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Identification of rare variants in CADM1 in patients with anorexia nervosa

As a polygenic psychiatric disorder, the genetics of anorexia nervosa (AN) remains largely unexplored. Recently a large GWAS meta-analysis identified a significant SNP (rs6589488) as associated with AN. We suggested that rs6589488 might gotten its associationas being in linkage disequilibrium with unknown variants or functional intronic variants. In a selective cohort containing 51 patients diagnosed with restrictive subtype AN, we screened the whole coding region of the CADM1gene by Sanger sequencing and further investigated if these variants are associated with specific outcome. Only 13 single nucleotide polymorphisms, including 2 missense variants, 2 synonymous variants, 2 variants located at 5'-UTR and 7 intronic variants, including rs6589488, were identified in our AN cohort. The 2 missense variants, p.Val5Leu and p.Asp285Glu were not predicted to be deleterious. In conclusion, the intronic initial variant appears to be not associated with causative coding variant in the vicinity.If CADM1 is not the AN predisposition factor, the causative variant probably lies within 1 Mb of CADM1. Interestingly, among the 7 closest genes to CADM1, the nicotinamide N-methyltransferase (NNMT) gene is known to be associated with obesity. We suggest that the intronic variant in CADM1 could be in linkage disequilibrium with other causative variants located in NNMT.

1.Introduction

A recent GWAS meta-analysis including 33 datasets comprising 15,807 patients with anorexia nervosa(AN) and 50,411 controls of European ancestry from 17 countries identified six independent genetic loci exceeding genome-wide significance (P < 5 × 10 -8 ) (Watson et al., 2019). The top SNP was rs9811318 (P = 3.19 × 10 -14 ; odds ratio (OR) = 1.15) in a locus on chromosome 3 with already reported associations concerningautoimmune diseases, educational attainment, and age at menarche. However, this locus contains more than 50 genes (Watson et al., 2019). The second most significant SNP (rs6589488; chr 11; P = 3.51 × 10 -9 ; OR = 1.13; 95% CI: 1.09-1.17) has been associated with age at menarche, and maps to CADM1 (cell adhesion molecule 1), a member of the immunoglobulin superfamily with hypothesized roles in behavioral phenotypes. This variant is located in intron 5 of CADM1 (g.115096856 GRCh37; g.115226236 GRCh38) and it isnamed c.721+2877T>A.

The CADM1 gene (also called IGSF4, TSLC1, SgIGSF, SynCAM1) was initially identified in a candidate region for certain cancers in 11q23.2 [START_REF] Gomyo | A 2-Mb sequence-ready contig map and a novel immunoglobulin superfamily gene IGSF4 in the LOH region of chromosome 11q23.2[END_REF]. This gene was considered as a tumor suppressor gene [START_REF] Kuramochi | TSLC1 isa tumor-suppressor gene in human non-small-cell lung cancer[END_REF] coding for an immunoglobulin superfamily (Ig) protein involved in cell adhesion [START_REF] Masuda | The tumor suppressor protein TSLC1 is involved in cell-cell adhesion[END_REF]. In 2005, CADM1 was shown to be early expressed during brain development (since E9.5 in mice), particularly in axons suggesting a role in cortical migration and axonal growth [START_REF] Fujita | Distribution of RA175/TSLC1/SynCAM, a member of the immunoglobulin superfamily, in the developing nervous system[END_REF]. It is also expressed in excitatory and inhibitory neurons suggesting a role in synaptogenesis [START_REF] Thomas | Expression and adhesion profiles of SynCAM molecules indicate distinct neuronal functions[END_REF] and more particularly at the level of growth cones [START_REF] Robbins | SynCAM 1 adhesion dynamically regulates synapse number and impacts plasticity and learning[END_REF][START_REF] Krzisch | Synaptic Adhesion Molecules Regulate the Integration of New Granule Neurons in the Postnatal Mouse Hippocampus and their Impact on Spatial Memory[END_REF], which negatively regulates the morphological complexity. The biochemical mechanism is still unknown but could correspond to activation of the PI3K pathway by formation of a MAGuK-MPP3-Dlg complex through a transhomophilic interaction (Murakami et al., 2014).CADM1 is moreover involved in βcell-β cell interactions and participates in insulin secretion, and its expression is reduced after prolonged glucose stimulation [START_REF] Zhang | Extracellular CADM1 interactions influence insulin secretion by rat and human islet β-cells and promote clustering of syntaxin-1[END_REF]. This gene, whose protein has been implicated in the hypothamic control network of puberty, is expressed in GnRH neurons but also in astrocytes of the hypothalamus [START_REF] Sandau | Thesynaptic cell adhesion molecule, SynCAM1, mediates astrocyte-to-astrocyte and astrocyte-to-GnRH neuron adhesiveness in the mouse hypothalamus[END_REF].

Genome-wide association studies (GWAS) have also identified associations between cell adhesion molecule loci (CADM1) and body mass index. Expression of this gene was elevated in obese mice, and induction of Cadm1 in excitatory neurons facilitated weight gain while exacerbating energy expenditure. Reducing Cadm1 expression in the hypothalamus and hippocampus promoted a negative energy balance and weight loss. On the contrary, the loss of CADM1 protects mice from obesity [START_REF] Rathjen | Regulation of body weight and energy homeostasis by neuronal cell adhesion molecule 1[END_REF].

Taking into account these recent studies, rare functional variants in CADM1 with minor allele frequency (MAF) below 1% may play a significant role in anorexia nervosa and are more likely to be deleterious than common variants (MAF > 5%). The idea is indeed that rs6589488 might have gotten its informativity as being in linkage disequilibrium with close but unknown functional variants. In a selective cohort containing 51 patients diagnosed with restrictive subtype anorexia nervosa based on DSM-IV criteria, we screened the whole coding region of the CADM1 gene by Sanger sequencing and further investigate if these variants are associated with specific outcome (capacity to get clinical remission).

Material and Methods

Subjects

This cohort is derived from one large cohort of Hospital Clinical Research Program (PHRC, Programme Hospitalier de Recherche Clinique) nominated ENDANO which mainly aimed at spotting the clinical, phenotypical and genetic markers of suicide in AN patients. In the cohort ENDANO, we obtained the DNA of female patients diagnosed with AN based on the criteria Diagnostic and Statistical Manual of Mental Disorders, 4e edition (DSM-IV), including remitted (current BMI > 18 kg/m 2 ) and non-remitted (current BMI <= 18 kg/m 2 ) patients. All participants have given informed and signed consent and study has been approved by the ethics committee of Sainte-Anne Hospital (2008-A01363-49). 51 female patients of restrictive subtype AN with at least two-year disease course were selected into the cohort of this study. The detailed clinical characteristics are described in the results section (Table 1).

DNA extraction

DNAs were already extracted previously from whole peripheral blood by QIAamp Blood Midi Kit (QIAGEN, Germany) and were stored under -20° C. Briefly, 200 μL protease, 2 mL blood, and 2.4 mL Buffer AL were successively added into centrifuge tube and mixed thoroughly followed by the incubation at 70°C for 10 min. 2 mL ethanol were then added and well mixed. The solution was transferred onto the QIAamp Midi column placed in a 15 mL centrifuge tube and centrifuged at 3000 rpm for 3 min. The filtrate was removed and 2 mL buffer AW1 as well as 2 mL buffer AW2 was added respectively followed by the centrifugation at 5000 rpm for 1 min and 15 min, respectively. Lastly, 300 μL distilled water was pipetted directly onto the membrane of the column, followed by 5 min of incubation and centrifugation at 5000 rpm for 2 min, successively.

Polymerase chain reaction, PCR

PCR were carried out following the routine standard procedure in our laboratory. Briefly, primers for CADM1 amplification were designed respectively with the tool 'Primer-BLAST' of NCBI (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and were available on request. The promoter region as well as 12 exons of CADM1 have been amplified by Taq platinum® kit (Nitrogen, USA). Part of intron 5 was also amplified to genotype the c.721+2877T>A variant (rs6589488). The annealing temperature was set as 60°C. Detailed parameters regarding PCR setup and cycle were available on request. All PCR products were controlled by 2% agarose gel electrophoresis and then stored under -20°C for further investigation.

Purification and Sanger sequencing

The amplified fragments were purified by NucleoFast® 96 PCR Plates (Macherey-Nagel, Germany). 50 μL RNase-free H2O was firstly added into each well and PCR products were then transferred into wells. A portable vacuum pump was applied, allowing the liquid to pass through the ultrafiltration membrane. After all the liquid in the well evacuated, another 50 μL RNase-free H2O was added to wash the membrane. Finally, the purified PCR samples were recovered by either 50 μL or 100 μL RNase-free H2O according to the product length and purified DNA concentration. Purified PCR products were stored under -20°C. 2 μL probe for sequencing was added followed by 15 μL purified PCR product into the Mix2Seq kit (Eurofins, Germany). Samples were transferred to the sequencing platform for Sanger sequencing. Bioinformatic analysis was carried out with the help of software Sequencher™ 4.9 (Gene Codes Corporation, USA).

Reference sequence and bioinformatic analysis

The genome coordinates of variants are based on GRCh37.p13 Annotation Release 105. For CADM1, the mRNA reference sequence (RefSeq) named NM_014333.3 was used for analyzing and comparing the data of sequencing obtained from Sanger sequencing. To compare the allele frequency between our cohort and the general population, we consulted both the database of general and control samples from the Genome Aggregation Database (gnomAD, v2.1.1, https://gnomad.broadinstitute.org/). The corresponding protein reference sequence NP_001287972.1 for CADM1 was chosen for the bioinformatic prediction of potential consequence of non-synonymous variants. Sequencing analysis and comparing were carried out with the help of software Se-quencher™ 4.9 (Gene Codes Corporation, USA). To predict the potential consequence whether a missense variant affects protein [START_REF] Barrett | Haploview: analysis and visualization of LD and haplotype maps[END_REF].

Statistical analysis

All statistical analyses were performed with SPSS software (Version 23.0. Armonk, NY: IBM Corp.). The normal distributions of clinical characteristics were verified by Shapiro-Wilk test.

The patient characteristics difference between remission and non-remission groups were evaluated by Mann-Whitney U test. The differences of frequency of comorbidities were analyzed by Fisher exact test. The difference of MAF of each variant between our cohort and gnomAD database were evaluated by Chi-square testor Fisher's exact test.Ap-value < 0.05 was considered statistically significant. 

Results

Clinical description

CADM1 gene mutation screening

13 single nucleotide polymorphisms (SNPs), including 2 missense variants, 2 synonymous variants, 2 variants located at 5'-UTR and 7 intronic variants, whom rs6589488 were identified by Sanger sequencing of the whole coding sequence of CADM1 and its promoter in our AN cohort (Table 2). All of them were in Hardy-Weinberg equilibrium (data not show).

Using these 13 SNPs, the linkage disequilibrium computation failed to identify a significant haplotype block (Figure S1, S2). However, a major haplotype with a frequency of 0.427 was found (Figure S3). The rs6589488 variant was found in 26% of patients from our cohort (13/50 cases) (Table 2). Allelic, genotypic and carrier distributions are described in Table S1.

No significant association was observed for rs6589488 between AN patients compared to the European general population. By comparing the MAF between our cohort and general population in gnomAD control database, 2 intronic variants [i.e., rs1244991474 (c.271+86T>A; MAF = 1/102) and rs11607928 (c.425-14T>C; MAF = 50/102)] have reached significance (p<0.001) (Table 2). For the 7 intronic variants, bioinformatics softwares (Human Splicing Finder (HSF), splice site finder-like, MaxEntScan, geneSplicer, and NNsplice) were carried out for evaluating the impact on pre-mRNA splicing and all these intronic variants were indicated as 'probably no impact' on alternative splicing. 

Association between genotype and phenotype

We further investigated if these variants are associated with specific outcome and/or specific comorbidities. The distribution of these 13 SNPs was not significantly different in remitters and non-remitters (Table 3). Moreover, no differences in allelic and genotypic distribution of the rs6589488 were found in for remitters or non-remitters subsamples when compared to controls (Table S1). However, it is worthwhile noting that for intronic variant c.425-14T>C whose MAF was significant higher in our AN cohort than in controls (gnomAD database), 35% (14/40) of the homozygotes were non-remitters (Table 3). Regarding the association between CADM1 variants and life-time comorbidities of AN in our cohort (i.e., MDD, BPD, and OCD), interestingly, all the 7 heterozygotes carrying the missense variant p.Val5Leu did not comorbid with OCD (p = 0.049) (Table 4). The other CADM1 variants did not show any significant correlation with comorbidities in our cohort.

Discussion

CADM1 is firstly demonstrated to be highly expressed during early cerebral development, especially in the hypothalamus and the hippocampus, suggesting an important role in synaptogenesis [START_REF] Robbins | SynCAM 1 adhesion dynamically regulates synapse number and impacts plasticity and learning[END_REF]. Recent studies showed that CADM1 may also contribute to the regulation of glucose and energy homeostasis [START_REF] Zhang | Extracellular CADM1 interactions influence insulin secretion by rat and human islet β-cells and promote clustering of syntaxin-1[END_REF].

Moreover, the increased expression of CADM1 in the hypothalamus is shown to be associated with a positive energy balance and weight gain [START_REF] Rathjen | Regulation of body weight and energy homeostasis by neuronal cell adhesion molecule 1[END_REF].

Furthermore, as is mentioned above, its expression in the hypothalamus is reported to significantly increase with the onset of puberty in female primates [START_REF] Roth | Expression of a tumor-related gene network increases in the mammalian hypothalamus at the time of female puberty[END_REF], suggesting a potential involvement in the pathogenesis of AN. The recent association between CADM1 and anorexia nervosa by GWAS reinforced the interest to study this gene in this disorder.

In the recent international GWAS meta-analysis of AN comprising 16,992 AN cases and 55,525 controls, the Odds-Ratio of the intronic variant rs6589488 of CADM1 was only 1.14.

This common intronic variant would be potentially in linkage disequilibrium with a coding variant, which should attract more medical interest than the linked common variant included in GWAS. According to this principle, we have conducted exon Sanger sequencing in our cohort containing 51 female patients of restrictive subtype AN and found only two raremissense variants (i.e., rs112835318 and rs45525440) whose MAF failed to reach the significance compared with gnomAD database. Bioinformatic prediction softwares showed no potential impact on protein function. Interestingly, the intronic variant (g.115226236A>T, GRCh38p12) identified by the GWAS meta-analysis has a variable frequency according to ethnicity. Frequency varied between 0 (0/216 Vietnamese), 0.12 (71/600 Northern Sweden), to 0.13 (596 A/4480, Estonian) (2844 A / 30948 in general population from gnomAD). We identified the rs6589488 in 13 AN patients, but this variant appears not to be associated with AN compared to the general population. We cannot exclude that some rare variants in linkage disequilibrium are associated with AN. Another deep-intronic CADM1 variant located in intron 8 (rs10891819) was recently found to be associated with higher brain activation in the context of better performance in inhibition task and the TT genotype was defined as a protective effect againstADHD [START_REF] Jin | The Implicated Roles of Cell Adhesion Molecule 1 (CADM1) Gene and Altered Prefrontal Neuronal Activity in Attention-Deficit/Hyperactivity Disorder: A "Gene-Brain-Behavior Relationship[END_REF]. Inevitably this preliminary finding needs to be replicated by future studies with large sample size.

In 2008, resequencing of 109 genes in a large family with Protein C deficiency identified the rs6589488 variant located in intron 5 as associated with risk of venous thrombosis. However, the incomplete correspondence between thrombosis status and the genetic risk factor to an additional causative variant that remains to be discovered. In this study as well as in our report, if CADM1 is not the AN predisposition factor, the causative variant probably lies within 1 Mb of CADM1. Interestingly, among the 7 closest genes (NXPE2, NXPE4, NXPE1, REX02, RBM7, C11orf71, NNMT) to CADM1 (115044345-115375241), we found the nicotinamide N-methyltransferase (NNMT) gene (114167121-114184257) (Hasstedt et al., 2008) located at a distance of 860 Kb. NNMT is a cytosolic enzyme that catalyzes the transfer of a methyl group from the co-factor S-adenosyl-L-methionine (SAM) onto the substrate, nicotinamide (NA) to form 1-methyl-nicotinamide (MNA). Higher NNMT expression and MNA concentrations have been associated with obesity and type-2 diabetes. Moreover, NNMT knockdown protects against diet-induced obesity [START_REF] Kraus | Nicotinamide Nmethyltransferase knockdown protects against diet-induced obesity[END_REF][START_REF] Brachs | Genetic Nicotinamide N-Methyltransferase (Nnmt) Deficiency in Male Mice Improves Insulin Sensitivity in Diet-Induced Obesity but Does Not Affect Glucose Tolerance[END_REF]. We may suggest that the intronic variant in CADM1 could be in linkage disequilibrium with other causative variants located in NNMTin specific ethnic populations and further studies should be performed to confirm this hypothesis.
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For the 2

 2 missense variants, rs112835318 (c.13G>C, p.Val5Leu) and rs45525440 (c.885T>G, p.Asp285Glu), we used three online prediction tools (SIFT, PolyPhen-2 and MutationTaster) to evaluate potential detrimental consequences of these variants on protein structure and function. The p.Val5Leu is located within the signal peptide and is predicted as 'damaging with low confidence' by SIFT (score: 0), as 'possibly damaging' by PolyPhen-2 (score: 0.549) and as 'polymorphism' by MutationTaster. The p.Asp285Glu is located within the Ig-like C2type 2 domain of CADM1 and is considered as 'tolerated' and 'polymorphism' by SIFT (score: 0.8) and MutationTaster, respectively, but as 'possibly damaging' by PolyPhen-2 (score: 0.747).

  of the sample. recruited as part of the ENDANO cohort. Patient characteristics are summarized in Table1. BMI greater than 18 kg/m 2 (not included) during more than 1 year was considered as remission. Totally 11 remitters and 40 non-remitters were included in this study. The median value of age is 26 years-old with the interquartile range (IQR) value of 10 (Q1 = 21, Q3 = 32).

	The median value of age at onset is 17 years old with IQR of 4 (Q1 = 16, Q3 = 20). Expectedly,
	a significant difference of BMI was observed between remission and non-remission patients,
	with the median value of 20 and 16, and IQR of 3 (Q1 = 19, Q3 = 21) and 2.8 (Q1 = 14, Q3 =
	17), respectively. Moreover, the scores of two eating disorder-specific self-rated scales, 26-
	item Eating Attitudes Test (EAT-26) and Eating Disorder Inventory-2 (EDI-2), were
	significantly low in remission group than in non-remission group (8 ± 9.8 versus 25.5 ± 16.3,
	p = 0.008; 40.3 ± 30.1 versus 81.2 ± 40.1, p = 0.014, respectively). The age and the duration

of the disease were also significantly different between these two sub-groups (p = 0.002 and 0.015, respectively), probably due to medical interventions and the evolution of the disease.

There was no statistical significance with respect to age at onset between remission and non-remission population. In respect of comorbidity, 54.9% (28/51) of the patients were diagnosed, previously or currently, with major depression disorder (MDD), 7.8% (4/51) with bipolar disorder (BPD) and 35.3% (18/51) with obsessive-compulsive disorder (OCD). No significant differences regarding these comorbidities were reported between remission and non-remission groups (p = 0.511, 0.862 and 0.180, respectively). Tobacco, cannabis and alcohol substance abuse were also assessed by respective questionnaire FTND (Fagerstrom Test For Nicotine Dependence), CAST (Cannabis Abuse Screening Test) and MAST (Michigan Alcohol Screening Test) and no statistical significance was reported between remission and non-remission groups (p = 0.414, 0.553 and 0.343, respectively).

Table 1 .Clinical features of the long-lasting restrictive subtype AN cohort
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	Tables
	Figure 1. Human CADM1 gene (NM_014333.3; GRCh37/hg19: chr11:115,044,345-
	115,375,241) structure. Location of the different CADM1 variants identified in patients with
	AN. The three alternative exons (8, 9 and 10) are indicated in light grey
	BMI greater than 18 kg/m 2 (not included) was considered as remission. Continuous variables
	are presented as mean value (minimum and maximum) or (± standard deviation).
	Categorical variables are presented as frequency.*: A p-value < 0.05 was considered
	statistically significant.

Abbreviations: BMI, Body Mass Index; MDD, Major Depression Disorder; BPD, Bipolar Disorder; OCD, Obsessive-Compulsive Disorder; FTND, Fagerstrom Test For Nicotine Dependence; CAST, Cannabis Abuse Screening Test; MAST, Michigan Alcohol Screening Test.

Table 2 . CADM1 genetic variants in 51 female patients with restricting subtype anorexia nervosa
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. a: data collected from gnomAD control database (gnomAD, v2.1.1 controls, https://gnomad.broadinstitute.org/). *: A p-value < 0.05 was considered statistically significant. Abbreviations: MAF, Minor Allele Frequency; MAC, Minor Allele Count; N-A, No. of alleles; N-homo, No. of homozygotes.

Table 3 . CADM1 Variant distributions in remitters and non-remitters of anorexia nervosa.

 3 Abbreviations: MAF, Minor Allele Frequency; MAC, Minor Allele Count; N-A, No. of alleles; Nhomo, No. of homozygotes.

Table 4 . Association between CADM1 variants and comorbidities of anorexia nervosa.

 4 : A p-value < 0.05 was considered statistically significant. Abbreviations: MDD, Major Depression Disorder; BPD, Bipolar Disorder; OCD, Obsessive-Compulsive Disorder; MAF, Minor Allele Frequency; N-homo, No. of homozygotes.

				Remission			Non-remission		
	Markers	Variant	Annotation	MAF MAC N-A N-homo MAF MAC N-A N-homo	p-value
	rs182739293 c.-615C>G	5' UTR	0	0	22	0	0.0125 1	80	0	0.598
	rs571349510 c.-164G>C	5' UTR	0.045 1	22	0	0	0	80	0	0.061
	rs112835318 c.13G>C, p.Val5Leu	Missense	0	0	22	0	0.025 2	80	0	0.454
	rs1244991474 c.271+86T>A	Intron	0	0	22	0	0.0125 1	80	0	0.598
	rs11607928	c.425-14T>C	Intron	0.409 9	22	1	0.5125 41	80	14	0.390
	rs6589488	c.721+2877T>A	Intron	0.182 4	22	0	0.154 12	78	3	0.344
	rs11215432	c.721+119T>C	Intron	0.091 2	22	1	0.025 2	80	0	0.158
	rs113893105 c.786G>A, p.Ala262=	Synonymous 0	0	22	0	0.0125 1	80	0	0.598
	rs45525440	c.885T>G, p.Asp285Glu Missense	0.045 1	22	0	0.0375 3	80	0	0.865
	rs139604912 c.921T>C, p.Asp307=	Synonymous 0	0	22	0	0.0125 1	80	0	0.598
	rs45622340	c.1111+151A>T	Intron	0.182 4	22	0	0.25	20	80	3	0.504
	rs11215399	c.1210+53T>C	Intron	0.182 4	22	0	0.1875 15	80	1	0.952
	rs7128213	c.1297+154A>C	Intron	0	0	22	0	0.075 6	80	0	0.185
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