin at 37°C with 5% CO 2 . Cells incubated with 50 nM Mito-tracker™ Red CMXRos (Invitrogen) for 30 min were fixed with paraformaldehyde 4% prior to observation on a fluorescence microscope (Zeiss Axio Observer D1) in Vectashield Antifade Mounting Medium bearing DAPI to stain the nucleus [START_REF] Roth | Optical photon reassignment with increased axial resolution by structured illumination[END_REF]. 100 cells were counted for each individual in three independent experiments, and the percentage of cells displaying aberrant mitochondria phenotype was determined, the mean was calculated and significance was determined using a T test.

Results

Clinical cases description and genetic results

Patient #1 is the third child of healthy related parents from Moroccan origin. Fetal sonography showed intrahepatic portosystemic venous shunt during pregnancy (later successfully treated, at 2 years of age). Delivery occurred at term with a birth weight of 3820 g, length 49 cm, and occipitofrontal circumference (OFC) 36 cm. At the age of 7 months, she started to experience bursts of brief tonic symmetric contractions or extension of her four limbs and upward eye deviation occurring during awakening or when falling asleep (Video1-Segment 1). Psychomotor regression was noticed by her parents. Spasms were considered but EEG recording showed no electrical correlates or hypsarrhythmia. It showed interictal fronto-central spikes with left predominance. Vigabatrin treatment was introduced, then spasms disappeared and Patient #1 recovered her psychomotor development. She sat at 9 months, could stand with support, acquired pincer grip, and walked a few steps by 24 months. At 17 months, other movement disorders appeared consisting in sudden backward propulsion of the body, opening of the mouth, sometimes with head turning to the left or to the right, extension of four limbs, then brisk and repetitive but nonrhythmic chorea-dystonic movement of all limbs lasting <1 min (Video1-Segment 3). These attacks were most of the time spontaneous, could occur during sleep (Video1-Segment 4), and were sometimes triggered by sudden changes of body position or by unexpected auditory stimuli. Several bursts of attacks occurred daily and increased with times so that Patient #1 became unable to walk. Holter EEG at 4 years old showed interictal asymptomatic bilateral fronto-central theta waves and artifacts during paroxysms; thus, epilepsy could not be ruled out. Hydrocortisone therapy was introduced without benefits. At the age of 8 years, Patient #1 still had more than 100 attacks per day. At that time, paroxysmal dyskinesia was considered as the most appropriate diagnosis. Trials of carbamazepine, oxcarbamazepine, ketogenic diet, levodopa, acetazolamide, zonisamide, and cyamemazine were also inefficient. At examination, she had normal OFC, marked truncal hypotonia, permanent choreic movements of the limbs, and dystonic postures of hands. She could stand but did not walk unaided. She was a smiling child willing to communicate (Video1-Segment 2): she spoke a few words, used words of sign language and pictograms, and could understand simple orders. She could catch object and carry some food to her mouth but most of the time she needed to be fed by her mother.

Brain MRI of Patient #1 was normal. Screening for inherited disorders of metabolism, sequencing of the ADCY5 gene, DNA study with the TruSight One gene panel [START_REF] Kirk | Beyond the panel: preconception screening in consanguineous couples using the TruSight One "clinical exome[END_REF] were all normal. Trio-based WES showed the following Sangerverified homozygous variant in the PDE2A gene: chr11 (GRCh37):g.72297116G>A; NC_000011.9 (NM_002599.4; 31 exons numbered consecutively from 1 to 31):c.1180C>T; p.(Gln394*), with each parent being heterozygous (Fig. 1). This variant, never reported in public database, was predicted to activate the nonsense-mediated RNA decay resulting in an absent protein with a CADD phred score of 49.

Patient #2 was the younger brother of Patient #1. Prenatal sonography showed intrahepatic portosystemic shunt. Delivery was induced at 37 weeks of gestation because of decreased fetal heart rate with birth weight of 3130 g, length 49 cm, and OFC 33 cm. At the second day of life, he had severe bradycardia and episodes of hypoglycemia related to insufficient feeding. He was discharged at 3 weeks of life with normal examination. The portosystemic shunt spontaneously resolved. First movement disorders appeared when the child was 3 months. EEG was performed because of "startles" without electrical correlate and showed interictal sporadic spikes. At 4 months, Patient #2 had series of brief tonic extensions of both arms with upward eye deviation and mouthing. Ictal EEG recording showed epileptic spasms and right frontal seizures. Interictal EEG showed slow waves and multifocal spikes. Brain MRI was normal. Patient #2 received vigabatrin promptly associated with prednisolone. Spasms initially responded to this treatment but relapsed one month later requiring initiation of a ketogenic diet. Clinical examination at 4 months showed an interactive infant with truncal hypotonia and normal OFC (-2 SD). At 5 months, Patient #2 experienced a focal status epilepticus lasting for 24 h. At 12 months, he could hold his head, had fair interactions but could not sit unaided or catch objects. He had not showed dyskinesia to date. The PDE2A homozygous c.1180C>T; p.(Gln394*) variation was also found in this patient (Fig. 1).

Patient #3. This 26-year-old male patient is the unique child of healthy unrelated parents. Pregnancy, delivery (occurred at 39 weeks of gestation with a birth weight of 3140 g, length 51 cm), and neonatal period were unremarkable. He was referred at 3 years of age because of speech delay which revealed global cognitive impairment. Neurological examination was normal. Paroxysmal involuntary movements started at 7 years of age. They were characterized in the major part of cases by a first sterotyped dystonic/tonic phase lasting for 5-10 s during which he had speech arrest and axial anteflexion of the trunk, head and eye deviation to the left, followed by head and eye rotation to the right, tonic elevation of the left limbs, and inferior facial grimacing. This was immediately followed by a second choreo-athetosic phase lasting for 2-5 min with movements of the four limbs, predominantly on upper limbs, of the trunk, tongue and head, preserved consciousness and dysarthria. Sometimes, dystonic phase occurred alone or dystonic and choreic phases occurred at the same time (Video 2, three first sequences).

Movement disorders worsened with onset of many falls at 13-year-old. Neurological interictal examination was still normal. Neuropsychological evaluation still showed significant intellectual disability (verbal IQ 52, performance IQ 46, full scale IQ 46). Scalp video-EEG monitoring pointed out normal background activity and interictal synchronous rhythmic 10 Hz polyspikes of 5 s duration over bilateral anterior frontal region with left predominance and bi-frontal sharp waves but no ictal EEG abnormalities. Brain MRI was unremarkable. Eighteen fluorodesoxy-glucose cerebral TEP-scan evidenced a left posterior frontal hypermetabolism and a bitemporal hypometabolism. Taking into account, stereotyped dystonic/tonic phase, interictal EEG abnormalities, and left frontal hypermetabolism on TEPscan, the hypothesis of focal epilepsy implicating a fronto-mesial network was evoked and a broad spectrum of anticonvulsivant agents (oxcarbamazepine, vigabatrin, acetazolamid, valproic acid, levetiracetam, carbamazepine, clobazam, clonazepam, zonisamide, topiramate, phenytoin, lacosamid, lamotrigin, phenobarbital, eslicarbazepine, rufinamid, and ketogenic diet) was used with little or no improvement. At that time, Patient #3 underwent SEEG (Stereo-Electro-Encephalography) with bilateral exploration of the frontal lobe without ictal discharges recording. Thus, reflex dyskinetic paroxystic movements was considered and genetic analyses (PRRT2, MR1, and SLC2A1) were performed with no evidenced variation.

At 26 years, choreic phase seems more attenuate and dystonic phase becomes more tonic and specific. In fact, tonic/dystonic phase begins with a particular facial feature characterized by the turned-down mouth, describe in French as the "chapeau de gendarme sign" [START_REF] Souirti | Neural network underlying ictal pouting ("chapeau de gendarme") in frontal lobe epilepsy[END_REF] followed by a tonic elevation of left limbs and flexion of the right arm (Video 2 fourth sequence). Some of these attacks were preceded by hearing of a helicopter noise in both ears. These attacks occurred 30-50 times per day with a diurnal predominance. They were triggered by stress, sudden auditory, visual and tactile stimuli, but not by sudden movements. Exercise seemed to improve and decrease the attacks.

Trio-based WES identified compound heterozygous variations in PDE2A, a missense variant chr11: 72307680G>A, NC_000011.9 (NM_002599.4):c.446C>T; p.(Pro149Leu) inherited from his healthy mother and a splice site variant chr11:72292916C>T; NC_000011.9 (NM_002599.4): c.1922+5G>A (predicted to disrupt exon 22 splicing) inherited from his healthy father. Both variants are not reported in public databases (ExAc, Gnomad). These WES findings were confirmed by Sanger sequencing (Fig. 1). The missense variant p.(Pro149Leu) affects a highly conserved amino acid of the protein sequence across species (Fig. 2a). It is located upstream of both regulatory GAF-A and GAF-B domains and was predicted to be disease causing (Mutation Taster). Moreover, PDE2A gene was found to be highly constrained for missense variant (z = 4.78) [START_REF] Lek | Analysis of protein-coding genetic variation in 60,706 humans[END_REF]. For the c.1922+5G>A variant, bioinformatics analyses predicted a drastic decrease in the efficiency of the canonical donor splice site leading to exon 22 skipping (Fig. 2b). In order to assess these predictions and demonstrate the presence of the predicted out of frame transcripts lacking exon 22, we carried out RT-PCR experiments using total RNA extracted from the patient's blood cells. However, because of the low level of expression of PDE2A in blood cells and the possible instability of the out of frame transcript lacking exon 22, RT-PCR was followed by a nested PCR using an internal couple of primers where the forward primer covers the 3′ end of exon 21 and the 5′ end of exon 23 and the reverse primer is located in exon 24 (Fig. 2c). This nested PCR is expected to specifically favors the amplification of the abnormal transcript. Sanger sequencing of the amplified fragment allowed to confirm exon 22 skipping (Fig. 2d) and therefore the deleterious effect of the variant on PDE2A transcript splicing. As illustrated in Fig. 2e (middle panel), RT-PCR followed by nested PCR allowed to amplify the predicted fragment of about 184 bp only in the patient bearing the variant and not in the control individual. These results were also confirmed through analyses of the expression of PDE2A transcripts using total RNA extracted from the patient's fibroblasts (Fig. 2e, right panel). Analysis of the mitochondria morphology in fibroblasts from Patient #3 and #1, in comparison to control cells, showed that the mitochondrial network in patient's fibroblasts appears abnormal with thicker and more irregular mitochondrial filaments, sometimes concentrating around the nucleus (Fig. 3a). The significant dysorganisation of the mitochondrial network in Patient #3 and #1cells (Fig. 3b) suggests an imbalance between mitochondria fusion and fission mechanisms due to the PDE2A variants.

Discussion

So far, only one patient with childhood-onset choreodystonia preceded by paroxysmal dystonia and associated with cognitive impairment and interictal EEG abnormalities caused by homozygous missense variant in PDE2A was reported. Here, we describe three new patients with biallelic PDE2A variants confirming and strengthening that biallelic PDE2A variants are involved in refractory paroxysmal dyskinesia with cognitive impairment, sometimes associated with choreodystonia and interictal baseline EEG abnormalities or epilepsy.

Along with the previously reported patient [START_REF] Salpietro | A homozygous loss-of-function mutation in PDE2A associated to early-onset hereditary chorea: a homozygous PDE2A mutation causing chorea[END_REF], all three patients reported to date had intellectual disability or developmental delay. However, clinical features of our Patient #1 only are similar to those reported by Salpietro et al. [START_REF] Salpietro | A homozygous loss-of-function mutation in PDE2A associated to early-onset hereditary chorea: a homozygous PDE2A mutation causing chorea[END_REF] (Table 1). Like Patient #1, this 12-year-old male patient first had frequent PD lasting few seconds at the age of 2 years (17 months in our case) and chronic choreic/ dystonic movements at 9 years (2 years in our case). Patient #3, the oldest of all, also had PD but did not develop chronic choreodystonia, indicating that it is an inconstant feature of PDE2A-related disorder.

PDE2A-related PD is often misdiagnosed as epilepsy, which explains the delay of the diagnosis. However, absence of ictal EEG anomalies, usually rules out the hypothesis. The patient reported by Salpietro et al. had no epilepsy but interictal EEG abnormalities, like Patients #1 and #3 reported here. EEG recordings performed in Patient #1 did not show ictal epileptic anomalies but their interpretation was extremely difficult due to movement artifacts. Thus, diagnosing nonepileptic paroxysms in patients with PDE2A-related PD may be challenging. Furthermore, Patient #2, the youngest of all patients known to date, who had no PD to date, may be because of his young age, had a proven epilepsy wtih spasms and focal seizures (Fig. 4). This shows that the spectrum of the disease associated with PDE2A variants includes epilepsy.

Moreover, detailed examination of clinical features of the three patients with PDE2A-related PD (Patients #1 and #3 and Salpietro et al.) allow to define the following characteristics of the condition: (i) dyskinesias start between the 

Table 1

Clinical and genetic characteristics of the four patients with biallelic PDE2A variants.

General data

Patients #1 (sister of patient #2) #2 (brother of patient #1) #3

Salpietro et al. ages of 17 months to 7 years, (ii) are frequent to very frequent (30 to >100 per day), (iii) last between 20 s to 5 min, (iv) may be triggered by sudden movements, emotional stress, sudden stimuli, or appear to occur spontaneously, sometimes during sleep, (v) are refractory to medications, (vi) a diagnosis of epileptiform abnormalities does not exclude PDE2A variants and (vii) patients have intellectual disability or developmental delay and (viii) interictal chronic choerodystonia may be present. Thus, PDE2A variants may be considered as a cause of complex PKD, stimuli-induced PD and PNKD, as well as a cause of PD with or without chronic choreodystonia. PDE2A-related PD are pharmacoresistant. Chronic deep brain stimulation (DBS) of the internal globus pallidus has been reported to be beneficial in patients with dystonia refractory to medication used for movement disorders [START_REF] Coubes | Treatment of DYT1-generalised dystonia by stimulation of the internal globus pallidus[END_REF][START_REF] Van Coller | Successful treatment of disabling paroxysmal nonkinesigenic dyskinesia with deep brain stimulation of the globus pallidus internus[END_REF]. Nevertheless, DBS performed in the patient reported by Salpietro et al. showed improvement in the first weeks after chronic stimulation but followed by a very little improvement of PD without functional amelioration [START_REF] Candela | Frameless robot-assisted pallidal deep brain stimulation surgery in pediatric patients with movement disorders: precision and short-term clinical results[END_REF]. These data indicate that a better understanding of the PDE2A variants consequences on basal ganglia and connected brain structures is needed to adapt DBS therapeutic approach to PDE2A-related disorders [START_REF] Narayanan | Familial choreoathetosis due to novel heterozygous mutation in PDE10A[END_REF][START_REF] Carecchio | Emerging monogenic complex hyperkinetic disorders[END_REF][START_REF] Niccolini | PDE10A and ADCY5 mutations linked to molecular and microstructural basal ganglia pathology: PDE10A and ADCY5 Mutations Pathology[END_REF].

Phenotypic similarities such as truncal hypotonia and facial myokymias are observed in PDE2A-related PD as well as in PD due to ADCY5 heterozygous variations. The involvement of both PDE2A and ADCY5 in PD, together with variants in PDE10A underlying childhood-onset chorea [START_REF] Monterisi | PDE2A2 regulates mitochondria morphology and apoptotic cell death via local modulation of cAMP/PKA signalling[END_REF][START_REF] Roth | Optical photon reassignment with increased axial resolution by structured illumination[END_REF][START_REF] Kirk | Beyond the panel: preconception screening in consanguineous couples using the TruSight One "clinical exome[END_REF], highlights the possible critical contribution of cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP) metabolism and signaling in basal ganglia structures and circuitry to the pathophysiological mechanisms underlying hyperkinetic movement disorders. Phosphodiesterases are a superfamily of enzymes encoded by 21 genes that contain 11 isozymes according to the structural similarity [START_REF] Conti | Biochemistry and physiology of cyclic nucleotide phosphodiesterases: essential components in cyclic nucleotide signaling[END_REF]. They regulate the homeostasis of cAMP and cGMP which increases the strength of excitatory neural circuits and/or decreases inhibitory synaptic plasticity [START_REF] Bender | Cyclic nucleotide phosphodiesterases: molecular regulation to clinical use[END_REF]. Each PDE gene has a specific expression pattern at the tissue and cellular levels [START_REF] Bingham | Profiling human phosphodiesterase genes and splice isoforms[END_REF]. Like other phosphodiesterases, PDE2A is widely expressed in the human brain. It has a complex biochemical regulation and has the ability to hydrolyze both cAMP and cGMP, which are ubiquitous intracellular second messengers involved in numerous brain cellular functions, including neurotransmitter specification, axon guidance and refinement of neuronal connectivity [START_REF] Bender | Specific localized expression of cGMP PDEs in Purkinje neurons and macrophages[END_REF][START_REF] Shelly | Local and long-range reciprocal regulation of cAMP and cGMP in axon/dendrite formation[END_REF][START_REF] Shen | Guidance molecules in synapse formation and plasticity[END_REF][START_REF] Averaimo | Intermingled cAMP, cGMP and calcium spatiotemporal dynamics in developing neuronal circuits[END_REF][START_REF] Akiyama | Cyclic nucleotide control of microtubule dynamics for axon guidance[END_REF]. The homozygous p. (Asp480Gly) PDE2A variant reported by Salpietro et al. affects the GAF-B domain of the 3′,5′ nucleotide phosphodiesterase PDE2A and severely decreases its enzymatic activity, which induces the accumulation of cAMP [START_REF] Salpietro | A homozygous loss-of-function mutation in PDE2A associated to early-onset hereditary chorea: a homozygous PDE2A mutation causing chorea[END_REF].

The homozygous nonsense variant (c.1180C>T; p. (Gln394*)) found in Patient #1 and #2, confirms that PED2A-related PD is due to loss-of-function. Likewise, the splice site variant c.1922+5G>A leading to exon 22 skipping and disruption of the reading frame found in Patient #3 in association with the heterozygous missense p.(Pro149-Leu) concerning a highly conserved amino acid of the protein sequence across species also suggest that these biallelic variants could lead to loss-of-function of PDE2A and accumulation of cAMP. Impaired cAMP and cGMP metabolism has also been demonstrated in two recent studies reporting dominant and recessive non-synonymous variants in PDE10A in hyperkinetic movement disorders [START_REF] Diggle | Biallelic mutations in PDE10A lead to loss of striatal PDE10A and a hyperkinetic movement disorder with onset in infancy[END_REF][START_REF] Mencacci | De Novo mutations in PDE10A cause childhoodonset chorea with bilateral striatal lesions[END_REF]. Heterozygous variants in ADCY5, encoding the adenyl cyclase 5 enzyme that contribute to the synthesis of cAMP, are responsible for a large spectrum of infantile/ childhood-onset phenotypes that include nonprogressive choreiform movement disorders and PD [START_REF] Chang | Phenotypic insights into ADCY5-associated disease[END_REF][START_REF] Friedman | ADCY5 mutation carriers display pleiotropic paroxysmal day and nighttime dyskinesias[END_REF]. These variants induce the accumulation of cAMP due to gain-offunction [START_REF] Chen | ADCY5-related dyskinesia: broader spectrum and genotype-phenotype correlations[END_REF]. Altogether, these data emphasize on the critical role of cAMP and cGMP regulation in basal ganglia functioning and pathophysiological mechanisms involved in several forms of hyperkinetic movement disorders.

One should also keep in mind that PDE2A is also expressed in the mitochondria and modulates cAMP and cGMP dependent signaling involved in the respiratory chain regulation [START_REF] Acin-Perez | A phosphodiesterase 2A isoform localized to mitochondria regulates respiration[END_REF]. PDE2A2 belongs to a cAMP/PKA signaling pathway located at the mitochondria and regulates PKA-dependent phosphorylation of the dynamin-related protein 1 (DRP1) [START_REF] Monterisi | PDE2A2 regulates mitochondria morphology and apoptotic cell death via local modulation of cAMP/PKA signalling[END_REF]. The DRP1 GTPase is a key protein in mitochondrial fission [START_REF] Smirnova | A human dynamin-related protein controls the distribution of mitochondria[END_REF]. Mitotracker™ Red staining shows that, in patient#3 and #1 fibroblast, the mitochondrial network was impaired with thicker and more irregular mitochondrial filaments (Fig. 3). This suggests an imbalance between mitochondria fusion/fission mechanisms linked to PDE2A variation that could be linked to its phosphodiesterase enzymatic activity [START_REF] Huang | Mitochondrial clustering induced by overexpression of the mitochondrial fusion protein Mfn2 causes mitochondrial dysfunction and cell death[END_REF]. To our knowledge, it is the first report demonstrating that biallelic variants in PDE2A alter the mitochondrial network organization and contribute in the pathogenesis of hyperkinetic movement disorders.

In conclusion, these findings together with those reported by Salpietro et al. indicate that biallelic variants in PDE2A leading to loss of function are involved in heterogeneous phenotypes characterized by early-onset paroxysmal hyperkinetic movement disorders associated with cognitive impairment and possibly epilepsy. They also highlight the critical role of cAMP and cGMP metabolism in basal ganglia and in mitochondria functioning and homeostasis and their potential contribution in the pathophysiological mechanism underlying hyperkinetic movement disorders.

Fig. 1

 1 Fig. 1 Pedigree and chromatograms of genomic DNA sequence of biallelic variations in PDE2A patients reported in this study. a Pedigree of Patient #1 who was confirmed by Sanger sequencing to be homozygous for the c.1180C>T; p.(Gln394*) nonsense variant and both parents being heterozygous. b Pedigree and Sanger sequencing of Patient #3 showing heterozygous compound variation. c missense

Fig. 2

 2 Fig. 2 In silico experimental data for the biallelic PDE2A variants in Patient #3. a Multiple-sequence alignment showing the highly conserved Pro140 amino acid in the protein sequence encoded by the missense mutation c.446C>T; p.(Pro149Leu). b Bioinformatics analyses predicting a drastic decrease in the efficiency of the canonical donor splice site predicted to lead to exon 22 skipping. c Schematic representation of RT-PCR (primer sequence used for RT-PCR: EX21F1:5′CCACATGAAGGTCTCCGATG3′-EX23R1:5′GAGTTG

Fig. 3

 3 Fig. 3 Mitochondrial morphology differs between control and affected cells. a Fibroblasts from non-affected (ctrl) individuals and from Patient #3 and #1 were grown on coverslips stained with Mitotracker™ Red CMXRos and DAPI. and observed by fluorescence microscopy. A mitochondrial phenotype corresponding to thicker, more irregular mitochondrial filaments was observed in Patient #3 and #1 cells. 9X zoom of the boxed region is displayed to allow a more detailed observation of the mitochondrial network. b Cells presenting abnormal mitochondrial network were counted in three independent experiments encompassing 100 cells each. The mean of the three experiments was calculated and significance determined using a T test, **p < 0.001.

Fig. 4

 4 Fig. 4 Patient #2 EEG recording at the age of 4 months. a Tonic symmetric contractions during awakening on EMG (arrow) with corresponding pattern of spasm on EEG. b Focal right seizure associating
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