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Loss of the KH1 domain of FMR1 in humans due to a synonymous variant causes global developmental retardation
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Background: Fragile X syndrome (FXS) is a monogenic disorder and a common cause of intellectual disability (ID). Up to now, very few pathological variants other than the typical CGG-repeat expansion have been reported in the FMR1 gene.

Methods: A panel of 56 intellectual disability (ID) genes including the FMR1 gene was sequenced in a cohort of 300 patients with unexplained ID. To determine the effect of a new FMR1 variant, total RNA from peripheral blood cells was reverse transcribed, amplified by polymerase chain reaction and sequenced.

Results: We report a novel G to A point variant (c.801G>A) located at the last nucleotide of exon 8 in the FMR1 gene in one patient with ID. Direct sequencing of the RT-PCR products revealed that the transcript from the allele with G to A variant skips exon 8 entirely, resulting in a joining of exons 7 and 9. Skipping of exon 8 may result in an abnormal FMR1 protein (FMRP), which removes the highly conserved region that encoding the KH1 domain of FMRP.

Conclusions: This report describes for the first time that a synonymous variant in the FMR1 gene is associated with an error in mRNA processing, leading preferentially to the production of an aberrant transcript without exon 8. This splice variant was associated with an unspecific clinical presentation, suggesting the need for more detailed investigation of silent variants in ID patients with a large spectrum of phenotypes.

Introduction

Considerable evidence has accumulated over the past decade to show that synonymous variants, previously called silent variants, can result in aberrant mRNA splicing or abnormal mRNA stability, which can lead to human disease and to complex traits [START_REF] Sauna | Understanding the contribution of synonymous mutations to human disease[END_REF]. The list of diseases associated with such variants is now quite large and continues to grow longer [START_REF] Rauscher | Timing during translation matters: synonymous mutations in human pathologies influence protein folding and function[END_REF].

However, with the development of next generation sequencing (NGS) applied to a large panel of genes or to the exome or the whole genome, application of filters to reduce the number of potential pathogenic variants tend to miss this kind of variants, at least without clinical specification.

Fragile X syndrome (FXS) is a monogenic disorder and a common cause of intellectual disability (ID). Up to now, nearly all patients with FXS show an amplification of the (CGG)n repeat in the 5' untranslated portion of the FMR1and hypermethylation of the CpG island in the 5' region of this gene at the molecular level [START_REF] Salcedo-Arellano | Fragile X syndrome and associated disorders: Clinical aspects and pathology[END_REF].

Less than 1% of individuals with FXS have been reported to have a partial or full deletion or point pathogenic variant of the FMR1 gene [START_REF] Zink | Microdeletions including FMR1 in three female patients with intellectual disabilityfurther delineation of the phenotype and expression studies[END_REF]. Only a very small number of short indels or single-nucleotide variants (SNV) in the FMR1 coding regions have been reported. Few of them were frameshift, splice and nonsense variants that were classified as pathogenic [START_REF] Lugenbeel | Intragenic loss of function mutations demonstrate the primary role of FMR1 in fragile X syndrome[END_REF][START_REF] Grønskov | A nonsense mutation in FMR1 causing fragile X syndrome[END_REF][START_REF] Okray | A novel fragile X syndrome mutation reveals a conserved role for the carboxy-terminus in FMRP localization and function[END_REF][START_REF] Quartier | Intragenic FMR1 disease-causing variants: a significant mutational mechanism leading to Fragile-X syndrome[END_REF][START_REF] Sitzmann | Rare FMR1 gene mutations causing fragile X syndrome: A review[END_REF].

The other SNV were missense variants [8 ; 10-17]. They were defined as likely pathogenic or as unknown significance. Several of these variants were identified as de novo and others were maternally transmitted.

In this study, we report the clinical and molecular descriptions of a new FMR1 synonymous variant identified by targeted high-throughput sequencing of 56 intellectual disability (ID) genes in 300 patients with unexplained ID and negative results following routine FXS screening. This variant is a de novo synonymous variant affecting splicing and leading to an in-frame skipping of exon 8, which encodes for the K-homology RNA-binding domain, KH1. This variant is similar to the recent deletion of the KH1 domain of Fmr1 obtained in rats [START_REF] Golden | Deletion of the Domain of Fmr1 Leads to Transcriptional Alterations and Attentional Deficits in Rats[END_REF]. This report increases the number of intragenic pathogenic variants outside the 5'UTR to nineteen.

Material and Methods

DNA extraction, Target-region capture and next-generation sequencing

During the last year, we have collected a unique cohort of 300 cases with unexplained ID. All patients were recruited from several genetic and neuropediatrics departments from AP-HP hospitals (Cochin, Bicêtre, Pitié-Salpêtrière, Trousseau, Jean Verdier, Necker-Enfants Malades). All participants have had extensive prior investigations and analysis of putative metabolism disturbances and chromosomal variations. We also excluded the presence of large genomic rearrangements by genomic CGH-array. Both individuals and/or parents provided written informed consent for the use of personal medical data. This study was performed in accordance with the ethical standards of the 1964 declaration of Helsinski and its subsequent amendments.

Genomic DNA was extracted from peripheral blood samples of ID patients and their parents and purified using the Chemagic 360 nucleic Acid extractor (Perkin Elmer) using the Wizard genomic DNA Promega Kit (Promega Corporation). A customized target capture array covering 56 selected known causative ID genes, including FMR1, was designed by Roche NimbleGen to cover all exons and at least 25 bp of flanking intron sequence based upon NCBI Build37/UCSC version hg19. The list of the 56 genes known to cause ID and/or autism spectrum disorders can be found in the supplemental information for this article (table S1).

A total of 547 Kb covered 99.7% of target regions. Genomic DNA (1µg) was fragmented using an enzymatic approach. The sample library was prepared using a KAPA Library preparation kit (KAPA, KR0935). The target regions were captured using the SeqCap EZ library Kit (Roche NimbleGen) and then subjected to multiplex sequencing using the Illumina NextSeq 500 System to a mean coverage of 200X according to the manufacturer's recommendations. The paired-end reads were processed with Polyweb (http://www.polyweb.fr/), an in-house Paris Descartes bioinformatics platform pipeline following GATK best practices recommendations and variants annotation (http://www.broadinstitute.org/gatk/guide/topic?name=bestpractices). Sequences were aligned to the human genome hg19 (NCBI build37/hg19 version) with BWA and SNVs and Indels were called using three different tools: Genome analysis toolkit (GATK) unified genotyper, SAMtools and Freebayes. All calls with a read coverage ≤5× and a Phred-scaled SNP quality of ≤20 were filtered out. Variants were annotated with an in-house Paris Descartes bioinformatics platform pipeline based on the Ensembl database (release 67).

In silico analysis

In silico analysis was implemented with CADD (combined annotation dependent depletion) tool and with Alamut v.2.4 (Interactive Biosoftware) (https://www.interactivebiosoftware.com/alamut) to predict splicing effects with SpliceSite Finder-like, MaxEntScan, NNSplice, GeneSplicer, and Human Splicing Finder. We also used two other splice site prediction softwares, SpliceRover (http://bioit2.irc.ugent.be/splicerover/) and SPiCE (https://sourceforge.net/p/spicev2-1/wiki/SPICE%20wiki/).

Mutation validation

The synonymous variant identified in FMR1 was re-tested in the nuclear family by Sanger sequencing. The specific primers for the variant regions of FMR1 were designed using Primer 

RNA isolation, cDNA synthesis, and Qualitative PCR

Blood samples from the patient were obtained on Paxgene tubes and total mRNA were extracted from blood cells using RNeasy reagent (Qiagen, Hilden, Germany) with a DNase step, according to the manufacturer's instructions. The integrity of tested total RNA samples was checked by agarose gel electrophoresis. Total RNA was converted to cDNA with Maxima First Strand cDNA synthesis Kit (ThermoScientific, Rochester, USA) for qualitative PCR. After PCR amplification, the amplified fragments were visualized with agarose gel electrophoresis and fragments were identified by the dideoxy chain-termination method using a BigDye Terminator Cycle sequencing kit (Thermo Fischer Scientific, CA, USA) and the splice junctions were identified by comparing the sequences of the amplified products with reference FMR1 cDNAs (NM_002024). The sequences of primers for assays are listed in supplementary table S2.

Results

FMR1 gene screening

Pathogenic or likely pathogenic variants were identified in 47 of the 300 individuals (16%) screened (table S1). All variants were confirmed by Sanger sequencing. Only one sequence alteration (ChX: g.147014114_G>A (NM_002024.5), c.801G>A) in the FMR1 gene was identified in one male ID individual. It was absent in the proband's parents. After biological paternity testing, this variant was considered as de novo. This variant does not change the encoded aminoacid at position 267 (p.(Asn267=)). However, this nucleotide substitution affects the last nucleotide of exon 8 (fig. 1). SpliceSite Finder-like, MaxEntScan, NNsplice, Genesplicer and Human Splicing Finder showed that this variant should alter the wild-type donor splice, and most probably affect splicing (table S3). Moreover, two other recent splice prediction softwares (SpliceRover and SPiCE) also suggested that this variant alters splicing.

This variant was also predicted to be deleterious with a CADD score of 22.3. Finally, this variant was not described in the gnomAD database (https://gnomad.broadinstitute.org/).

Only 20 other synonymous variants were described in the database in control individuals (table S4), but none was predicted to alter splicing using these prediction softwares.

Case presentation

The male patient carrying the new de novo synonymous variant in FMR1 is the third child of healthy parents. ). To identify the molecular consequences of the c.801G>A variant, we performed RT-PCR using primers located in exon 7 and exon 10 of the FMR1 gene. We detected a specific main PCR product (360 bp) corresponding to the wild-type transcript in human cells from controls and unaffected parents (fig. 1). However, in the ID patient, we identified a smaller PCR product (189bp) (fig. 1). In this patient, we identified by direct sequencing an abnormal PCR product characterized by the complete loss of exon 8 leading to an in-frame change (fig. 1). This loss of exon 8 affects all FMR1 transcripts.

Discussion

Only few missense variants have been reported to be associated with a FXS-related phenotype and supported by functional studies (table S4). The first variant, p.(Ile304Asn), was reported in 1993 in a male with a severe presentation of FXS [START_REF] De Boulle | A point mutation in the FMR-1 gene associated with fragile X mental retardation[END_REF]. The second variant, p.(Arg138Gln), was initially reported in 2010 in a male with a diagnosis of partial FXS secondary to intellectual disability and seizures but notably missing the physical stigmata of the condition [START_REF] Collins | Identification of novel FMR1 variants by massively parallel in developmentally delayed males[END_REF]. The third variant, p.(Gly266Gln), was reported in 2014 in a child with a diagnosis of FXS and autism spectrum disorder [START_REF] Myrick | Fragile X syndrome due to a missense mutation[END_REF]. With the recent development of exome and whole genome analysis other rare missense variants were described [8; 13; 17] (table S5). Up to now, only three missense variants were identified in the two KH domains of FMR1, two in the first KH domain (KH1, residues 216-280) (p.(Arg226Lys) ,p.(Gly266Glu)) and one in the second KH domain (KH2, residues 281-404) (p.(Ile304Asn)) [10; 14; 16; 19]. The KH1 domain is responsible for RNA binding. Notably, a point variant was reported in the Fmrp-KH1 domain of an individual with FXS and was shown to cause deficits in mRNA binding, polyribosome association, and mGluR-mediated trafficking of AMPA receptors [START_REF] Myrick | Independent role for presynaptic FMRP revealed by an FMR1 missense mutation associated with intellectual disability and seizures[END_REF].

In this study, we identified the first case of de novo synonymous variant in the FMR1 gene affecting splicing and leading to an in-frame skipping of exon 8, which encodes for the Khomology RNA-binding domain, KH1. This c.801G>A variant should be designed r.631_801del at the RNA level. The molecular consequence of thisvariant is similar to the recent deletion of the KH1 domain of Fmr1 obtained in rats [START_REF] Golden | Deletion of the Domain of Fmr1 Leads to Transcriptional Alterations and Attentional Deficits in Rats[END_REF]. This patient represents the first patient with a pathogenic synonymous variant in FMR1. The clinical features shared by all previously reported cases of FMR1 missense variants located in the KH domains are outlined in table 1 and include developmental delays, intellectual disability (mild to severe), seizures, and characteristic dysmorphism. Several of these patients had a diagnosis of FXS, but few patients had a diagnosis of partial FXS. Our patient also presented developmental delay, intellectual disability with no language, and behavioral problems such as hyperactivity. Interestingly as previously described in boys with FXS, our patient experienced frequent otitis infections [START_REF] Hagerman | Recurrent otitis media in the fragile X syndrome[END_REF]. Our study suggests that individuals with FMR1 pathogenic missense or synonymous variants may display a milder or unspecific phenotype compared to the majority of individuals with FXS due to a full repeat expansion.
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Legends to Figures and Tables:

Figure 1 .

 1 Figure 1. A. Electrophoregrams of exon 8 and intron 8 of the FMR1 gene from the patient (Mutant) and from an unaffected parent (Wild-Type). Arrow indicates the position of the nucleotide substitution c.801G>A. This nucleotide substitution affects the last nucleotide of exon 8. B. Partial schematic representation of the FMR1 gene showing the alternative splicing due to the c.801G>A variant; C. Agarose gel electrophoresis separation of the FMR1 transcripts amplified from the proband hemizygote (P) and from unaffected individuals (F; father; M; Mother). PCR amplification of blood cDNA showed an abnormal band corresponding to the skipping of exon 8; D. Electrophoregrams of RT-PCR products from the proband (Mutant) and from a control (Wild-Type). Schematic representation of the different transcripts identified. Boxes (7-8-9) indicate exons present in the wild-type FMR1 transcript; white box indicates exon (8) skipped in the alternative transcript. The c.801G>A variant affects the donor splice of exon 8 and leads to the skipping of the entire exon 8 in FMR1 mRNA.

  He has two healthy sisters. Parents are first cousins. There is no other He had a transient stridor. Developmental milestones were delayed. He held his head at 4 months, sitting around 10 months, standing at 13 months before starting to walk around 3 years. Bi-syllables appeared at 10 months but at the age of 4 ½ there was no language. He could understand simple instructions. He had a squint and presented a loss of hearing due to serous otitis. Sleeping was disturbed by frequent awakenings for which he was treated with melatonin. He was also treated for gastroesophageal reflux. At the age of 4 ½, he could only eat blended food. His growth and OCF were normal. His weight and OCF were 15.3 Kg (-1SD) and 51 cm (0 SD), respectively. He suffered from poor attention span, hyperactivity, and hand stereotypies. He was very anxious. Multiple dysmorphic features were noted including a large forehead, epicanthic fold, large mouth with smooth philtrum, large ears, hypermobility of the joints, flat feet, and

	NM_002024.5 (transcript variant ISO1, 17 exons), NM_001185075.1 (transcript variant ISO6,
	16 exons, no exon 14), NR_033699.1 (transcript variant ISO4 16 exons, no exon 14),
	NM_001185076.1 (transcript variant ISO7, 16 exons, no exon 12), NM_001185082.1
	(transcript variant ISO9, 16 exons, no exon 12), NM_001185081.1 (transcript variant ISO12,
	15 exons, no exons 12 and 14), and NM_033700.1 (transcript variant ISO10, 15 exons, no
	family history of developmental disorder in the family. Pregnancy was marked by increased exons 12 and 14
	nuchal translucency leading to a trophoblast biopsy showing a normal fetal karyotype
	(46,XY). Subsequently, fetal echography showed a single umbilical artery, a short long bone
	at the 3 rd percentile at 27 weeks, and a short corpus callosum with retrocerebellar cyst at 29
	weeks. At 31 weeks, a fetal brain magnetic resonance imaging (MRI) was performed

confirming the retrocerebellar cyst but with a normal corpus callosum. Array comparative genomic hybridization (CGH) studies showed no pathogenic copy number variants. He was born at 38 weeks + 5 days by caesarean section without complication and with a normal occipital frontal circumference (OCF).

kyphosis. Neurological examination was normal. The magnetic resonance imaging (MRI) and electroencephalogram (EEG) were normal.

FMR1 mRNA analysis

Taking into account that the FMR1 gene is expressed in most tissues, we performed RT-PCR by using mRNA extracted from blood cells from the patient and three controls. UCSC database (https://genome.ucsc.edu/cgi-bin/) described seven different isoforms:

Table 1 .

 1 Clinical and behavior/cognition parameters of individuals with KH FMR1 variants.

	7	9

//..TGGAG AGTTCAA ..//.. GGAGAG GATCAGG..// 7 8 9 Wild-type TGGAGAGTTCAAGGCAGCTTGCCTCGAGATTTCATGAA Mutant TGGAGGATCAGGATGCAGTGAAAAAAGCTAGAAGCTTT //..TGGAG GATCAGG.. //

c.801G A. GCACATTTCATATTTATGGAGAGGTAAATATTTTACTGCAGTTT GCACATTTCATATTTATGGAGAAGTAAATATTTTACTGCAGTTT Clinical category De Boulle et al. 1993 Myrick et al. 2014 Grozeva et al. 2015 Present case

  

	Variant	p.(Ile304Asn)	p.(Gly266Glu)	p.(Arg226Lys)	c.801G>A, p.(?)
	Age	27	16	na	4.5
	enlarged testicles	yes	yes	na	na
	dysmorphic features	yes	yes	na	yes
	epicanthal folds	no	na	na	yes
	elongated face	yes	yes	na	na
	prognathism	yes	na	na	na
	broad high forehead	yes	yes	na	yes
	prominent ears	yes	yes	na	yes
	hypermobility	na	yes	na	yes
	hypotonia	na	na	na	yes
	seizures	focal	na	na	no
	autism	na	yes	na	no
	verbal ability	no	yes	na	no
	ADHD	na	na	na	no
	developmental delay	yes	yes	na	yes
	language impairment	yes	yes	na	yes
	cognitive impairment	IQ<20	na	na	yes
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