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Identifying new potential genetic biomarkers for HELLP syndrome using massive parallel sequencing
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Background: Preeclampsia (PE) is a frequently occurring multisystemic disease affecting ~5% of pregnancies. PE patients may develop HELLP syndrome (haemolysis, elevated liver enzymes, and low platelet), a mother and foetus life-threatening condition.

Research into HELLP's genetic origin has been relatively unsuccessful, mainly because normal placental function and blood pressure regulation involve the fine-regulation of hundreds of genes.

Objective: To identify new genes and mutations constituting potential biomarkers for HELLP syndrome.

Study design:

The present case-control study involved whole-exome sequencing of 79 unrelated HELLP women. Candidate variants were screened in a control population constituted by 176 individuals. Stringent bioinformatics filters were used for selecting potentially etiological sequence variants in a subset of 487 genes. We used robust in silico mutation modelling for predicting the potential effect on protein structure.

Results:

We identified numerous sequence variants in genes related to angiogenesis/coagulation/blood pressure regulation, cell differentiation/communication/adhesion, cell cycle and transcriptional gene regulation, extracellular matrix biology, lipid metabolism and immunological response. Five sequence variants generated premature stop codons in genes playing an essential role in placental physiology (STOX1, PDGFD, IGF2, MMP1 and DNAH11). Six variants (ERAP1-p.Ile915Thr, ERAP2-p.Leu837Ser, COMT-p.His192Gln, CSAD-p.Pro418Ser, CDH1-p.Ala298Thr and CCR2-p.Met249Lys) led to destabilisation of protein structure as they had significant energy and residue interaction-related changes. We identified at least two mutations in 57% of patients, arguing in favour of a polygenic origin for the HELLP syndrome.

Conclusion:

Our results provide novel evidence regarding PE/HELLP's genetic origin, leading to new biomarkers, having potential clinical usefulness, being proposed.

Introduction

Preeclampsia (PE), clinically characterised by pregnancy-induced hypertension and proteinuria after the 20 th week of gestation, is a frequently occurring multisystemic disease affecting ~5% of pregnancies [START_REF] James | Summary of the NHLBI Working Group on Research on Hypertension During Pregnancy[END_REF][START_REF] Lisonkova | Incidence of preeclampsia: risk factors and outcomes associated with early-versus late-onset disease[END_REF]. Women affected by PE can suffer foetal intra-uterine growth restriction (IUGR) and have an increased risk of being affected by cardiovascular disease later in life [START_REF] Fraser | Associations of pregnancy complications with calculated cardiovascular disease risk and cardiovascular risk factors in middle age: the Avon Longitudinal Study of Parents and Children[END_REF][START_REF] Kwiatkowski | Maternal endothelial damage as a disorder shared by early preeclampsia, late preeclampsia and intrauterine growth restriction[END_REF]. It has been seen that ~15% of patients affected by severe PE may develop HELLP (haemolysis, elevated liver enzymes, and low platelet) syndrome, a mother and foetus life-threatening condition. Concerning PE per se, mechanisms have been described regarding PE, such as defective deep placentation, anticoagulant factor activation, immune response at the placental-maternal interface, increased endoplasmic and oxidative stress, having autoantibodies to type-1 angiotensin II receptor, intravascular inflammation, angiogenesis imbalance and endothelial dysfunction [START_REF] Chaiworapongsa | Pre-eclampsia part 1: current understanding of its pathophysiology[END_REF].

However, the exact mechanisms triggering PE developing into HELLP syndrome have not been completely elucidated. Several potentially PE-linked biochemical markers (e.g. PAPP-A, free CG-β, AFP, PP13, ADAM12, PlGF, VEGF, P-Selectin and inhibin A) have been studied for identifying those underlying possible usefulness in clinical environments [START_REF] Chaiworapongsa | Pre-eclampsia part 1: current understanding of its pathophysiology[END_REF]. For the moment, while some of these markers are indeed associated with preeclampsia, the effectiveness of those for predicting early PE is still disputable.

Regarding genetics of PE, at least 15 PE loci have been mapped to date and candidate genes have been proposed, such as ACVR2A, TNFSF13B, EPAS1 and STOX1 [START_REF] Jebbink | Molecular genetics of preeclampsia and HELLP syndrome -a review[END_REF][START_REF] Chelbi | Why preeclampsia still exists?[END_REF]. The STOX1 c.457T>C (p.Tyr153His) mutation has been functionally linked to PE aetiology, while Stox1 overexpression in mice leads to PE, IUGR and cardiovascular disease [START_REF] Van Dijk | The STOX1 genotype associated with pre-eclampsia leads to a reduction of trophoblast invasion by alpha-T-catenin upregulation[END_REF][START_REF] George | STOX1: A new player in preeclampsia?[END_REF][START_REF] Vaiman | Targeting STOX1 in the therapy of preeclampsia[END_REF][START_REF] Ducat | Endothelial cell dysfunction and cardiac hypertrophy in the STOX1 model of preeclampsia[END_REF][START_REF] Collinot | Preeclampsia induced by STOX1 overexpression in mice induces intrauterine growth restriction, abnormal ultrasonography and BOLD MRI signatures[END_REF].

The p.Ala356Gly deleterious mutation in Forkhead Box D1 (FOXD1), leading to C3 promoter transactivation disturbances, has been identified recently in a woman suffering PE and IUGR [START_REF] Laissue | Association of FOXD1 variants with adverse pregnancy outcomes in mice and humans[END_REF][START_REF] Quintero-Ronderos | FOXD1 mutations are related to repeated implantation failure, intrauterine growth restriction and preeclampsia[END_REF]. Some sequence variants in other genes (i.e. VEGF, MMP9, SERPINEA8 and MMP9) seem to increase the risk of PE.

Regarding the HELLP syndrome, a few genetic studies have been undertaken and it has generally been accepted that, due to common molecular pathways, most PE-related genes may also contribute towards HELLP's aetiology.

However, research into PE/HELLP's genetic origin has been relatively unsuccessful, mainly because normal placental function and blood pressure regulation involve the fineregulation of hundreds of genes. Furthermore, large pedigrees displaying PE/HELLP are rare, thereby generally hampering the mapping of genomic regions by classic genetic approaches. Whole-exome sequencing (WES) has been carried out in familial and isolated cases of PE which led to proposing some possible new genes and sequence variants related to the phenotype [START_REF] Johnson | Exome sequencing identifies likely functional variantsinfluencing preeclampsia and CVD risk[END_REF][START_REF] Kaartokallio | Exome sequencing in pooled DNA samples to identify maternal pre-eclampsia risk variants[END_REF][START_REF] Hansen | The genetic component of preeclampsia: A whole-exome sequencing study[END_REF][START_REF] Melton | Whole-exome sequencing in multiplex preeclampsia families identifies novel candidate susceptibility genes[END_REF]. However, no large-scale genomic approaches have yet been adopted in patients with HELLP syndrome.

Here is presented the first WES study for patients affected by the HELLP syndrome, on a relatively large cohort (79 unrelated women) of Colombian origin. Stringent bioinformatics filters were used for selecting potentially etiological non-synonymous sequence variants in a subset of 487 genes. We used robust in silico mutation modelling for predicting the potential effect on protein structure. We identified 110 variants (87 different) in 67 genes related to several biological processes, such as angiogenesis/coagulation/blood pressure regulation, cell differentiation/communication/adhesion, cell cycle and transcriptional gene regulation, extracellular matrix biology, lipid metabolism and immunological response. Five sequence variants were particularly drastic as they generated premature stop codons in genes playing an essential role in placental physiology (e.g. STOX1, PDGFD, IGF2, MMP1 and DNAH11). Six variants (ERAP1-p.Ile915Thr, ERAP2-p.Leu837Ser, COMT-p.His192Gln, CSAD-p.Pro418Ser, CDH1-p.Ala298Thr and CCR2-p.Met249Lys) led to potential destabilisation of protein structure as they had significant energy and residue interaction-related changes. We identified at least two mutations in 57% of patients, arguing in favour of a polygenic origin for the HELLP syndrome.

Taken together, our results provide novel evidence regarding PE/HELLP's genetic origin, leading to new biomarkers, having potential clinical usefulness, being proposed.

Materials and Methods

Women affected by HELLP syndrome and control population

The study involved selecting 79 unrelated women affected by HELLP syndrome for WES Thereafter, based on the reported frequency of HELLP (~20%) we estimated that 2028 should be affected by the disease. This number was taken as the total population. The final calculation (5% proportion), which was performed considering a precision of 5% and a confidence interval of 95%, led us to establish a sample size of 70 patients.

The Tennessee Classification System diagnostic criteria for HELLP syndrome [START_REF] Haram | The HELLP syndrome: Clinical issues and management[END_REF] 

WES, bioinformatics filtering of variants, Sanger sequencing and interactome analysis

Genomic DNA was extracted from all patients' blood samples, using standard procedures. Details regarding NGS experiments and primary bioinformatics analysis have been included as Supplementary methods. The detected sequence variants were filtered in parallel using R (v3.5.1; www.r-project.org), Excel (Microsoft Office 365) and VarSeq (Golden Helix Inc., Bozeman, USA) software. A subset of 487 candidate genes (named HELLP-487) was created by screening several databases and used to filter rare (MAF <0.005) variants evoking potentially harmful effects (Supplementary methods, Supplementary Table 2). Figure 1 illustrates the bioinformatics pipeline used for candidate variants´ filtering. We screened these variants in the C group of women. All selected variants were verified (n=118) by Sanger sequencing. The primer sequences and PCR sconditions are available upon request. We performed a network analysis of the genes where variants have been found, build using String-db (https://string-db.org/cgi/).

A functional enrichment analysis was carried out using Webgestalt against the GLAD4U disease database.

In silico structure prediction of protein mutant forms

The structural biology function of the DNASTAR Lasergene Suite software was used for predicting in silico energy/structure disturbances (ΔE-DFIRE-A calculations) induced by amino acid (aa) changes [START_REF] Zhang | Accurate and efficient loop selections by the DFIRE-based all-atom statistical potential[END_REF]. Details concerning these experiments have been included

as Supplementary Method.

Results

Sequencing and bioinformatics analysis

WES experiments' genomic coverage was higher than 98% on average. More than >90% of the genome was sequenced in all samples, having an average 50X read depth.

25,912,887 sequence variants were found in the 79 patients affected by the HELLP syndrome, 1,272,558 of which were non-synonymous or affected splicing sites (Figure 2). It was found that 277,570 variants had ≤ 0.005 MAF; 2,253 of these occurred in the HELLP-487 gene subset. Implementing computational predictors gave 119 variants having scores compatible with potential deleterious effects. Thereafter, the DYSF c.3287G>A variant was discarded as it had >0.005 MAF in the C group. Sanger sequencing confirmed 110 out of 118 (93%) filtered variants (Table 1 and Figure 2).

One hundred and six and four of these were at heterozygous and homozygous state, respectively (Table 1). We identified 87 different sequence variants of different types: 60 missense, 21 indels, 5 nonsnese and 1 splice-site. The Supplementary Figure 1 shows the results of the STRING interactome analysis. The network probability for enrichement was p=1.18 10-5. The gene ontology analysis revealed in particular KEGG and Reactome pathways linked to the coagulation cascade (FGG, F5, SERPINC1, SERPINB2). The analysis by Webgestalt against the GLAD4U disease database revealed the significant enrichments (FDR <0.05), also focused on thrombosis defects (Supplementary Figure 2).

Structural modelling of mutant proteins

Various protein structures were identified in the PDB database which facilitated modelling mutations identified in patients suffering HELLP syndrome (Table 2). Using P models (n=12) for simulating the prediction algorithm revealed that only 8% of the polymorphic changes modified a protein's local physicochemical properties (Supplementary Table 3). Ten out of the 17 candidate mutants (57%) found in patients affected by HELLP (for which PDB structures were available for in silico modelling) had significant changes regarding ΔE and residue interactions (Supplementary Table 3). Six of them (ERAP1-p.Ile915Thr, ERAP2-p.Leu837Ser, COMT-p.His192Gln, CSADp.Pro418Ser, CDH1-p.Ala298Thr and CCR2-p.Met249Lys) led to destabilising protein structure (Figures 3, 4 and5, Table 2, Supplementary Figures 3, 4 and5).

Discussion

The present study focused on 79 women affected by an extreme hypertensive-related phenotype to optimise the chances of discovering sequence variants potentially contributing to the disease's pathogenesis. Studying extreme phenotypes via NGS has been associated with an ability for identifying causal rare variants participating to complex traits [START_REF] Li | Identifying rare variants associated with complex traits via sequencing[END_REF][START_REF] Emond | Exome sequencing of extreme phenotypes identifies DCTN4 as a modifier of chronic Pseudomonas aeruginosa infection in cystic fibrosis[END_REF][START_REF] Emond | Exome Sequencing of Phenotypic Extremes Identifies CAV2 and TMC6 as Interacting Modifiers of Chronic Pseudomonas aeruginosa Infection in Cystic Fibrosis[END_REF][START_REF] Johar | Candidate gene discovery in autoimmunity by using extreme phenotypes, next generation sequencing and whole exome capture[END_REF]. It is known that rare encoding variants conferring moderate/strong functional effects significantly contribute towards frequently occurring diseases' phenotype heritability [START_REF] Manolio | Finding the missing heritability of complex diseases[END_REF][START_REF] Lee | Rare-Variant Association Analysis: Study Designs and Statistical Tests[END_REF][START_REF] Bomba | The impact of rare and low-frequency genetic variants in common disease[END_REF]. Our analysis involved opting for creating an extensive subset of 487 candidate genes having molecular relevance in placental development/function and preeclampsia/HELLP pathophysiology. We, and other groups, have demonstrated that this strategy provides an efficient alternative for dissecting complex molecular cascades involved in frequent reproductive disorders, such as recurrent spontaneous abortion and primary ovarian insufficiency [START_REF] Patiño | New mutations in non-syndromic primary ovarian insufficiency patients identified via whole-exome sequencing[END_REF][START_REF] Quintero-Ronderos | Novel genes and mutations in patients affected by recurrent pregnancy loss[END_REF][START_REF] Laissue | The molecular complexity of primary ovarian insufficiency aetiology and the use of massively parallel sequencing[END_REF][START_REF] Tucker | TP63-truncating variants cause isolated premature ovarian insufficiency[END_REF]. Interestingly, using computational filters in those studies (similar to those used in the present work) enabled identifying mutations leading to significant structural/functional disturbances, several of which were validated thereafter by in vitro assays [START_REF] Delcour | ATG7 and ATG9A loss-of-function variants trigger autophagy impairment and ovarian failure[END_REF][START_REF] Patiño | Functional evidence implicating NOTCH2 missense mutations in primary ovarian insufficiency etiology[END_REF].

To identify candidate variants we used specific astringent filters (non-synonymous variants, <0.005 MAF, four bioinformatics predictors of deleterious effects, protein sequence alignments). The genomAD database was implemented as a robust source of genomic information (> 60,000 control individuals). The very low frequency of these variants in the database argued in favor of a potential causative effect. We selected 119 sequence variants, 110 of which were definitely confirmed by Sanger sequencing (92%).

This corroborated our NGS experiments' technical reliability. We screened these variants in a cohort of 176 individuals having the same ethnic origin, which led us to discarding one of them having MAF >0.005. In genetic studies, large number of controls is useful to establish, from an epidemiological perspective, a robust causative link between candidate variants and the disease aetiology. This is particularly true for genetic association studies (e.g. GWAS) in which thousands of controls are necessary to map frequent variants potentially related to the phenotype. In GWAS, which is based on unbiased genetic hypotheses, the candidate variants generally underline low-to-moderate functional effects and/or constitute only mapping genomic markers. For sure, during almost two decades this approach led to map hundreds of chromosomal regions and genes contributing to complex diseases. The present approach was slightly different, because we analyzed exclusively the coding regions of a gene subset and performed a very astringent bioinformatic variant filtering. This strategy allows determining variants underlying moderate-to-severe functional effects, which are rare in the general healthy population as they tend to be negatively selected.

We found that the affected genes were related to several biological processes, such as angiogenesis/coagulation/blood pressure regulation, cell differentiation/communication/adhesion, cell cycle and gene regulation, extracellular matrix biology, immunological process and lipid metabolism. These genes may participate in various biological processes simultaneously; however, we have classified each one into just a single category for simplicity.

ERAP1 and ERAP2 are two reticulum endopeptidases participating in the processing/regulation of important hormones (e.g. angiotensin) and other molecules (nitric oxide, VEGF) involved in modulating blood pressure, angiogenesis and inflammation [START_REF] Miyashita | A mouse orthologue of puromycin-insensitive leucyl-specific aminopeptidase is expressed in endothelial cells and plays an important role in angiogenesis[END_REF][START_REF] Goto | Reduced activity of the hypertensionassociated Lys528Arg mutant of human adipocyte-derived leucine aminopeptidase (A-LAP)/ER-aminopeptidase-1[END_REF][START_REF] Cifaldi | Role of endoplasmic reticulum aminopeptidases in health and disease: from infection to cancer[END_REF][START_REF] Hisatsune | ERp44 Exerts Redox-Dependent Control of Blood Pressure at the ER[END_REF][START_REF] Goto | Substrate-dependent nitric oxide synthesis by secreted endoplasmic reticulum aminopeptidase 1 in macrophages[END_REF]. For instance, the ERAP1 p.Lys528Arg polymorphism was associated with essential hypertension; ERAP2 expression disturbances in placenta, as well ERAP1/ERAP2 sequence variants, were linked to an increased risk of suffering PE [START_REF] Yamamoto | Identification of 33 polymorphisms in the adipocyte-derived leucine aminopeptidase (ALAP) gene and possible association with hypertension[END_REF][START_REF] Johnson | The ERAP2 gene is associated with preeclampsia in Australian and Norwegian populations[END_REF][START_REF] Founds | Altered Global Gene Expression in First Trimester Placentas of Women Destined to Develop Preeclampsia[END_REF][START_REF] Hill | Fetal ERAP2 variation is associated with preeclampsia in African Americans in a case-control study[END_REF][START_REF] Vanhille | A Novel ERAP2 Haplotype Structure in a Chilean Population: Implications for ERAP2 Protein Expression and Preeclampsia Risk[END_REF]. The p.Lys528Arg mutation, located in the catalytic domain, has been shown to reduce protein efficiency to cleave angiotensin II (to angiotensin III) and to transform kallidin into bradykinin [START_REF] Goto | Reduced activity of the hypertensionassociated Lys528Arg mutant of human adipocyte-derived leucine aminopeptidase (A-LAP)/ER-aminopeptidase-1[END_REF].

The ERAP1-p.Ile915Thr mutation, identified in Pt-88, is located in the protein's Cterminal region, in a bowl-shaped alpha-helix subdomain (aa 614-941), consisting of numerous α-helices forming a concave surface completely sealing off the active site [START_REF] Nguyen | Structural basis for antigenic peptide precursor processing by the endoplasmic reticulum aminopeptidase ERAP1[END_REF][START_REF] Gandhi | Structural insights into the molecular ruler mechanism of the endoplasmic reticulum aminopeptidase ERAP1[END_REF][START_REF] Kochan | Crystal structures of the endoplasmic reticulum aminopeptidase-1 (ERAP1) reveal the molecular basis for N-terminal peptide trimming[END_REF][START_REF] Sui | Crystal structure of a polypeptide's C-terminus in complex with the regulatory domain of ER aminopeptidase 1[END_REF]. This protein region (domain IV), which has been highly conserved during evolution and among other enzyme subfamily members, plays an essential role as a "molecular ruler" mechanism, i.e. allosteric activation which involves antigenic peptide recognition and attachment. Interestingly, it has been proposed that the ERAP1 C-terminal region's hydrophobic pocket could trim the angiotensin II peptide, underlining a relevant role in blood pressure regulation [START_REF] Sui | Crystal structure of a polypeptide's C-terminus in complex with the regulatory domain of ER aminopeptidase 1[END_REF]. Structural in silico modelling revealed that the ERAP1p.Ile915Thr mutant form led to a significant change in residue interaction energies (∆E=1.708), which was related to destabilising protein structure (Figure 3, Table 2).

Furthermore, the Ile 915 aa interacted with 12 residues in the α-helix in ERAP1-WT structure, whilst Thr 915 interacted with 11 aa in the mutant form (the Thr 915 -Val 891 interaction became lost). The p.Ile915Thr mutation might therefore affect the C-terminal domain's folding, leading to ERAP1 enzymatic dysfunction, thereby contributing to the patient's phenotype.

Regarding ERAP2, the p.Leu837Ser mutation is also located in the IV domain (encompassing residues 648-960) and might also disturb catalytic site capping [START_REF] Birtley | The Crystal Structure of Human Endoplasmic Reticulum Aminopeptidase 2 Reveals the Atomic Basis for Distinct Roles in Antigen Processing[END_REF]. This variant led to a strong interaction energy disturbance (∆E=2.414) which was also predicted to destabilise protein structure (Figure 4, Table 2). Furthermore, we ascertained that the mutant Ser 837 residue lost interactions with 3 residues (Leu 928 , Ser Interestingly, regarding proteins involved in cell cycle and transcriptional gene regulation, we found variants in 5 transcription factors (TFs): STOX1, STOX2, CEBPA, TBX15 and DLX6 TFs. Previous reports have proposed that particular sets of TFs might be partly responsible for the massive transcriptomic dysregulation of genes observed in pre-eclamptic placentas [START_REF] Vaiman | Landscape of transcriptional deregulations in the preeclamptic placenta[END_REF]. Amongst these, STOX1 was of particular interest as it is a major actor involved in different cell processes involved in placental biology, such as proliferation, migration/invasion, oxidative stress equilibrium regulation, and the modulation of coagulation, inflammation and apoptosis [START_REF] Vaiman | Targeting STOX1 in the therapy of preeclampsia[END_REF]. Mutant forms of STOX1, such as transgenic mice, cell models and the human Tyr153His sequence variant, have been linked to PE [START_REF] Van Dijk | The STOX1 genotype associated with pre-eclampsia leads to a reduction of trophoblast invasion by alpha-T-catenin upregulation[END_REF][START_REF] Ducat | Endothelial cell dysfunction and cardiac hypertrophy in the STOX1 model of preeclampsia[END_REF][START_REF] Van Dijk | Maternal segregation of the Dutch preeclampsia locus at 10q22 with a new member of the winged helix gene family[END_REF][START_REF] Rigourd | STOX1 Overexpression in Choriocarcinoma Cells Mimics Transcriptional Alterations Observed in Preeclamptic Placentas[END_REF].

STOX1 mutant forms' harmful effect arises from its overexpression or increased transcriptional efficiency regarding particular targets.

The STOX1-p.Arg364Ter sequence variant was identified in one patient in the present work and p.Thr188Asn in another four. Structurally, the p.Arg364Ter has a particularly drastic effect as it is predicted to be slightly longer than the 'natural' STOX1B isoform (227 amino acids), but much shorter than the STOX1A isoform (989 amino acids). Since this mutant form encompasses the DNA binding domain and that in trophoblast STOX1 and STOX1B are generated about at the same concentration, it can be assumed that the existence of the mutant allele will decrease the level of STOX1A to half the normal dose leading to an increase of the STOX1B-like form. We recently showed that STOX1B overexpression induces major defects in the syncytialization process of trophoblast cells [START_REF] Ducat | Molecular Mechanisms of Trophoblast Dysfunction Mediated by Imbalance between STOX1 Isoforms[END_REF]. This mutation will therefore induce a moderate imbalance of STOX1A and B that would presumably impact placental function and be associated to HELLP syndrome vessel maturation during angiogenesis [START_REF] Uutela | PDGF-D induces macrophage recruitment, increased interstitial pressure, and blood vessel maturation during angiogenesis[END_REF]. Although the p.Arg370Ter mutation affected the protein's last residue, it highlighted a very likely harmful effect since Arg 370 plays a fundamental role in PDGFD binding to neuropilin 1 (NRP1); NRP1, in turn, is an important co-receptor for VEGF family members, including the placental growth factor (PlGF) [START_REF] Falco | The discovery of placenta growth factor and its biological activity[END_REF][START_REF] Muhl | Neuropilin 1 binds PDGF-D and is a co-receptor in PDGF-D-PDGFRβ signaling[END_REF].

The IGF2-c.97C>T (p.Gln33Ter) mutation in Pt-21 affects insulin-like growth factor-2 (IGF2), a maternal imprinted gene involved in placentation and foetal growth [START_REF] Cassidy | Genomic imprinting, growth and maternal-fetal interactions[END_REF]. Some heterozygous sequence variants (paternally inherited) in IGF2 and epigenetic modifications in the IGF2/H19 locus have been reported in patients affected by Silver-Rusell syndrome (and Silver-Rusell-like phenotypes). This disease is characterised by intrauterine growth retardation, placental abnormalities, postnatal growth deficiency and characteristic triangular facies [START_REF] Begemann | Paternally Inherited IGF2 Mutation and Growth Restriction[END_REF][START_REF] Wakeling | Diagnosis and management of Silver-Russell syndrome: first international consensus statement[END_REF][START_REF] Liu | De Novo Mutation of Paternal IGF2 Gene Causing Silver-Russell Syndrome in a Sporadic Patient[END_REF][START_REF] Yamoto | De novo IGF2 mutation on the paternal allele in a patient with Silver-Russell syndrome and ectrodactyly[END_REF]. The IGF2-c.97C>T (p.Gln33Ter) in Pt-21 has been predicted to generate an early stop codon and a protein lacking IGF insulin receptor binding sites. Since the premature stop codon is in close proximity to the start ATG codon (e.g. <200 nucleotides), it is highly likely that the nonsense-mediated mRNA decay system targets and degrades the mutant transcript [START_REF] Lindeboom | The rules and impact of nonsense-mediated mRNA decay in human cancers[END_REF]. Since IGF2 is maternally imprinted in the placenta, a possible explanation for its potential involvement is that the nonsense variant in HELLP syndrome may cause uniparental disomy (UPD). Although maternal UPD for chromosome 7 has been related to Silver-Russell syndrome, this variant's association with the disease is speculative, as we do not know whether Pt-21 is affected by any phenotype.

MMP1-c.1389G>A (p.Trp463Ter) was identified in Pt-11; this sequence variant affects the gene encoding matrix metallopeptidase 1 (MMP1), a collagenase acting in extracellular matrix molecule degradation and turnover in numerous biological processes.

MMP-1 plays an important role in PE pathogenesis as it participates in neutrophil recruitment, reactive oxygen species (ROS) generation and stimulating vascular reactivity to angiotensin II via various molecular pathways [START_REF] Estrada-Gutierrez | Increased expression of matrix metalloproteinase-1 in systemic vessels of preeclamptic women: a critical mediator of vascular dysfunction[END_REF][START_REF] Nugent | Matrix Metalloproteinase 1 Causes Vasoconstriction and Enhances Vessel Reactivity to Angiotensin II via Protease-Activated Receptor 1[END_REF][START_REF] Espino Y Sosa | New Insights into the Role of Matrix Metalloproteinases in Preeclampsia[END_REF]. The MMP1-p.Trp463Ter mutant protein lacks a C-terminal, which is contiguously located in the hemopexin-like domain, a region required for the catalytic domain's proper functioning [START_REF] Clark | Fragments of human fibroblast collagenase: purification and characterisation[END_REF][START_REF] Iyer | Crystal Structure of an Active Form of Human MMP-1[END_REF]. This mutant may shape changes in the protein's conformational properties, thus contributing to the phenotype. A nonsense heterozygous mutation in the DNAH11 gene was identified in Pt-98 and predicted to generate a truncated 1,354 residue-long protein (p.Glu1354Ter).

DNAH11 homozygous mutations have been described as being causative of Kartagener syndrome, a rare recessive disease lacking placental dysfunction. Although the DNAH11 mutation is drastic, it is difficult to establish its association with PE/HELLP.

Interestingly, 57% of the patients had at least two sequence variants, arguing in favour of the HELLP syndrome's polygenic nature. Most sequence variants found in our work via WES, using maternal DNA, were in heterozygous state. Since segregation analysis did not form part of our work, we could not establish accurately which variants occurred in placental (foetal) DNA, thereby affecting expression/function. Caution is thus advised when interpreting some of our results. 

Conclusions

Taken together, our results indicated that using large-scale genomic approaches for patients having extreme phenotypes represents an efficient strategy for identifying the genetic determinants potentially involved in complex diseases. HELLP syndrome represent a frequent polygenic disease that can be studied efficiently by NGS technique.

The present findings add insights regarding HELLP syndrome's molecular origin and propose a significant amount of new genes and mutations, which could be proposed as new clinically useful molecular biomarkers. 

  Thr188Asn variant is located in the DNA binding domain, potentially altering target gene binding and transactivation properties. We thus hypothesised that subtle equilibrium regarding STOX1 structure/expression/function is essential for placental physiology and to avoid/escape PE/HELLP. Different types of STOX1 mutations might lead to PE/HELLP via various molecular and functional overlapping mechanisms, some of which remain unexplored. Four additional sequence variants leading to premature stop codons were identified in genes participating in different biological processes: PDGFD-c.1108C>T (p.Arg370Ter), IGF2-c.97C>T (p.Gln33Ter), MMP1-c.1389G>A (p.Trp463Ter) and DNAH11c.4060G>T (p.Glu1354Ter). The PDGFD-p.Arg370Ter affects the C-terminal region of platelet-derived growth factor D, a protein having diverse functions, including blood

  

  

  

  

Table 2 )

 2 829 , Lys 867 ) in the α-helix, compared to its Leu 837 WT counterpart. This variant occurred in two patients in homozygous state but was absent in the C group, thereby arguing in favour of a specific allele which occurs frequently in the Colombian population. The . These factors have not yet been extensively studied in PE/HELLP and therefore constitute coherent candidates for future studies.

	ERAP2-p.Pro548Leu mutation is located at the junction region between domain II
	(residues 272-546), containing the HExxHx18E zinc-binding motif and the

aminopeptidase motif, and hinge region domain III. It is worth noting that this variant had a change (∆E=-2,023) which was predicted to stabilise protein structure; however, due to

The COMT gene encodes the catechol-O-methyltransferase enzyme that metabolises estradiol. COMT is involved in maintaining oxygen balance in placenta via HIF-1a/FLT1 (VEGFR) regulation, which has led to proposing it as a relevant molecular actor in preeclampsia pathophysiology

[START_REF] Jebbink | Molecular genetics of preeclampsia and HELLP syndrome -a review[END_REF]

. Low COMT levels in humans have been observed in women affected by severe PE, whilst the homozygous Comt gene KO in mice has induced a preeclampsia-like syndrome

[START_REF] Kanasaki | Deficiency in catechol-Omethyltransferase and 2-methoxyoestradiol is associated with pre-eclampsia[END_REF][START_REF] Banerjee | Mouse models for preeclampsia: disruption of redox-regulated signaling[END_REF]

. Functional p.Val158Met polymorphism has been associated with PE susceptibility in several populations, especially in homozygous carriers

[START_REF] Taravati | Catechol-O-methyltransferase Gene Polymorphism (Val158Met) and Development of Pre-eclampsia[END_REF]

.

Interestingly, it has been stated that His 192 residue replacement by a Gln (as we found in Pt-72) plays a central role in the protein's active site functioning, since it binds the Sthat observed in Comt -/-pre-eclamptic-like mice which had placental vascular lesions (e.g. acute atherosis), an absence of 2-methoxyoestradiol (2-ME) and hypersensitivity to

  To date, two WES studies on DNA samples from non-related PE women have been published. Gammill et al. analysed specific genes, related to cardiomyopathy, in a 181 population of white PE patients. Mutations in genes contributing to idiopathic and

	descriptive but have a relevant significance concerning research into the genetic causes of
	preeclampsia and HELLP syndrome and should constitute the starting point for new
	research projects.
	After sequence variants´ functional validation, our findings have applications in clinical
	practice, as they should help to the disease detection and prognosis.
	The present results constitute the starting point for future investigations interested to
	dissect, at molecular level, the inherent complexity of PE/HELLP phenotype. Future
	studies should involve functional in vitro tests of candidate mutations and genetic
	screening of variants in large panels of PE/HELLP patients.
	peripartum cardiomyopathy were found to be potentially associated with PE [72]. In
	another study, Hansen et al. performed WES experiments on 50 Danish PE women and
	50 controls for identifying candidate variants. Although two gene subsets were created
	for downstream analysis, the authors were unable to describe strong candidates related to
	the disease´s aetiology [17]. These findings evoke the difficulty to map genetic
	determinants and indicate that further NGS studies are necessary to identify new
	genes/mutations contributing to PE/HELLP.
	The results presented here cannot be generalized to other populations and have to be
	analysed with caution. Undoubtedly, future genomic studies involving HELLP patients
	from different ethnic origins are therefore mandatory to determine whether the genes and
	mutations described by us are also relevant in other populations. The present findings are

Table 1 . Gene variants identified in women affected by HELLP syndrome.
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	Gene	ID	DNA	Variant	Protein	Zygosity	MAF	rs	Biological Process
	COMT		c.576C>G		p.His192Gln	Hh	ND	ND	
	DBH		c.263G>C		p.Gly88Ala	Hh	0,0028	rs3025380	
	ENG		c.179C>A		p.Ala60Asp	Hh	0,0004	rs146100407	
	ERAP1	7	c.2744T>C		p.Ile915Thr	Hh	0,0008	rs139576768	
			c.1643C>T		p.Pro548Leu	Hh	0,0001	ND	
	ERAP2		c.2510T>C		p.Leu837Ser	HH	0,0031	rs142362923	
			c.2510T>C		p.Leu837Ser	HH	0,0031	rs142362923	
	F5		c.5460G>A c.5460G>A		p.Met1792Ile* p.Met1792Ile*	Hh Hh	0,0027 0,0027	rs6026 rs6026	Angiogenesis/
	FGG INHBB	m 7	c.571G>A c.938G>A		p.Gly191Arg p.Arg313His	Hh Hh	0,0026 ND	rs6063 rs1317023671	Coagulation/ Blood pressure regulation
	KDM1A		c.27_53del		p.Ala10_Ala18del	Hh	0,0001	rs762119456	
	KDR		c.2312C>T		p.Thr771Met	Hh	0,0011	rs149745504	
	MAS1		c.755A>G		p.Tyr252Cys	Hh	0,0025	rs147267209	
	PDGFD		c.1108C>T		p.Arg370Ter	Hh	0,0002	rs550016351	
	SERPINB 2		c.1111G>A		p.Ala371Thr	Hh	0,0010	rs139893427	
	SERPINC		c.1246G>T		p.Ala416Ser	Hh	0,0009	rs121909548	
	1		c.749C>A		p.Thr250Asn	Hh	ND	ND	
	ADD1		c.98C>T		p.Pro33Leu	Hh	0,0001	rs749350133	
	CALCRL		c.665T>G		p.Leu222Arg	Hh	ND	ND	
	CLDN6		c.62delG		p.Gly21fs	Hh	ND	ND	
	CTNNAL1 CUL7 DYSF	7 8	c. 719_720del c.3490C>T c.3283C>T c.3283C>T c.3283C>T		p.Thr240fs p.Arg1164Trp p.Arg1095Cys p.Arg1095Cys p.Arg1095Cys	Hh Hh Hh Hh Hh	ND 0,0021 0,0018 0,0018 0,0018	ND rs201135654 rs141536854 rs141536854 rs141536854	Cell differentiation/ Communication/Adhesi on
			c.707A>C		p.Asn236Thr	Hh	0,0001	rs150917600	
	HTR3A		c.1096C>T		p.Arg366Trp	Hh	0,0001	rs147921110	
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