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Research Question: Are there genetic determinants shared by unrelated women with unexplained recurrent early miscarriage (REM)? Design: We selected 30 REM cases and 30 controls with extreme-phenotype among women from eastern Brittany (France), previously enrolled in an incident case-control study on thrombophilic mutations. Cases and controls were selected based on the number of early miscarriages or live-births, respectively. Peripheral blood was collected for DNA extraction at initial visit. We compared the burden of low frequency variants in the coding part of the genes using Whole Exome Sequencing (WES).

Result(s):

Cases had 3 to 17 early miscarriages (20 cases: ≥5 previous losses). Controls had 1 to 4 live births (20 controls: ≥3 previous live births) and not any miscarriage. WES data were available for 29 cases and 30 controls. A total of 209,387 variants were found (mean variant per patient: 59,073.05) with no difference between groups (P =0.68). The top 5 most significantly associated genes were ABCA4, NFAM1, TCN2, AL078585.1 and EPS15. Previous studies suggest the involvement of vitamin B12 deficiency in REM. TCN2 encodes for vitamin B12 transporter into cells. Therefore, holotranscobalamin (active vitamin B12) was measured for both cases and controls (81.2±32.1 vs. 92.9±34.3 pmole/L, respectively, P=0.186). Five cases but no control were below 50 pmole/L, (P=0.052).

Conclusion(s):

Our study highlights 4 new genes of interest in REM, some of which belong to known networks of genes involved in embryonic development (clathrin-mediated endocytosis and ciliary pathway). Additionally, our study confirms the involvement of TCN2 (vitamin B12 pathway) in the early first trimester of pregnancy.

Introduction

Recurrent early miscarriage (REM) is currently defined as three or more consecutive losses occurring in the first trimester of pregnancy [START_REF] Delabaere | Definition of pregnancy losses: Standardization of terminology from the French National College of Obstetricians and Gynecologists (CNGOF)[END_REF]. REM affects 1 to 2% of couples trying to have children. Standard investigations fail to reveal any well-recognized cause in more than 50% of the couples [START_REF] Branch | Clinical practice. Recurrent miscarriage[END_REF]. To date, on the basis of animal models and clinical studies, there are several hypotheses regarding possible underlying mechanisms of unexplained REM: altered ovarian reserve, progesterone defect, prothrombotic state and/or vascular endothelial dysfunction, immunological impairment, chronic endometritis or vitamin deficiencies (e.g. B9, B12, and D). In a large incident case-control study of couples, we investigated some possible determinants of REM such as factor V Leiden or mutation G20210A of the prothrombin in both parents [START_REF] Pasquier | Inherited thrombophilias and unexplained pregnancy loss: an incident case-control study[END_REF], skewed-X chromosome inactivation in the female cases [START_REF] Pasquier | Strong evidence that skewed X-chromosome inactivation is not associated with recurrent pregnancy loss: an incident paired case control study[END_REF] and, blood anti-Müllerian hormone concentration [START_REF] Leclercq | Blood anti-Müllerian hormone is a possible determinant of recurrent early miscarriage, yet not conclusive in predicting a further miscarriage[END_REF]. Additional studies from other groups suggest that a family history of miscarriage is a risk factor for unexplained REM [START_REF] Zhang | Risk factors for unexplained recurrent spontaneous abortion in a population from southern China[END_REF][START_REF] Woolner | Inherited susceptibility to miscarriage: a nested case-control study of 31565 women from an intergenerational cohort[END_REF]. However, no evidence for strong genetic determinants of unexplained REM was found, particularly based on findings of hypothesis-based candidate gene studies (Odd Ratios ranging from 0.5 to 2.4), according to a recent systematic review [START_REF] Pereza | Systematic review and meta-analysis of genetic association studies in idiopathic recurrent spontaneous abortion[END_REF]. This emphasizes the need for hypothesis-free studies. In unexplained REM, two genome-wide association studies were reported in women [START_REF] Kolte | A genome-wide scan in affected sibling pairs with idiopathic recurrent miscarriage suggests genetic linkage[END_REF][START_REF] Li | Genome-wide screening for risk loci of idiopathic recurrent miscarriage in a Han Chinese population: a pilot study[END_REF]. They highlighted a few areas of interest in the genome, such as the PDEA and GRIK2 genes [START_REF] Kolte | A genome-wide scan in affected sibling pairs with idiopathic recurrent miscarriage suggests genetic linkage[END_REF]. However, none of these genomic regions reached the genome-wide significance level. Moreover, those results were not reproduced in an independent study.

In addition, next generation sequencing tools were used to identify a possible genetic cause in some families with pregnancy losses especially when a specific phenotype of fetal development defect was identified, as fetal akinesia [START_REF] Rajcan-Separovic | Next generation sequencing in recurrent pregnancy loss-approaches and outcomes[END_REF]. Only a few studies involved early losses. Those were conducted in related subjects and abortion products [START_REF] Qiao | Whole exome sequencing in recurrent early pregnancy loss[END_REF] or among unrelated women for a subset of candidate genes [START_REF] Quintero-Ronderos | Novel genes and mutations in patients affected by recurrent pregnancy loss[END_REF]. Specific mutations or affected genes (e.g. DYNC2H1) shared between families or between different studies were rare. Nevertheless, some gene networks were often involved, such as cilia function or cell division.

Thus, further studies in REM are needed. Using next generation sequencing, we aim to seek mechanisms of unexplained REM through a hypothesis-free approach, among unrelated subjects. An extreme-phenotype study can be effective with modest sample sizes to detect low frequency variants in complex traits, even more effective than studies with larger sample sizes involving subjects with less extreme individual phenotypes [START_REF] Emond | Exome sequencing of extreme phenotypes identifies DCTN4 as a modifier of chronic Pseudomonas aeruginosa infection in cystic fibrosis[END_REF]. Therefore, we selected female cases and controls at both ends of the phenotype distribution (i.e. with extreme phenotypes) and compared the burden of low frequency variants in the coding part of the different genes using Whole Exome Sequencing (WES).

Material and Methods

Selection of cases and controls with extreme-phenotypes (Figure 1)

Cases were selected among women enrolled in an incident case-control study on thrombophilic mutations in unexplained pregnancy loss [START_REF] Pasquier | Inherited thrombophilias and unexplained pregnancy loss: an incident case-control study[END_REF]. The controls of similar age were recruited from the local electoral lists if they had given birth to at least one living child. All women were seen in consultation by one of the physician investigators who provided information, obtained informed consent and conducted a standard questionnaire survey before venous blood sampling.

Then, all women participating to our case-control study on thrombophilic mutations were secondly enrolled in a prospective cohort follow-up study. They were contacted by phone to collect new obstetric and medical events. In addition, all documents related to medical visits and hospitalizations were retrieved. This ancillary study on genetic determinants involves studying a subgroup of women with unexplained REM, i.e. unexplained iterative losses (≥3) in the first trimester of pregnancy. Exclusion criteria consisted of: a maternal or paternal carrier of a structural chromosomal rearrangement, maternal antiphospholipid antibodies or any anatomical abnormality likely to be responsible for REM. We selected 30 female cases and 30 female controls with extremephenotypes, primarily on the basis of the number of early miscarriages and live-births, respectively. The main selection criterion for the cases was the number of previous early miscarriages, i.e. mostly before 35 years old, reported at the initial visit. The main selection criterion for the controls was the absence of previous miscarriages both at inclusion and follow-up. Their age at inclusion was within the same age range as the cases. In addition, the controls were selected according to the number of live births before inclusion and during follow-up.

Samples (Figure 1)

Biological samples (DNA, plasma and serum) were collected at the initial visit, at least 2 months after any recognized obstetric event or hormonal treatment. In particular, peripheral blood was collected in EDTA. DNA from these 30 cases and 30 controls was extracted from blood lymphocytes by a standard salting out procedure. The concentrations of DNA were determined using Qubit fluorescence technology [START_REF] Miller | A simple salting out procedure for extracting DNA from human nucleated cells[END_REF].

WES was performed by the « Centre National de Recherche en Génomique Humaine » (CNRGH, Institut de Biologie François Jacob, CEA). After quality control by the DNA and Cell Bank laboratory, genomic DNA (3μg) was captured using in-solution enrichment methodology (Human All Exon v5 -50 Mb, Agilent Technologies, CA, USA). Library preparation and exome enrichment protocol (~20.000 targeted genes) were performed automatically on a Bravo liquid handling robot (Agilent Technologies, CA, USA), according to manufacturer's instructions (SureSelect, Agilent Technologies CA, USA). After normalization and quality control, exome enriched libraries were sequenced on a HiSeq 2000 from Illumina (Illumina Inc., CA, USA) as paired-end 100 bp reads. Samples were sequenced in pools of 3 samples on each lane of the HiSeq2000 flow cell, in order to reach at least 90 to 100X of good quality samples.

Image analysis and base calling were performed using the Illumina Real-Time Analysis (RTA) Pipeline. Sequence quality parameters were assessed throughout the sequencing run. Data were processed using a dedicated NGS pipeline in line with the Broad Institute GATK "Best Practices" https://software.broadinstitute.org/gatk/best-practices. Briefly, reads were mapped on the reference genome (Build 37) using bwa-mem and the variants were called with Haplotype Caller in GVCF mode. The files were then merged using GATK Combine GVCF, recalibrated and finally annotated with Variant Effect Predictor (VEP).

WES data analyses

Quality Control (QC). A stringent QC was performed first at the genotype and variant level and then at the individual level. A quality score was estimated for each variant with the VQSR function from GATK and only the variants (SNVs or indels) falling in the VQSR tranche PASS or 90.00 to 99.00 were kept. Only the variants with Quality by depth (QD) ≥ 2, FS (phred-scaled p-value using Fisher's exact test to detect strand bias) ≤60 for SNVs or ≤200 for indels, SOR (Symmetric Odds Ratio of 2x2 contingency table to detect strand bias) ≤3 for SNVs or ≤10 for indels, MQ (overall mapping quality of reads supporting a variant call) ≥40 for SNVs or ≥10 for indels were kept.

When available, the following parameters were also used to filter variants: Inbreeding coefficient (InbreedingCoeff) ≥(-0.8), MQRankSum (Z-score From Wilcoxon rank sum test of Alt vs. Ref read mapping qualities) ≥(-12.5),

ReadPosRankSum (Z-score from Wilcoxon rank sum test of Alt vs. Ref read position bias) was either ≥ (-8) for SNVs or ≥(-20) for indels. Genotypes with a depth <10 or a genotype quality (gq) <20 were set to missing and comparison of missing rates was done between cases and controls. Only the variants with a genotype call rate greater than 90% and not significantly different between cases and controls (p-value of the Fisher's exact test comparing the number of missing genotypes between groups >0.001) were kept. A QC on the allelic balance was also performed to ensure that the mean allelic balance calculated over heterozygous genotypes was within [25%-75%] in each group (cases and controls). Once the set of eligible variants was determined, QC was performed at the individual level by checking the ancestry within Europe (using principal component analysis (PCA) on a pruned subset of common variants (MAF ≥ 0.05), heterozygosity levels and kinship between individuals. All these tests were done with plink1.9 [START_REF] Chang | Second-generation PLINK: rising to the challenge of larger and richer datasets[END_REF].

Rare variant association tests.

To test the hypothesis that rare variants located in a same gene could be involved in disease susceptibility, we performed rare variant association tests using the SKAT-O method [START_REF] Lee | Optimal unified approach for rare-variant association testing with application to small-sample case-control whole-exome sequencing studies[END_REF]) that combines burden and variance component tests and was shown to be the most powerful under different disease susceptibility models. Only single nucleotide variants (SNV), that passed all QC, had an expected effect on the protein (missense, stoploss, stopgain, canonical splice site variants) and with a minor allele frequency (MAF) below 0.05 in either the case or the control group, were included in the analysis. Data extraction and formatting were performed in R using our own scripts implemented in the Ravages package [START_REF] Bocher | Rare variant association testing for multicategory phenotype[END_REF] and association tests were performed using the SKAT R package (https://cran.r-project.org/web/packages/SKAT/) [START_REF] Lee | Optimal unified approach for rare-variant association testing with application to small-sample case-control whole-exome sequencing studies[END_REF].

Active vitamin B12 measurement

Vitamin B12 (cobalamin) is bound to two proteins, transcobalamin (TC) and haptocorrin. The TC-vitamin B12 complex, known as holotranscobalamin (holo-TC), contained the biologically active cobalamin which is delivered to all cells after interaction with a specific receptor. For both cases and controls, the measurement of holo-TC blood level was simultaneously carried out using a chemiluminescent microparticle immunoassay (ARCHITECT Active-B12 from Abbott, USA) whose results are linear from 5.0 to 128 pmol/L [START_REF] Merrigan | Performance characteristics of the ARCHITECT Active-B12 (Holotranscobalamin) assay[END_REF]. The main characteristics of women and their holo-TC blood levels were compared between the two groups using SPSS Statistics v.19. Student's t-test and chi-squared test were used for continuous variables (ages, BMI, tobacco use, parity ratios by pregnancy (calculated at inclusion in the case-control study and at the end of follow-up), duration of follow-up, holo-TC blood levels) and categorical variables (allelic distribution), respectively. For each woman, the parity ratios were calculated as follows: the number of previous live births divided by the number of previous started pregnancies. The odds ratio (OR) was calculated using logistical regression. P<0.05 was considered statistically significant.

The study was approved by the local ethics committee, the CPP of Brest University Hospital (CPP Ouest-336) on 17 December 2002.

Results

Case and control characteristics

We selected 30 cases and 30 controls with an extreme phenotype among the women previously recruited in our master incident case-control study on thrombophilic mutations in Eastern Brittany (France) [START_REF] Pasquier | Inherited thrombophilias and unexplained pregnancy loss: an incident case-control study[END_REF]: i) Cases had a past history of 3 to 17 early miscarriages at inclusion in the master incident case-control study (median:5, IR: 4-6.25). Twenty of the cases had 5 or more losses. Of these 30 cases, 12 (40%) had a previous live birth. The cases often experienced a further early miscarriage (median: 1, min-max: 0-3) during the prospective follow-up of 5.7±3.0 years. When considering the whole reproductive life, their parity ratio by pregnancy was 0.16±0.13 (number of losses: median: 6, IR: 5-7).

ii) Controls had 1 to 4 previous live births at inclusion in the case control-study (median:3, IR: 2-3). Twenty of the controls had 3 and more live births; they did not suffer any miscarriage even during the prospective follow-up of 6.8±1.6 years.

The main case and control characteristics are summarized in Table 1. Age at inclusion, duration of follow-up and BMI were normally distributed and not statistically different between case and control groups (P>0.1). No controls but 4 cases were lost to follow-up. Cases were significantly younger than controls at the end of follow-up (38.0±5.7 vs. 41.1±3.3 years, P=0.019). The number of live births (0 to 2) during follow-up was not significantly different between cases and controls (P=0.173).

WES

Only one individual (a case) was removed after the quality control (QC): this individual had a high heterozygosity level and was found to be an outlier on the PCA.Thus, whole exome sequencing (WES) data were available for 29 cases and 30 controls. A total of 209,387 variants were found with an average of 59,073.05 variants per individual and no difference between cases and controls (average numbers of variants were respectively 59,049.52 in cases and 59,095.80 in controls, t-test P=0.668). Among these variants, 195,090 are single nucleotide variants (SNV) and on average an individual carries 54,112.41 SNVs (54,091.93 in average in cases and 54,132.20 in controls, t-test

P=0.683). Rare Variant Association Tests

For the rare variant association test, only missense, stoploss, stopgain and canonical splice site SNVs with a minor allele frequency below 5% in at least one of the two groups of cases or controls were considered. This represented a total of 25,219 variants located in 10,908 genes.

Results of the rare variant association test (SKAT-O) are displayed in Figure 2 and the top 5 list of the most significantly associated genes is given in Table 2. None of the gene reached genome-wide significance (usually defined as a p-value below 2.5x10 -6 for rare variant association tests). The 5 most significant genes were ABCA4, NFAM1, TCN2, AL078585.1 and EPS15. Interestingly, TCN2 encodes for a protein involved in the vitamin B12 transport into cells. As shown in Table 3, six variants were retained in this gene for the rare variant association test, including rs9606756 [c.67A>G,p.Ile23Val] that has already been associated with recurrent spontaneous abortion in Korean patients [START_REF] Kim | Transcobalamin II (TCN2 67A>G and TCN2 776C>G) and transcobalamin II receptor (TCblR 1104C>T) polymorphisms in Korean patients with idiopathic recurrent spontaneous abortion[END_REF]. This variant was also more frequent in cases than in controls (P=0.03 OR: 6 95% CI 1.17 30.72). Furthermore, this variant has an increased frequency in cases and a decreased frequency in controls compared to the GnomAD reference population (Karczewski et al., 2019) (0.190 and 0.033 respectively compared to 0.120 in GnomAD European populations).

Holo-TC measurements

The Holo-TC blood levels were available for 29 cases and 29 controls (Figure 3). They were normally distributed from 30.1 to 188.0 pmole/L and slightly, but not significantly, lower in the cases (81.2±32.1) than in the controls (92.9±34.3 pmole/L, P=0.186).

The quartiles of the whole distribution (cases and controls together) were as follows: 60.3, 83.45 and 107.8 pmole/L, respectively. The quartiles distribution of Holo-TC blood levels was not statistically different between cases and controls. However, as the normal distribution of Holo-TC blood levels was left-truncated at 50 pmole/L in the controls, we considered a threshold of 50 pmole/L: 5 cases but no controls were below 50 pmole/L, (P=0.052).

In the cases, lower Holo-TC blood level did not predict a further miscarriage. Additionally, the parity ratios by pregnancy (at inclusion and at the end of follow-up) were not significantly correlated with the Holo-TC blood levels using regression analyses. Correlations between Holo-TC measurements and TCN2 mutations Holo-TC levels from cases were negatively and significantly correlated with rs 9606756 polymorphism (cases: P=0.03). Holo-TC levels were also correlated with rs 9606756 polymorphism when cases and controls were analyzed together (all: P=0.007).

The other mutations were not significantly correlated with Holo-TC levels (Figure 4). Discussion Using a WES strategy free of a-priori hypotheses, we compared 2 groups of fertile women with extreme phenotypes. Exome data was analyzed for 29 of the 30 women included in the REM group. Those women had a REM history of at least 3 losses with a pregnancy failure rate of 84 %. The control group included 30 women who did not suffer any miscarriage and had 2 to 4 previous live births at the end of follow-up. Only damaging variants with a MAF of less than 5% either in cases or controls were analyzed. This highlighted five potential candidate genes for REM: ABCA4, NFAM1, TCN2, AL078585.1 and EPS15, although none reaching genome-wide significance. TCN2 was the only gene from a gene network that has already been studied in this clinical setting. Notably, TCN2 rs9606756 polymorphism was significantly associated with REM in our study (P=0.03 OR: 6.0 95% CI 1.17-30.72). TCN2 codes for a protein (TC) that binds vitamin B12 and is responsible for up to 99% of vitamin B12 transport into tissues.

Therefore, the blood levels of Holo-TC (TC-vitamin B12 complex) were measured in both cases and controls. At inclusion, the cases displayed lower (but not significantly) Holo-TC blood levels than the controls (81.2±32.1vs 92.9±34.3 pmole/L, P=0.186). Notably, TCN2 rs9606756 polymorphism was highly and negatively correlated to the blood levels of Holo-TC (P=0.007), especially in the cases (P=0.03), as previously reported in overall population [START_REF] Riedel | Transcobalamin polymorphism 67A->G, but not 776C->G, affects serum holotranscobalamin in a cohort of healthy middle-aged men and women[END_REF].

Folic acid and the whole vitamin B12/folic acid pathway [START_REF] Quadros | Cellular uptake of cobalamin: transcobalamin and the TCblR/CD320 receptor[END_REF] is known to be essential during early pregnancy and was consequently suspected to participate in REM pathogenesis. Serum folate was first investigated in women with REM in 1965 [START_REF] Martin | Serum-folic acid in recurrent abortions[END_REF]. Years later, hyperhomocysteinemia was reported to increase the risk of recurrent abortion [START_REF] Nelen | Homocysteine and folate levels as risk factors for recurrent early pregnancy loss[END_REF]. Vitamin B12, at serum B12 levels under the threshold of 180 pg/L was highly associated with REM compared to levels found in healthy premenopausal women [START_REF] Reznikoff-Etievant | Low vitamin B12 level as a risk factor for very early recurrent abortion[END_REF]. Additionally, vitamin B12 was found at serum levels significantly lower in REM women compared to healthy pregnant women [START_REF] Hübner | Low serum vitamin B12 is associated with recurrent pregnancy loss in Syrian women[END_REF]. These findings were in contrast with the results of a casecontrol study [START_REF] Sütterlin | Serum levels of folate and cobalamin in women with recurrent spontaneous abortion[END_REF]. Interestingly, functional vitamin B12 assessed by the measurements of methyl malonic acid level in the blood, was not statistically different between cases and controls [START_REF] Hübner | Low serum vitamin B12 is associated with recurrent pregnancy loss in Syrian women[END_REF]. Here, we proposed another method for assessment of functional vitamin B12 through the measurements of Holo-TC. To the best of our knowledge, this method has never been reported in women with REM. Lastly, two case-control studies investigated known TCN2 polymorphims in REM women compared to controls [START_REF] Kim | Transcobalamin II (TCN2 67A>G and TCN2 776C>G) and transcobalamin II receptor (TCblR 1104C>T) polymorphisms in Korean patients with idiopathic recurrent spontaneous abortion[END_REF][START_REF] Hashemi | Evaluation of transcobalamin II rs1801198 and transcobalamin II receptor rs2336573 gene polymorphisms in recurrent spontaneous abortion[END_REF]. Kim et al reported a possible relationship between REM and TCN2 rs9606756 among Korean women (P=0.019 OR: 2.918; 95% CI 1.193-7.137) whereas Hashemi et al did not find any association between REM and TCN2 rs180119 (a common polymorphim) or TCN2 rs2336573 among Iranian women. More recently, Park et al reported an increased risk for recurrent implantation failure after in vitro fertilization for carriers of the TCN2 rs9606756 G allele (P=0.025 OR: 4.732; 95% CI 1.220-18.356) [START_REF] Park | Genetic polymorphisms of the cobalamin transport system are associated with idiopathic recurrent implantation failure[END_REF].

In addition, we are the first to report the possible implication of ABCA4, NFAM, AL078585.1 and EPS15 in REM.

EPS15, located at chromosome 1, is especially attractive. EPS15 is implicated in internalization of the epithelial growth factor receptor (EGFR) (van Bergen en Henegouwen, 2009) and in clathrin-mediated endocytosis that appears to be important in embryonic development (Offenhaüser et al., 2000;[START_REF] Milesi | Redundant and nonredundant organismal functions of EPS15 and EPS15L1[END_REF]. EPS15 is organized into four domains containing an evolutionary conserved motif: EPS15 homology (EH domains) that is present in three copies at the NH2-terminus of EPS15. This motif is shared by a wide range of endocytic proteins such as EHD1 that plays a role in the endocytosis of insulin growth factor (IGF)-1 receptors. Notably, EHD1 might be involved in endometrium decidualization and be implied in recurrent implantation failure [START_REF] Zhou | EHD1 impairs decidualization by regulating the Wnt4/β-catenin signaling pathway in recurrent implantation failure[END_REF].

ABCA4 is a member of the ATP-binding cassette (ABC) family transport proteins and codes a retina-specific ABC transporter whose substrate is N-retinylidene-PE expressed in retina photoreceptor cells. ABCA4 is implicated in the Stargardt disease (form of macular degeneration) and the related retinopathies [START_REF] Shastry | Evaluation of the common variants of the ABCA4 gene in families with Stargardt disease and autosomal recessive retinitis pigmentosa[END_REF]. More interestingly, a genome-wide association study identified ABCA4 as one of two new genes associated with cleft lip and palate [START_REF] Beaty | A genome-wide association study of cleft lip with and without cleft palate identifies risk variants near MAFB and ABCA4[END_REF]. This was confirmed in other studies despite the absence of biological evidence supporting the role of ABCA4 in craniofacial morphogenesis [START_REF] Yuan | Association of ABCA4 and MAFB with non-syndromic cleft lip with or without cleft palate[END_REF]. Some mechanisms were suggested as strong linkage disequilibrium with true causal variants in other genes [START_REF] Beaty | A genome-wide association study of cleft lip with and without cleft palate identifies risk variants near MAFB and ABCA4[END_REF] or presence of craniofacial enhancers within ABCA4 intronic regions affecting the expression of other genes as ArhGAP29 [START_REF] Morris | Evidence for craniofacial enhancer variation underlying nonsyndromic cleft lip and palate. Evidence for craniofacial enhancer variation underlying nonsyndromic cleft lip and palate[END_REF].

Interestingly in connection with REM, the expression of ArhGAP29 contributes to the regulation of the development of intrauterine adhesions caused by lesions of the endometrium [START_REF] Xu | MicroRNA-1291 promotes endometrial fibrosis by regulating the ArhGAP29-RhoA/ROCK1 signaling pathway in a murine model[END_REF]. Additionally, an ABCA4-folic acid consumption interaction was identified in cleft lip and palate [START_REF] Velázquez-Aragón | Gene Interactions Provide Evidence for Signaling Pathways Involved in Cleft Lip/Palate in Humans[END_REF]. Similar mechanisms should be sought in REM.

AL078585.1 is a subcategory of the PACRG Antisense RNA 3 (PACRG-AS3) gene. This is an RNA gene, affiliated with the long-non coding RNA class. The protein is uncharacterized; no data are available regarding AL078585.1 function. However, PACRG was originally identified as a gene related to Parkinson's disease in humans and has ciliary functions that are pivotal during early vertebrate embryogenesis [START_REF] Thumberger | Ciliary and nonciliary expression and function of PACRG during vertebrate development[END_REF]. Mutations in DYNC2H1 (another gene involved in cilia biogenesis) were identified in miscarriages from 2 families with unexplained REM [START_REF] Qiao | Whole exome sequencing in recurrent early pregnancy loss[END_REF].

Finally, NFAM codes for a protein that contains an immunoreceptor tyrosine-based activation and is thought to regulate the signaling and development of B-cells [START_REF] Ohtsuka | NFAM1, an immunoreceptor tyrosine-based activation motif-bearing molecule that regulates B cell development and signaling[END_REF]. In our study, it is noteworthy that the MAF observed in both groups for these five top candidate genes are quite different than those recorded in reference databases as The Genome Aggregation Database (gnomAD) (Karczewski et al., 2019) or the French Exome Project Database (FREX) (Génin et al, 2017). This is probably explained by the extreme phenotype of cases and controls.

Apart from the free of a-priori hypotheses approach, one of the strong points of our study lies in the selection of controls from the electoral lists, in the same geographic area (eastern Brittany, a geographic area with low ethnic mixing) and in the same period than the cases.

Due to the limited sample size of our study, we were not able to find genome-wide significant associations; i.e. associations that remain significant after correction for multiple testing at the scale of all the genes tested. Regarding common variants, a "suggestive association" is defined by P<10 -5 . Regarding rare variants, fewer tests are done, since the variants of each gene are grouped together. Consequently, some authors used higher threshold for P value as < 10 -3 [START_REF] Grant | Exome-Wide Association Study of Pancreatic Cancer Risk[END_REF]. Nevertheless, the three genes ABCA4, NFAM1 and TCN2 showed interesting signals with Pvalues <5 10 -4. Using asymptotical calculations, accounting for the genes estimated effect sizes and observed cumulative MAF, the probability of detecting genome-wide significant associations ranged from 78.5% to 93.1% (78.5% for TCN2, 87.8% for NFAM1 and 93.1% for ABCA4). This confers a good study power and the small sample size per se does not lower the clinical evidence of our results.

We acknowledge that the few other WES studies in REM most often involved the trio mother-father-embryo and did not often reveal the same modified genes between the different families. The design of our case-control study focused on shared altered genes among women with REM. As a limitation, our study did not involve the two members of the couples enrolled in our princeps study on thrombophilic mutations [START_REF] Pasquier | Inherited thrombophilias and unexplained pregnancy loss: an incident case-control study[END_REF]. Moreover, miscarriage products were not available. Other limitations of our study warrant consideration. We did not study the functional impact of the gene polymorphism of the other 4 genes that came out from WES study. Regarding TCN2, we found a significant association between rs9606756 polymorphism and i) REM (P=0.03) as well as ii) Holo-TC levels (P=0.007). However, we did not find any significant difference of Holo-TC levels between cases and controls, which may be due to the routine practice of vitamin supplementation in REM women. This could suggest a more complex functional impact of TCN2 rs9606756 favoring miscarriage than B12 deficiency. Moreover, Holo-TC measurement is not a perfect marker for B12 status or B12 cell intake [START_REF] Harrington | Laboratory assessment of vitamin B12 status[END_REF].

In conclusion, despite some limitations, our study confirms the involvement of the vitamin B12 pathway and especially TCN2 in the early first trimester of pregnancy. This reinforces the rationale for seeking vitamin B12 deficiency concomitant with folate deficiency, in women with REM. Furthermore, we highlighted new genes of interest in REM, some of which belong to known networks of genes involved in embryonic development (clathrinmediated endocytosis and ciliary pathway). Others might be involved in endometrium homeostasis. Regarding these new genes, further studies are required to replicate our results and elucidate the underlying mechanisms leading to REM. 
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 2 Manhattan plot of the rare variant association test SKAT-O. For each gene ordered by chromosome and position on chromosome, the -log10p-value of the SKAT-0 test is given. The top 5 most associated genes are named.
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 4 Figure 4: Distribution of the Holo-TC blood levels among the 29 cases and 29 controls according to rs9606756 allelic distribution

  

Table 1 . Main characteristics of cases compared to the 30 controls, given

 1 either for all the 30 cases or the 29 cases with available WES (italic).*4 missing data among cases (omitted from the analyses)

	CASES	CONTROLS	P
			value

Table 2 . Five most associated genes in the SKAT-0 rare variant association test.

 2 The p-value of the test is given as well as the number of variants and their cumulative minor allele frequency (cMAF) in cases and controls. P-values, Odds Ratios (OR) and their 95% confidence interval are also given using the burden test WSS. Figure 1: Flow diagram
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	Incident (Pasquier et al., Case-control Study	no pregnancy loss n=599 at least one living child		Unexplained pregnancy loss n=311
	2009)		Medical visit
			DNA , plasma,
			serum collection
	Prospective Cohort Study		Phone contacts medical follow-up
		No pregnancy loss		Many previous early
		similar age as cases		miscarriages , mostly
	Selection	« many » live-births		before age 35
	of individuals		
	with		
	extreme-		
	phenotypes		
		n=30	Whole Exome Sequencing	n=30
			high heterozygosity level n=1
		n= 30	SKAT-O methods	n=29
			Genes of interest
			ABCA4
		Controls Holo-TC measurement cases n=29 available samples n=29	NFAM1 TCN2
			AL078585.1
			EPS15
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Table 3. List of variants from the top 5 genes included in the rare variant association test. Genes are ranked from the most significant to the less significant. For each variant, its position, rs name, reference and alternative alleles and the frequencies of the alternative allele in the cases, controls and in GnomAD total database and GnomAD Non-Finnish European (NFE) population are reported.