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NCBoost classifies pathogenic non-coding variants in Mendelian diseases through supervised learning on purifying selection signals in humans
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Abstract

The objective of this thesis is to characterize the pathogenic potential of non-coding germline mutations in humans. The project is constituted of two main parts: i) studying the impact of rare non-coding variants in Mendelian diseases and ii) studying the role of common variants and non-genetic factors in the expression of immune-related plasma proteins.

In the first part, we developed a method predicting the pathogenic potential of rare non-coding variants in the scope of Mendelian diseases. This method leverages the observed sequence conservation across vertebrates, mammals and especially across primates and humans. An in-depth manual curation work was performed on existing rare non-coding disease-causing variant databases in order to built a high-quality dataset, allowing the training of a tree-boosting machine learning method specific to Mendelian diseases. This method was successfully tested on several independent sets of variants corresponding to several scenarii. This work highlights the importance of the quality of the training set and of the consideration of several constitution biases in existing databases in improving the accuracy of the predictions in the scope of Mendelian diseases. Moreover, this method shows more robust and reliable performances than the benchmarked methods.

In the second part, we studied the influence of common variants on the immunerelated plasma protein heterogeneity in healthy humans. This work used a data-driven multivariate approach and allowed for the identification of novel SNPs associated with different protein expression levels (pQTLs) as well as the v replication of previously identified associations. Some of the newly reported pQTLs are associated with proteins involved in Mendelian diseases such as primary immunodeficiencies, and could act as modulators of such diseases. Moreover, this work highlights the relevance of considering confounding variables specific to the type of studied proteins, such as the different blood-cell fractions, when identifying potential mechanisms mediating the effect of the genotype onto the observed phenotype.
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Introduction

Prolegomena

Understanding the inheritance of biological traits has been a continuous work, spanning millennia. Archaic tribes started to, involuntarily and later voluntarily, domesticate and breed animals and plants more than 10'000 years ago, selecting organisms with interesting characteristics, at first for food and resource management, and later for other purposes, such as labor or clothing [1][2][3] . During the 4th century BCE, greek philosophers such as Hyppocrates, Democritus and Aristotle started to speculate about the inheritance of acquired traits, formulating the hypothesis of pangenesis, stating that the entire parental organisms contribute to heredity. This hypothesis of inheritance of traits became widely accepted, as strong similarities between related individuals could be directly observed. The first evolutionary thoughts were formulated by Jean-Baptiste Lamarck, through several lectures and publications early in the 19th century, wherein he argued that species were appearing spontaneously and evolving toward a state of higher complexity due to environmental pressure, a hypothesis called orthogenesis. In 1859, through the very famous On the Origin of Species, Charles Darwin documented the adaptation of organisms to their environment and the selection of inherited acquired characteristics in a theory called natural selection. In 1868, in his second book entitled The Variation of Animals and Plants under Domestication, Charles Darwin updated the pangenesis hypothesis with contemporary knowledge, detailing that each part of the organism was constantly secreting gemmules which aggregated in the gonads, passing inherited adaptations to the gametes. In 1865, Gregor Mendel published Experiments on Plant Hybridization, where he described his experiments on the transmission of hereditary traits on green peas and formulated the laws of inheritance of factors, the carriers of traits, throughout generations. Later, in 1889, Hugo de Vries suggested that different traits had different carriers, which he called pangenes. This name was further reduced to genes by Wilhelm Johannsen in 1903, who also defined the genotype as the physical carrier of the phenotype observed in organisms. It was only around 1930 that Darwinism and Mendelism were reconciled by Sewall Wright, Ronald Fisher and John Haldane, who integrated evolutionary biology and genetics into a coherent and theoretically framed field, corresponding to the study of mutations and their spread in a population. Fisher's contribution through The Genetical Theory of Natural Selection was considered by many as the most influential genetic book since Darwin's. More than 30 years later, a broader interdisciplinary consensus emerged from the work of Julian Huxley, George Gaylord Simpson, Ernst Mayr, George Ledyard Stebbins and Theodosius Dobzhansky, called the modern synthetic theory of evolution, stating that evolution exists solely due to the natural selection of random genetic variations throughout generations. The development of molecular biology in the '50s allowed the discovery of the physical evidence of genetic information, the DNA. In 1953, the discovery of the double-helix structure of DNA by Crick, Franklin and Watson, is one of the most important biological discoveries, giving essential insights into understanding life. Around 10 years later, the first gene regulatory structure was discovered by Jacques Monod and François Jacob, under the form of an operon, a functional unit comprising several genes whose expression is co-regulated by a single promoter. Both discoveries were awarded the Nobel Prize in Physiology or Medicine respectively in 1962 and 1965, recognizing their importance.

In the meantime, advances in developmental biology and ecology instigated the proposal of an extended synthetic theory of evolution by several authors, such as Conrad Waddington, Stephen Gould and Michael White. Rather than the sole action of natural selection on random mutations, here, they revisited the factors influencing the evolution of organisms, adding as driving forces genetic drift, multilevel selection, developmental facilitation or constraint, and evolvability (i.e. the facilitating configuration of genomes for beneficial changes to occur hereafter). Based on the discoveries in molecular biology and in genetics, Motoo Kimura combined theoretical approaches and experimental data to formulate the neutral theory of evolution 4 . This theory states that most evolutionary changes at the molecular level are driven by genetic drift, a random process indepen-dent of natural selection and migrations, while at the organism level natural selection is necessary for evolution. Since the discovery of DNA and gene units, molecular genetic tools have been applied to the identification and characterization of functional elements using two main approaches: forward and reverse genetics 5 . The forward approach aims at determining the genetic basis of an observed phenotype, and has been widely used for the study of genes causing rare genetic diseases in humans, such as the Hungtintin gene in 1983 6 . Conversely, the reverse approach consists in the targeted mutation of specific nucleotides and the observation of consequent phenotypic changes. While these strategies allowed the discovery of many genes and other functional elements supported by genetic evidence, they remained long and costly, preventing them to be applied widely.

More recently, genetic studies boomed thanks to the development of DNA sequencing and the completion, in 2003, of the first sequence of the human genome by the Human Genome Project 7 . This achievement was an important milestone in biology, giving invaluable insight on the content and structure of the human genome, and contradicted several a priori estimates, especially regarding the link between the number of genes and the observed complexity of an organism. One of the aims of the Human Genome Project was the identification of all functional elements of the human genome. Initially, most functional elements were expected to lie only in coding regions, while the rest of the genome would serve no particular functionality 8 . However, at completion, the identification of functional elements -and even of some genes -appeared more complex than their straight detection from the genomic sequence. Around 98% of the genome was defined as non-coding, while the remaining ~1.5% as composed of ~20'000 genes, and a further 0.7% as to coding genes in untranslated regions 7,9 . Furthermore, based on Kimura's neutral theory, contemporary evolutionary genetic studies estimated that up to 10% of the human genome was under purifying selection, most of it falling in non-coding regions [10][11][12][13] , while current re-estimations of human genome regions under purifying selection range from 6% to 10%, depending on the considered species and methods [14][15][16][17][18] . Comparative genomics approaches between the human genome and other mammalian or primate genomes showed that between 40% and 60% of the conserved sequence were non-transcribed and not overlapping with known genetic elements 19,20 .

To further the search on genome functionality, large-scale projects aiming at the char-acterization of DNA biochemical activity (e.g. transcription, chromatin accessibility, histone modifications and transcription factor binding) were launched. In 2003, the EN-Cyclopedia Of DNA Elements (ENCODE) project was kicked off, in order to identify all functional elements of the human and mouse genomes, in multiple lab-grown cell lines 7 . In 2008, the Roadmap Epigenomics Consortium was founded to characterize ex vivo the epigenomic landscape of human embryonic stem cells and foetal samples, and also apply new methods developed after the launch of ENCODE, such as ChIP-seq 21 . In 2011, the BluePrint Epigenome Project was launched, with the aim of characterizing the epigenome of hematopoietic cells from healthy individuals and their malignant leukaemic counterparts 22 . These large scale projects allowed the identification of cell-type-specific and context-specific regulatory elements throughout the genome, with up to 80% of the genome presenting some degree of biochemical activity in the considered cell types and assays 23 . In parallel, the widely used genome wide association studies, relating traits and genomic loci, indicated that ~90% of identified single nucleotide polymorphisms associated with traits and diseases lied in non-coding regions of the genome 24 . Altogether, these genetic, evolutionary and biochemical evidence suggest that non-coding regions are rich in functional elements serving gene regulatory or other significant roles.

However, the portions of the genome estimated as functional by these three different approaches were extremely different, with estimates based on biochemical evidence being greatly larger than estimates based on evolutionary or genetic evidence, and remarkably limited in terms of overlap 23,25 (Figure 1). Indeed, some regions conserved in mammals notably showed a lack of any biochemical activity or phenotypic changes upon deletion, and several genetic elements driving tissue-specific gene expression a lack of sequence constraint 19,26,27 . These results raised many questions regarding our definition of functional, which still remain under debate today [28][29][30] .

Nevertheless, several leads were proposed in order to explain these differences. First, biochemical and genetic evidence are specific to cell types and contexts, while evolutionary evidence reflect the fitness of a complete organism in its ecological niche and physical environment. Second, the underlying methodologies vary in their accuracy, resolution and throughput. Third, the portions of elements defined as functional by the different approaches remain incomplete, and are currently refined by further experimental and analytical development and extended by the analysis of additional datasets (e.g. additional biochemical assays and cell types, larger cohorts of patients, additional species).

Historically, the identification and characterization of genes has been driven by the study of rare genetic diseases. Rare genetic diseases individually affect small fractions of the population, with prevalence ranging from the unique observed case of ribose-5-phosphate isomerase deficiency to 0.05% of the total population for cystic fibrosis 31 . However, when considered globally, rare genetic diseases are pervasive and estimated to affect around 400 million people worldwide 31,32 . As of July 2020, more than 4000 genes causing inherited diseases have been identified and reported in the Online Mendelian Inheritance in Man (OMIM) database 33 , a figure probably underestimated when considering the amount of disease-associated variants not mapped to any gene and the limited molecular diagnosis rate of rare genetic disease patients [34][35][36] . Actually, the diagnosis rate of such patients is highly dependent on the disease, study design and used technologies, ranging from less than 10% for whole exome sequencing in syndromic congenital heart disease patients 35 to almost 80% for whole exome and copy number variant analysis in primary ciliary dyskinesia patients 37 . Although whole exome sequencing allows the interpretation of the consequences of coding variants on protein primary structure, only 25 to 50% of cases receive a molecular diagnosis 36 , suggesting that non-coding variants, undetected by whole exome sequencing, may be causal of many rare genetic diseases. While the genetic code is essential and extremely helpful to predict the molecular consequences of coding variants on protein primary structure, no such code has been established for non-coding variants. Currently, disease-causing non-coding variants are mostly expected to quantitatively or qualitatively alter the spatio-temporal expression of genes in disease-susceptible tissues. Therefore, the study of such variants is mainly focused on proximal non-coding elements, such as introns, untranslated regions (UTRs), promoters, and in some cases, associated enhancers. However, ENCODE and other projects such as the Functional ANnotation Of the Mammalian genome (FANTOM 38 ) or the Genotype-Tissue Expression (GTEx 39 ) projects, revealed the tissue-and condition-specific effect of such elements on gene expression. Thus, current analytical methods have integrated several proxies of sequence functionality -such as their overlap with known genic or nongenic elements, tissue-specific epigenetic profiles and evolutionary conservation metrics -with other omic methods, such as transcriptomics and proteomics, in order to identify disease-causing non-coding variants and to characterize their molecular impact on gene expression 36,[40][41][42] . In this introduction, I first review the current knowledge regarding functional non-coding elements, as defined by genetics, epigenetics and comparative genomics, then I describe how variants quantitatively and qualitatively alter gene expression in a tissue-specific manner, and eventually I describe the different computational approaches used for their identification and functional interpretation.

-The non-coding genome

The identification of non-coding genetic elements was historically driven by their proximity to genes -and on their presence or absence on transcripts at the different levels of transcription and maturity (e.g. UTRs and introns) -or by their role in coding and non-coding gene expression regulation. In addition, several non-coding regions were identified by their topological effects at the local or chromosomal scale.

-Protein-coding non-coding elements

The transcription of protein coding genes produces a pre-messenger RNA (pre-mRNA), which then undergoes 3 main modifications to mature into a mRNA: 5' capping, intron splicing, and 3' polyadenylation, which are respectively occuring at the untranslated 5' region (5'UTR), the introns and the untranslated 3' region (3'UTR) of the pre-mRNA.

The 5'UTR is defined as the region in between the 5'-most nucleotide and the AUG codon, while the 3'UTR is defined as the region in between the translation STOP trinucleotide and the 3'-most nucleotide. Both 5'UTR and 3'UTR are exonic elements present in both pre-mRNA and mRNA. Introns are defined as the regions present in the pre-mRNA, but spliced out and hence absent from the mRNA. This mRNA is eventually translated into a protein by ribosomes. The transcription, maturation and translation steps constitute the central dogma of molecular biology. Although these steps have been known for decades and studied in numerous eukaryotes and prokaryotes, many of their regulatory and functional mechanisms remain elusive.

-5' UTRs

-Main roles of 5' UTRs in transcription

The main known roles of 5'UTR regions are the maturation of pre-mRNA, the recruitment of ribosomes and the correct selection of the translation initiation codon. These roles are often initiated or mediated by the addition of a modified nucleotide at the 5' extremity, a phenomenon called capping, which occurs co-transcriptionally, before the assembly of the first 20 nucleotides by the RNA polymerase II. During elongation of the nascent pre-mRNA, the 5' cap is recognized by proteins responsible for pre-mRNA maturation, such as the ribonucleoproteins responsible for splicing. This allows the splicing of the first intron 43,44 . Furthermore, the cap promotes the translation or the decay of pre-mRNA and mRNA in a dynamic way, depending on the added nucleotide. The principal added nucleotide is a 7-methylguanosine, which prevents 5'-3' exonucleolytic activity and allows for the recruitment of the translation pre-initiation complex on the 5'UTR at a specific position. During the mRNA life-cycle, the 7-methylguanosine can be replaced by a nicotinamide adenine dinucleotide that promotes the targeted decay of mRNA 45 . The recruited pre-initiation complex consists of a small ribosomal subunit pre-loaded with the methionyl-initiator tRNA and several translation initiation effectors that facilitate the recognition of the cap, and the recruitment of other co-or post-translational factors 44,46 . The pre-initiation complex then scans the 5'UTR with a direction of 5' to 3', until recognition of an AUG codon by the methionyl-initiator tRNA anticodon. This scanning directionality promotes the selection of the first AUG as initiation codon. However, this selection also depends on the sequence flanking the AUG codon, such as the well-known Kozack consensus sequence ((A/G)CCAUGG) that favors the selection of the contained AUG as initiation codon. After recognition, the pre-initiation complex is rearranged, and can now recruit the large ribosomal subunit (60S) to form a mature 80S complex, which proceeds to the translation until encountering a STOP codon causing the dislocation of the translation complex and the release of the translated protein 46 .

-Alternative translation initiation sites and upstream ORFs

Several AUG codons can be present in a 5'UTR, their preferential selection being regulated by their neighboring sequence and other factors, such as the 5'UTR 3D conformation, in a process known as leaky scanning 47 . When a premature AUG codon occurs upstream (uAUG) of another AUG codon, several potential scenarios can be observed. First, if the uAUG is followed by an in-frame STOP codon, an upstream open reading frame (uORF) will be created allowing the translation of a short protein and, consequently, reducing the translation efficiency of the downstream main ORF due to the poor re-initiation abilities of the initiation complex. Second, if the different AUG codons are out-of-frame, the two different ORFs would overlap and translate different proteins. Third, the uAUG and the main AUG codons are in-frame, then the alternative selection of one or the other would translate in the same protein at the exception of the N-terminal domain 46 . The role of uORFs and uAUG codons (if any) is not yet clear, but supporting evidence points to a regulatory role. Around 50% of human protein-coding gene 5'UTRs contain at least one uORF, which reduces the translation levels of main proteins from 30% to 80% 48 , while uAUGs are the most conserved positions in human 5'UTR 49 , suggesting a true functional role of uORFs. Moreover, the N-terminal variations due to multiple in-frame uAUGs can lead to dispatching the protein to different cellular compartments. Overall, alleviation of uORFs-mediated translation inhibition was observed during stress responses, where loading of an alternative initiator tRNA and phosphorylation of the pre-initiation complex restored the favored selection of the main AUG codon 50,51 . Occasionally, AUG near-cognate codons (i.e. codons differing by one nucleotide from AUG) can be selected by the pre-initiation complex leading to an alternative translation initiation of the mRNA, with the same consequences as uAUG codons 46 . These alternative start codons have been found to be over-used for translation from mRNAs associated with stress response 52 .

-Introns and splicing 1.1.2.1 -Splicing of pre-mRNA in humans

Splicing is the mechanism responsible for the removal of introns from the pre-mRNA. It is performed by a ribonucleoprotein complex, assembled from more than 200 individual components regrouped into principal subunits, recruited at each intron 53,54 . Introns are delimited by a 5' splice site and a 3' splice site, respectively defining the boundaries with the upstream and downstream exons, and principally corresponding to GU and AG dinucleotides, respectively. These two dinucleotides are flanked by specific consensus sequences, which modulate the splicing efficiency at the corresponding boundaries 55 .

A third sequence located somewhere between 18 to 40 nucleotides upstream the 3' splice site, called the branchpoint, helps in the identification of the 3' splice site. The splicing process occurs co-transcriptionally, and starts as soon as the first 5' splice site is transcribed 44 . The nascent RNA 5' cap recruits various proteins, including the ribosomal subunit U1, and promotes its binding on the 5' splice site of the first intron, while two other subunits establish RNA-protein interactions with the branchpoint and the 3' splice site. The ribonucleoprotein responsible for the recognition of the 3' splice site is dragged along transcription by the RNA polymerase II to promote the recognition of 3' splice sites as soon as these emerge from the RNA polymerase II 44,56 . The U1 subunit aggregates with the branchpoint and the 3' splice site binding proteins, hence creating a loop between the 5' splice site and the branchpoint sequence. Then the pre-mRNA is cut at the 5' and at the 3' splice sites, which are directly ligated, forming a exon-exon link 54 . The splicing complex is then disassembled. For further introns, the recruitment of U1 at the 5' splice site is not facilitated by the 5' cap but is achieved due to the interaction between U1 and the elongating RNA polymerase II. This allows the concomitant scanning of the nascent RNA for 5' splice sites by U1 and of the 3' splice sites by U2 subunits 43,57 . In a process similar to the first intron definition, the last intron boundaries are defined once the polyadenylation site of the 3'UTR have been selected, a process necessary for the correct splicing of this last intron [58][59][60] .

-Alternative splicing

The definition of intron boundaries is complex, and most of the known exon-intron boundaries are defined through the alignment of RNA-seq reads or cDNA to the gene sequence 43 . Alternative splicing has been shown to be an important contributor in cell differentiation, tissue identity determination and maintenance and organogenesis 61,62 .

The mechanisms responsible for the selection and the regulation of alternative splicing of introns and exons are numerous. For example, although 5' and 3' splice site sequences are conserved, their flanking region consensus impacts their splicing efficiency, while more distant exonic and intronic sequences regulate the recruitment of RNA binding proteins or miRNAs, which alter the secondary structure of the nascent RNA and expose or hide specific splice sites 55 . The recruitment of these RNA binding proteins can also be altered by RNA nucleotide modifications and methylation, which are pervasive in human transcripts 55,63,64 , or by the presence of cell-specific factors promoting systematic exon inclusion, allowing cell type-specific and gene-specific regulation of alternative splicing 65 .

In addition, splice site selection is also impacted by RNA polymerase II transcription dynamics. Rapid elongation attenuates the recognition of weak splice sites, but also prevents the recruitment of specific RNA binding proteins that promote exon inclusion or exon skipping, while slow elongation facilitates the recognition of weak splice sites and the binding of the previously mentioned exon-inclusion or exon-skipping promoting proteins 66 . The processivity of RNA polymerase II is regulated by many factors at both RNA and DNA levels. At the RNA level, the relative lengths of introns and exons and their secondary structure can impact RNA polymerase processivity 61 . At the DNA level, differential occupancy of introns or exons by histones, nucleosome density and DNA methylation directly impact elongation speed, favoring the inclusion or exclusion of specific exons [67][68][69][70] .

-3' UTRs

-Main roles

3'UTRs are serving several roles during transcription. First, they allow the splicing of the last intron by defining the boundaries of the last exon. The 3' boundary of the last exon is due to the selection of the polyadenylation signal that will be used to define the cleavage site of the pre-mRNA. Second, many adenosines will be added at the 3' extremity of the pre-mRNA, forming the poly(A) tail, a well known signature of mRNAs. The definition of the polyadenylation and cleavage sites, as well as the poly(A) tail synthesis, are controlled by many factors, and serve several biological functions, such as the proper maturation, addressing, and translation of the mRNA 71 .

-Transcription termination, cleavage and polyadenylation

The polyadenylation signal is a nucleotide hexamer with AAUAAA as consensus sequence (~70% of protein coding genes). It is recognized, altogether with its proximal upstream U-rich and downstream G-righ signals, by the cleavage and polyadenylation factors 72 , which cut the pre-mRNA 10-35nt downstream of the polyadenylation signal, and trigger polyadenylation. Cleavage and polyadenylation factors are bound to the polymerase II, and read the pre-mRNA throughout its elongation progress 57,73 . The poly(A) tail is the last maturation step of the pre-mRNA, and its presence ensures that the mRNA is fully processed and can be exported toward the cytoplasm. The polyadenylation signal, U-rich and G-rich elements are degenerate, and are preferentially polyadenylated by different complexes depending on their sequence, producing isoforms with different 3' ends. In humans, it was discovered that ~51% of polyadenylation signals were producing multiple cleavage sites, but their position was mostly stochastically defined and not predefined by the position of the polyadenylation signal.

-Alternative cleavage and polyadenylation

Many human genes (54%) present at least 2 polyadenylation signals, located either in the forelast or the last exon, further allowing the production of several isoforms. These alternative polyadenylation signals are highly conserved between human and mice orthologs. Human genes have been classified depending on the different combination of polyadenylation signal configurations, the containing exon, and the relative position of the studied polyadenylation signals. Three different classes were established: i) genes with a single constitutive polyadenylation signal, ii) genes with multiple alternative polyadenylation signals in the last exon and iii) genes with multiple polyadenylation signals located in the two last exons. These different classes of genes were shown to associate with their cellular futures: genes coding for extracellular proteins were more likely to have a unique constitutive polyadenylation signal, while genes coding for proteins with intracellular functions were showing more alternative polyadenylation signals. The 3'-most polyadenylation signal is preferentially selected by the cleavage and polyadenylation factors due to its sequence that, in the majority of cases, is closer to the consensus sequence than to the other polyadenylation signals 74 . Altogether, these observations suggest that the isoforms produced by the different configuration and the preferential usage of polyadenylation sites play a role in addressing the mRNA to specific compartments.

-Mechanistic relationship between polyadenylation and splicing

Specific alternative polyadenylation signal selection was found to associate with specific alternative splicing events, suggesting either an effect of the selected polyadenylation signal on the splicing events occuring on the pre-mRNA, or a co-regulation of both alternative polyadenylation signal selection and alternative splicing events 75 . The pres-ence of premature polyadenylation signals is also detected in introns, even if intronic polyadenylation signals are under strong negative selection in humans, other mammals and eukaryotes 76 . The selection of such premature polyadenylation signal is prevented by the recruitment of the U1 splicing subunit at the polymerase, capturing the cleavage and polyadenylation complex and preventing the recognition of premature polyadenylation signals, a phenomenon known as telescripting 57,77 . Telescripting is an important mechanism in the protection of pre-mRNAs from premature cleavage, and is efficient for saturating quantities of U1 in comparison with pre-mRNAs. Telescripting is used as a genetic expression regulatory tool by activated cells, such as depolarized neurons or activated immune cells or stem cells, increasing transcription levels and consequently reducing U1 availability. Higher transcription rates lead to the production of shorter mRNA isoforms due to the selection of exonic or intronic premature polyadenylation sites, promoting the decay of longer genes, while increasing the production of shorter genes 78,79 . These premature cleavage and polyadenylation events have been shown to associate with specific gene functions. Genes not containing intronic premature cleavage and polyadenylation sites are enriched in cell survival functions or acute responses and are ubiquitously expressed, in comparison with genes sensitive to premature cleavage that are enriched for developmental, cell division and differentiation functions, and mostly expressed in specific tissues. Moreover, the former are mostly composed of short genes, while the latter were longer genes. This gene size-function dichotomy increased during the evolution of metazoans through important extension of introns, further separating the two classes of genes [START_REF] Oh | U1 snRNP telescripting regulates a sizefunction-stratified human genome[END_REF][START_REF] Zheng | Cellular stress alters 3UTR landscape through alternative polyadenylation and isoform-specific degradation[END_REF] . Altogether, these observations shift the perspective of telescripting from a corrective machinery to a true regulatory mechanism, widely exploited by various cell types. For example, the mTORC1 pathway was shown to increase transcription and translation and promoter cell proliferation by 3' mRNA shortening [START_REF] Chang | mRNA 3-UTR shortening is a molecular signature of mTORC1 activation[END_REF] .

-Roles of the polyadenylation tail

During transcription, several RNA binding proteins interact with the elongating and maturing mRNA, eventually facilitating the recruitment of poly(A) tail synthesis factors.

These RNA binding proteins either bind directly to the transcript or to other RNA binding proteins responsible for specific maturation steps, such as splicing factors. The absence or the composition of these RNA binding protein complexes can prevent the proper synthesis of the poly(A) tail and the nuclear export of the corresponding mRNA, and promote its degradation [START_REF] Dower | A synthetic a tail rescues yeast nuclear accumulation of a ribozyme-terminated transcript[END_REF][START_REF] Tudek | The multitasking polyA tail: Nuclear RNA maturation, degradation and export[END_REF] . Thus far, the impact of the length of the poly(A) tail are not fully understood, but they show a wide range of tissue-and environmentspecific regulatory effects, as well as variation in a time-dependent manner during early developmental stages and following the circadian rhythm [START_REF] Beta | Tales around the clock: Poly(a) tails in circadian gene expression[END_REF][START_REF] Jalkanen | Determinants and implications of mRNA poly(a) tail size Does this protein make my tail look big?[END_REF] .

-Non-coding RNAs

Large-scale projects, such as ENCODE, revealed that ~60% of the human genome consists of transcribed but non-translated sequences [START_REF]An integrated encyclopedia of DNA elements in the human genome[END_REF] . These non-coding RNAs show a high structural diversity, in terms of length, intronic and exonic alternative structure, and effects. The primary structure of some of these RNAs has been associated with their main known function, such as transfer RNAs or ribosomal RNAs, while the functions of other classes, such as long non-coding RNAs or micro RNAs, are much more heterogeneous [START_REF] Palazzo | Non-coding RNA: What is functional and what is junk?[END_REF] .

The first main difference between mRNAs and non-coding RNAs is the different transcription machinery necessary for their production. mRNAs are exclusively produced by the RNA polymerase II, while the RNA polymerase I exclusively transcribes the unique precursor of 3 out of the 4 ribosomal RNAs, whereas transfer RNAs and most other classes of non-coding RNAs are transcribed by the RNA polymerase III. Some of the characterized non-coding RNAs are not actively transcribed, but are by-products of the maturation of other RNAs [START_REF] Palazzo | Non-coding RNA: What is functional and what is junk?[END_REF][START_REF] Chen | The biogenesis and emerging roles of circular RNAs[END_REF] . The different classes of non-coding RNAs are only briefly detailed below, as the main focus of this thesis is the expression of coding genes.

Although specific non-coding RNAs have been associated with regulatory roles, they are globally poorly described.

-Transfer RNAs -tRNAs

tRNAs are the RNAs carrying the amino-acids to the ribosomes, which hybridize them to the codons of mRNA through their anticodon, validating the inclusion of the carried amino-acid to the protein. tRNAs are small RNAs (73 to 90 nucleotides) with a secondary structure similar to a clover-leaf and represent ~15% of the total cellular RNA mass, while being the most numerous of cellular RNAs [START_REF] Palazzo | Non-coding RNA: What is functional and what is junk?[END_REF][START_REF] Westermann | Dual RNA-seq of pathogen and host[END_REF] . In humans, there exist 513 tRNA genes (or isodecoders) for 49 different codons [START_REF] Chan | GtRNAdb: A database of transfer RNA genes detected in genomic sequence[END_REF] (or isoacceptors). Furthermore, tRNAs are the most post-transcriptionally modified (~17% of all nucleotides) of all RNAs, with these modifications being shown to be necessary for the proper conformation and stability of the tRNA, and improvement of codon recognition [START_REF] Jackman | Transfer RNA modifications: Nature's combinatorial chemistry playground: Transfer RNA modifications[END_REF][START_REF] Kirchner | Emerging roles of tRNA in adaptive translation, signalling dynamics and disease[END_REF][START_REF] Phizicky | Do all modifications benefit all tRNAs?[END_REF] . The difference between the number of existing codons (61 coding, 3 stop) and the number of isoacceptors (49) is explained by the wobbling of the first anticodon nucleotide [START_REF] Agris | tRNAs Wobble Decoding of the Genome: 40 Years of Modification[END_REF] (i.e. the first anticodon nucleotide, pairing to the last codon nucleotide, might tolerate some degree of mis-pairing and allow the recognition of the codon by a near-cognate anticodon).

The high number of genes coding for the different isodecoders is not reflecting a need for high transcription of all tRNAs or for gene expansion, as some isoacceptors are only encoded by only one gene [START_REF] Goodenbour | Diversity of tRNA genes in eukaryotes[END_REF] . The different isodecoders specific to the same isoacceptor show various primary and secondary structural differences and are differently expressed depending on the cell type or the conditions [START_REF] Kutter | Pol III binding in six mammals shows conservation among amino acid isotypes despite divergence among tRNA genes[END_REF] , allowing the translational regulation of protein synthesis by favoring the translation of specific codons in specific cell types and conditions [START_REF] Brule | Synonymous Codons: Choose Wisely for Expression[END_REF][START_REF] Hanson | Codon optimality, bias and usage in translation and mRNA decay[END_REF] .

-Ribosomal RNAs -rRNAs

There are 4 different rRNAs in eukaryotes, that, associated with 79 different proteins, form the ribosomes. In humans, these rRNAs are transcribed by 300 to 400 tandem repeats of their coding genes, representing ~0.5% of the total genome [START_REF] Stults | Human rRNA Gene Clusters Are Recombinational Hotspots in Cancer[END_REF] . These rRNAs are highly post-transcriptionally modified and conformed by many chaperon proteins in a cell-type-specific and condition-specific manner [START_REF] Bassler | Eukaryotic Ribosome Assembly[END_REF][START_REF] Gilbert | Functional specialization of ribosomes?[END_REF][START_REF] Henras | An overview of pre-ribosomal RNA processing in eukaryotes: Pre-ribosomal RNA processing in eukaryotes[END_REF][START_REF] Klinge | Ribosome assembly coming into focus[END_REF][START_REF] Sloan | Tuning the ribosome: The influence of rRNA modification on eukaryotic ribosome biogenesis and function[END_REF] . These various modifications allow the production of different ribosomes within cells, favoring the translation of specific mRNAs [START_REF] Buszczak | Cellular Differences in Protein Synthesis Regulate Tissue Homeostasis[END_REF] . rRNAs represent ~80% of the total mass of cellular RNAs, and around ~35% of the total transcriptional activity is dedicated to their production in proliferating cells, while a substantial part of transcribed mRNAs are coding for ribosomal proteins [START_REF] Palazzo | Non-coding RNA: What is functional and what is junk?[END_REF][START_REF] Westermann | Dual RNA-seq of pathogen and host[END_REF][START_REF] Moss | A housekeeper with power of attorney: The rRNA genes in ribosome biogenesis[END_REF] . rRNAs serve many functions, and are essential for proper ribosome assembly, recognition and loading of tRNAs and peptide bond catalysis [START_REF] Brule | Synonymous Codons: Choose Wisely for Expression[END_REF][START_REF] Hanson | Codon optimality, bias and usage in translation and mRNA decay[END_REF] .

-Other non-coding RNAs

Over the years, many other classes of non-coding RNAs have been discovered, described and classified mostly depending on their size, organization and structure [START_REF] Palazzo | Non-coding RNA: What is functional and what is junk?[END_REF] . Two main classes were distinguished: long non-coding RNAs (lncRNAs [START_REF] Iyer | The landscape of long noncoding RNAs in the human transcriptome[END_REF][START_REF] Nair | Regulation of long non-coding RNAs and genome dynamics by the RNA surveillance machinery[END_REF][START_REF] Uszczynska-Ratajczak | Towards a complete map of the human long non-coding RNA transcriptome[END_REF] ) and micro-RNAs (miRNAs [START_REF] Lopez-Pedrera | Role of microRNAs in the Development of Cardiovascular Disease in Systemic Autoimmune Disorders[END_REF] ). These were further divided in various subclasses, sometimes overlapping, depending on many factors, such as their main cellular compartment of residence (small nuclear and small nucleolar RNAs, snRNAs and snoRNAs, respectively), their specific shape (circular RNAs, circRNAs [START_REF] Chen | The biogenesis and emerging roles of circular RNAs[END_REF][START_REF] Chen | The expanding regulatory mechanisms and cellular functions of circular RNAs[END_REF] ) or one of their observed characteristics, such as their interaction with a specific group of proteins (PIWI-interacting RNAs, piRNAs [START_REF] Ozata | PIWI-interacting RNAs: Small RNAs with big functions[END_REF] ) or a specific gene-regulatory role, as is transcription initiation (tiRNAs), splice site recognition (spliRNAs) or silencing through interference (small interfering RNAs, siRNAs) [START_REF] Morris | The rise of regulatory RNA[END_REF] .

These different classes of non-coding RNAs are serving various roles, and are heterogeneously produced across cell types and conditions [START_REF] Palazzo | Non-coding RNA: What is functional and what is junk?[END_REF][START_REF] Iyer | The landscape of long noncoding RNAs in the human transcriptome[END_REF][START_REF] Lopez-Pedrera | Role of microRNAs in the Development of Cardiovascular Disease in Systemic Autoimmune Disorders[END_REF][START_REF] Morris | The rise of regulatory RNA[END_REF][START_REF] Engreitz | Local regulation of gene expression by lncRNA promoters, transcription and splicing[END_REF][START_REF] Gil | Regulation of gene expression by cis-acting long non-coding RNAs[END_REF][START_REF] Lee | Lessons from x-chromosome inactivation: Long ncRNA as guides and tethers to the epigenome[END_REF] .

-Transcription initiating elements

The regulation of mammalian protein-coding gene transcription is a complicated process, employing numerous protein complexes, regulatory RNAs and genomic sequences at promoters. Promoters are usually defined as the functional units initiating or not the transcription of genes, based on the integration of signals coming from enhancers, silencers and other elements. However, structurally or functionally defining these elements is a complex and still unresolved task. In this section, I discuss the current structural and functional knowledge available on promoters and enhancers. Silencers will be treated as enhancers in this chapter, as many enhancers are also known silencers depending on the context, and their effect is often mediated by the same molecular mechanisms [START_REF] Jayavelu | Candidate silencer elements for the human and mouse genomes[END_REF][START_REF] Kolovos | Enhancers and silencers: An integrated and simple model for their function[END_REF][START_REF] Ngan | Chromatin interaction analyses elucidate the roles of PRC2-bound silencers in mouse development[END_REF] . For now on, when enhancers are detailed, an inverse effect can be imaginated for silencers, based on similar molecular mechanisms.

-Structure of transcription initiating elements

The structure of promoters and enhancers is highly similar, driving questions relative to their potential common origin [START_REF] Djebali | Landscape of transcription in human cells[END_REF][START_REF] Kim | Architectural and Functional Commonalities between Enhancers and Promoters[END_REF][START_REF] Li | Extensive Promoter-Centered Chromatin Interactions Provide a Topological Basis for Transcription Regulation[END_REF][START_REF] Wang | Reprogramming transcription by distinct classes of enhancers functionally defined by eRNA[END_REF] . The main similarity is the presence of two prox-imal TSSs separated by an average of 100bp, each located on a different strand and pointing outward, in a back-to-back configuration. Each TSS contains a "core" element, such as the TATA box or the initiator element, which directly or indirectly recruits the transcription initiation complex through general transcription factors (TF) or other DNA binding proteins [START_REF] Andersson | Determinants of enhancer and promoter activities of regulatory elements[END_REF] . TF are recruited at specific sequences, called transcription factor binding sites (TFBSs), which consist in small sequences 5 to 15bp long [START_REF] Yu | Positional distribution of transcription factor binding sites in Arabidopsis thaliana[END_REF] . Each TFBS can be identified through a canonical sequence (i.e. the consensus of nucleotide sequences binding a TF) which can tolerate some amount of variations, with subsequent impact on the affinity of a TF for its TFBS [START_REF] Le | Comprehensive, high-resolution binding energy landscapes reveal context dependencies of transcription factor binding[END_REF] . Variable amounts of identical or different TFBSs are located in between the two TSS, respectively creating homotypic and heterotypic clusters of TFBS. Highly conserved homotypic clusters represent 2% of the total size of the human genome, and are preferentially located in promoters (~40%), intergenic regions (~30%) and genic regions (~30%, excluding promoters) [START_REF] Gotea | Homotypic clusters of transcription factor binding sites are a key component of human promoters and enhancers[END_REF] . Furthermore, both genetic and epigenetic contexts at promoters and enhancers are similar [START_REF] Core | Analysis of nascent RNA identifies a unified architecture of initiation regions at mammalian promoters and enhancers[END_REF] , with equivalent frequencies of canonical TFBS, dissimilar composition of transcription complexes at each pair member, and flanked by nucleosomes, which present modifications associated with transcriptional activity, such as specific histone marks (see Section 1.3.4.1), corresponding to the observed transcriptional activity. This back to back structure is found in around 80% of mammalian promoters [START_REF] Melgar | Discovery of active enhancers through bidirectional expression of short transcripts[END_REF] , and leads to the simultaneous binding and elongation of RNAs in both senses, a process called divergent transcription.

Overall, TFBS clusters were shown to increase gene transcription in both distance-and orientation-independent manner [START_REF] Raab | Insulators and promoters: Closer than we think[END_REF] .

-Divergent transcription

Divergent transcription is considered a general feature of transcriptionally active elements [START_REF] Li | Extensive Promoter-Centered Chromatin Interactions Provide a Topological Basis for Transcription Regulation[END_REF] . This feature is observed at promoters [START_REF] Core | Nascent RNA Sequencing Reveals Widespread Pausing and Divergent Initiation at Human Promoters[END_REF] , producing either two mRNAS or one mRNA and one upstream antisense RNA (uaRNA), and also at enhancers [START_REF] Wang | Reprogramming transcription by distinct classes of enhancers functionally defined by eRNA[END_REF] , producing two enhancers RNAs (eRNAs). Most uaRNA and eRNAs are short RNAs, with lengths varying between 5 and 2000nt, and many are quickly degraded. These eRNAs are structurally heterogeneous, showing absent or various degrees of splicing and polyadenylation [START_REF] Kim | Architectural and Functional Commonalities between Enhancers and Promoters[END_REF] . In addition, more than 60% of known long non-coding RNAs expressed in embryonic and endothelial human cells are uaRNA co-regulated and co-expressed at divergent transcription sites of protein coding genes, and a further 19% to 23% of all human lncRNA are originating from divergent transcription at enhancers, depending on the considered cell type [START_REF] Sigova | Divergent transcription of long noncoding RNA/mRNA gene pairs in embryonic stem cells[END_REF] . These lncRNA serve various roles, such as long-range chromosomal conformation maintenance [START_REF] Pefanis | RNA Exosome-Regulated Long Non-Coding RNA Transcription Controls Super-Enhancer Activity[END_REF] . Some eRNAs have been shown to interact with histone modifying proteins, such as CBP, leading to the local increase of histone acetylation [START_REF] Bose | RNA Binding to CBP Stimulates Histone Acetylation and Transcription[END_REF] ; or with local TF, resulting in their retention at active promoters and enhancers, and facilitating stable gene expression [START_REF] Sigova | Transcription factor trapping by RNA in gene regulatory elements[END_REF] . Other eRNAs have been shown to regulate enhancer-promoter contacts [START_REF] Hsieh | Enhancer RNAs participate in androgen receptor-driven looping that selectively enhances gene activation[END_REF][START_REF] Li | Functional roles of enhancer RNAs for oestrogen-dependent transcriptional activation[END_REF] , or to be directly involved in the transcription enhancing mechanism by capturing factors responsible for RNA polymerase II pausing [START_REF] Schaukowitch | Enhancer RNA Facilitates NELF Release from Immediate Early Genes[END_REF] .

-An evolutionary perspective on enhancers and promoters

Transcription and RNA maturation occur simultaneously (see Section 1). Nascent uaR-NAs and eRNAs are also recognized by the maturation machinery, and undergo the same transformations as pre-mRNA. The short size of uaRNAs and eRNAs is mainly due to the presence of early polyadenylation signals leading to its early cleavage and, potentially, polyadenylation. To prevent this mechanism occurring on pre-mRNA, one spliceosome subunit, U1, binds to specific sites along the RNA and captures the cleavage and polyadenylation complex, preventing early cleavage. Sequence enrichment of the 5' end of uaRNAs and eRNAs showed an enrichment in polyadenylation signals, and a depletion in potential U1 binding sites, while mRNAs showed the inverse signature. lncRNAs produced at divergent transcription sites presented such polyadenylation signals and U1 site signatures that would match expected structural intermediates between mRNAs and uaRNAs or eRNAs, suggesting that lncRNA could be genes transitioning from uaRNAs to mRNAs [START_REF] Almada | Promoter directionality is controlled by U1 snRNP and polyadenylation signals[END_REF] . These observations were in line with previous studies that showed that the orthologues of some hominid-specific protein-coding genes were expressed as lncRNA in macaques and chimpanzees, with similar transcript configurations and similar differential expression patterns across tissues [START_REF] Xie | Hominoid-Specific De Novo Protein-Coding Genes Originating from Long Non-Coding RNAs[END_REF] . New protein coding genes could originate at divergent transcription sites from a transition of uaRNAs to lncRNAs by the progressive loss of polyadenylation signals and the gain of U1 sites starting at their 5' end. Divergent transcription loci are favoring the accumulation of mutations through several mechanisms. First, transcription exposes the coding strand as a single strand, and a helicase further expands DNA strand separation, generating mechanical tensions on the coding strand under the form of negative supertours [START_REF] Kouzine | Transcription-dependent dynamic supercoiling is a short-range genomic force[END_REF] , especially when divergent transcription occurs [START_REF] Aguilera | R Loops: From Transcription Byproducts to Threats to Genome Stability[END_REF][START_REF] Seila | Divergent transcription: A new feature of active promoters[END_REF] . Mechanical tension release is a mechanism known to be mutagenic [START_REF] Li | Topoisomerase i in Human Disease Pathogenesis and Treatments[END_REF][START_REF] Lippert | Role for topoisomerase 1 in transcription-associated mutagenesis in yeast[END_REF] , creating a mutational bias on the coding strand due to singlestrand DNA nick and repair and the sensitivity of single-strand DNA to spontaneous deaminations [START_REF] Mugal | Transcription-Induced Mutational Strand Bias and Its Effect on Substitution Rates in Human Genes[END_REF][START_REF] Polak | Transcription induces strand-specific mutations at the 5' end of human genes[END_REF] . The subsequent mutational signature of transcription-associated mutations is G and T rich on the coding strand [START_REF] Cho | Ribonucleotides and Transcription-Associated Mutagenesis in Yeast[END_REF] . The accumulation of such mutations is likely to remove polyadenylation signals (consensus sequence is AATAAA) and to create new splice sites (G T rich sequences) [START_REF] Pan | Transcription-Associated Mutation Promotes RNA Complexity in Highly Expressed Genesa Major New Source of Selectable Variation[END_REF] , promoting higher transcription levels of longer transcripts. This process creates a positive feedback loop as higher transcriptional activity causes more mutations, and more mutations allow higher transcription rates.

Moreover, these longer transcripts increase their chances to contain acceptor splice sites and open reading frames (ORFs), forming protogenes that could accumulate variations with time and become active protein coding genes [START_REF] Long | The origin of new genes: Glimpses from the young and old[END_REF][START_REF] Long | New Gene Evolution: Little Did We Know[END_REF][START_REF] Wu | Divergent Transcription: A Driving Force for New Gene Origination?[END_REF] .

-Defining and detecting promoters and enhancers 1.3.4.1 -Observational definition

Promoters and enhancers were originally solely defined based on correlations observed using epigenetic assays [START_REF] Barski | High-Resolution Profiling of Histone Methylations in the Human Genome[END_REF][START_REF] Mendenhall | Chromatin state maps: New technologies, new insights[END_REF][START_REF] Mikkelsen | Genome-wide maps of chromatin state in pluripotent and lineage-committed cells[END_REF][157][START_REF] Wang | Combinatorial patterns of histone acetylations and methylations in the human genome[END_REF] . Promoters were defined as DNAse sensitive and/or nucleosomefree regions binding transcription factors (TF) and flanked by nucleosomes enriched in trimethylation of histone H3 at lysine 4 (H3K4me3), their activity being further associated with high acetylation at lysine of histone 3 at lysine 27 (H3K27ac) and low levels of monomethylation of histone 3 at lysine 4 (H3K4me1). Enhancers were defined as DNAse sensitive and/or nucleosome-free sites binding transcription factors and flanked by nucleosomes enriched in H3K4me1, and active enhancers were further characterized by nucleosomes enriched in H3K27ac and depleted in H3K4me3 [START_REF] Andersson | Determinants of enhancer and promoter activities of regulatory elements[END_REF][START_REF] Core | Analysis of nascent RNA identifies a unified architecture of initiation regions at mammalian promoters and enhancers[END_REF][START_REF] Klemm | Chromatin accessibility and the regulatory epigenome[END_REF] . In both cases, their transcriptional activity levels were proportionally associated with the degree of modifications of the flanking nucleosomes [START_REF] Henriques | Widespread transcriptional pausing and elongation control at enhancers[END_REF][START_REF] Koenecke | Drosophila poised enhancers are generated during tissue patterning with the help of repression[END_REF] . TFBS were considered as a whole, as TF motifs were cell-type and context-specific [START_REF] Gasperini | Towards a comprehensive catalogue of validated and target-linked human enhancers[END_REF][START_REF] Shlyueva | Transcriptional enhancers: From properties to genome-wide predictions[END_REF] . This observational definition was considered as the state-of-the-art, and was used to detect active genomic structures in large-scale projects, such as ENCODE [START_REF]An integrated encyclopedia of DNA elements in the human genome[END_REF] or the RoadMAP Epigenomics projects [START_REF] Kundaje | Integrative analysis of 111 reference human epigenomes[END_REF] .

-Functional definition

Promoters and enhancers are showing high structural and mechanistic similarities. Currently, promoters and enhancers are detected using overlapping evidence, firstly based on their transcriptional activity, through technology such as GRO-cap or Start-seq that measure the transcription of nascent-RNA at TSS, and secondly, on their accessibility and histone modification profiles [START_REF] Andersson | Determinants of enhancer and promoter activities of regulatory elements[END_REF] . Both promoters and enhancers generally bind condition-and cell-specific TFs, which directly or indirectly alter chromatin topology and facilitate the recruitment of the transcription machinery locally or at the target promoter respectively [START_REF] Battle | Enhancer Chromatin and 3D Genome Architecture Changes from Naive to Primed Human Embryonic Stem Cell States[END_REF][START_REF] Dixon | Chromatin architecture reorganization during stem cell differentiation[END_REF] . The main factor used to distinguish between promoters and enhancers is the type of RNA produced by the element itself, with promoters producing at least one mRNA, and enhancers none. Furthermore, two main classes of enhancers have been further defined, depending on their distance with the closest gene (which isn't, in most cases, the target gene): i) enhancers located in the vicinity of genes tend to regulate housekeeping genes, while enhancers located more distally tend to regulate developmental and cell-type specific genes [START_REF] Zabidi | Enhancercorepromoter specificity separates developmental and housekeeping gene regulation[END_REF] . The mechanisms by which enhancers regulate gene expression are extremely heterogeneous, from directly facilitating RNA polymerase II recruitment, stabilization and pause-release [START_REF] Henriques | Widespread transcriptional pausing and elongation control at enhancers[END_REF][START_REF] Chen | PAF1 regulation of promoter-proximal pause release via enhancer activation[END_REF] to the production of eRNA and lncRNA promoting transcription [START_REF] Sigova | Divergent transcription of long noncoding RNA/mRNA gene pairs in embryonic stem cells[END_REF][START_REF] Pefanis | RNA Exosome-Regulated Long Non-Coding RNA Transcription Controls Super-Enhancer Activity[END_REF][START_REF] Sigova | Transcription factor trapping by RNA in gene regulatory elements[END_REF] .

-Limits of the observational definition

Proximal H3K4me1 and H3K27ac were widely used as markers of enhancer activity [START_REF] Ngan | Chromatin interaction analyses elucidate the roles of PRC2-bound silencers in mouse development[END_REF][START_REF] Andersson | Determinants of enhancer and promoter activities of regulatory elements[END_REF] .

Although these marks correlate and predict enhancers well, mechanistic explanations are showing that their presence is independent and not necessary to enhancer activity. In addition, partial loss-of-function experiments on MII3 and MII4, the two major monomethyltransferases responsible for the methylation of H3K4 to H3K1me1, showed that their histone methylase and transcription-enhancing activities are independent, while their complete removal dramatically altered gene expression [START_REF] Dorighi | Mll3 and Mll4 Facilitate Enhancer RNA Synthesis and Transcription from Promoters Independently of H3K4 Monomethylation[END_REF][START_REF] Rickels | Histone H3K4 monomethylation catalyzed by Trr and mammalian COMPASS-like proteins at enhancers is dispensable for development and viability[END_REF] . In addition, experiments preventing acetylation at H3K27 showed that H3K27ac is not necessary for transcriptional enhancement [START_REF] Zhang | Histone H3K27 acetylation is dispensable for enhancer activity in mouse embryonic stem cells[END_REF] . These experiments also suggested that proteins responsible for histone modifications have direct cross-recruiting effects once bound to enhancers, and help to the stabilization of polymerase II during transcription. Moreover, the specific biochemical signatures identified by both older and more recent methods are still elusive, as the molecular mechanisms regulating, causing and being affected by these marks is still poorly understood [START_REF] Gasperini | Towards a comprehensive catalogue of validated and target-linked human enhancers[END_REF][START_REF] Kheradpour | Systematic dissection of regulatory motifs in 2000 predicted human enhancers using a massively parallel reporter assay[END_REF][START_REF] Patwardhan | Massively parallel functional dissection of mammalian enhancers in vivo[END_REF][START_REF] Vockley | Massively parallel quantification of the regulatory effects of noncoding genetic variation in a human cohort[END_REF] .

-From observational to functional characterization of promoters and enhancers

Technological improvements in high-throughput sequencing allowed the development and upgrade of many assays. For example, chromatin immunoprecipitation (ChIP) was used for at least one decade, coupled with microarrays, to map histones or other DNAbinding proteins (ChIP-chip [START_REF] Ren | Genome-Wide Location and Function of DNA Binding Proteins[END_REF] ), and was later modified so that the DNA fragments bound to the proteins could be sequenced (ChIP-seq). ChIP-seq was then used by several large-scale projects, such as ENCODE, BluePrint or RoadMap, to establish tissueor cell type-specific DNA-binding protein maps. These projects yielded huge quantities of information, providing insights about the activity and the constitutive elements of the non-coding genome.

Exogenous assays

A first step to characterize the molecular mechanism responsible for transcription enhancement took advantage of the technological improvements of DNA synthesis and sequencing. It consisted of the characterization of mutated or rearranged enhancer sequences and their impact on gene expression, assessed through Massively Parallel Reporter Assay (MPRA). MPRA is a high throughput molecular genetics method consisting of the multiplexed measurement of the transcriptional activity of hundreds of thousands of DNA sequences. Usually, each of these sequences is coupled to a reporter gene allowing the assessment of the impact of the tested sequence on transcription. The tested sequences and the reporter gene are inserted in plasmids and transfected into cells where the transcription will occur. Then, the relative levels of each of the tested sequences are assessed either through deep-sequencing [START_REF] Melnikov | Massively Parallel Reporter Assays in Cultured Mammalian Cells[END_REF] or by measuring the expression of reporter genes (e.g. luciferase, GFP). Many MPRA experiments were performed testing a wide range of hypotheses, from the impact of disrupted core elements using saturated mutagenesis on a few known promoters and enhancers [START_REF] Patwardhan | Massively parallel functional dissection of mammalian enhancers in vivo[END_REF]177,[START_REF] Patwardhan | High-resolution analysis of DNA regulatory elements by synthetic saturation mutagenesis[END_REF] or the impact of rearranged active motifs within enhancers [START_REF] Kheradpour | Systematic dissection of regulatory motifs in 2000 predicted human enhancers using a massively parallel reporter assay[END_REF][START_REF] Grossman | Systematic dissection of genomic features determining transcription factor binding and enhancer function[END_REF][START_REF] Smith | Massively parallel decoding of mammalian regulatory sequences supports a flexible organizational model[END_REF] , to defining the role of common variants in TFBS clusters [START_REF] Corradin | Combinatorial effects of multiple enhancer variants in linkage disequilibrium dictate levels of gene expression to confer susceptibility to common traits[END_REF] . Altogether, these experiments showed that non-coding variants in enhancers only had a moderate impact on gene expression levels, and allowed a deeper analysis of enhancers and their sub-elements, such as TFBSs. These TFBSs are highly conserved across vertebrates and follow complex interaction rules resulting in various expression changes depending on the cell type, proximal and global genomic context [START_REF] Gotea | Homotypic clusters of transcription factor binding sites are a key component of human promoters and enhancers[END_REF][START_REF] Amin | Accurate differential analysis of transcription factor activity from gene expression[END_REF] . New high-throughput experimental protocols coupled with sophisticated analytical methods have been developed, with some success in improving the resolution of the assays, while providing further insights in terms of causal sequences, molecular mechanisms of regulation, and associated cell-type specific enhancer marks [START_REF] Ernst | Genome-scale highresolution mapping of activating and repressive nucleotides in regulatory regions[END_REF][START_REF] Wang | High-resolution genome-wide functional dissection of transcriptional regulatory regions and nucleotides in human[END_REF] .

However, these methods rely on large-scale exogenous assays, such as MPRAs 177 or STARR-seq [START_REF] Arnold | Genome-Wide Quantitative Enhancer Activity Maps Identified by STARR-seq[END_REF] (i.e. a MPRA experiment specific to enhancers), both of which have been shown not to reflect the cellular endogenous regulatory context and conditions.

More recently, several experimental methods have been proposed to tackle some of the limitations encountered by exogenous assays. These methods try to relate functional elements identified through the classical genetic approach, based on the observation of the consequences of genetic perturbations and the biochemical approach traditionally used to assess genomic activity. For example, lentiMPRA [START_REF] Inoue | A systematic comparison reveals substantial differences in chromosomal versus episomal encoding of enhancer activity[END_REF] reintroduces the produced MPRA cassettes randomly into the genome through lentiviral transfection, potentially allowing long distance -but not local-interactions to be recreated, and potentially producing new alteration caused by the random insertion. Nevertheless, this method yielded results closer to previously obtained endogeneous maps. One of the main issues encountered by these methods is that the experimentally tested genomic elements are small, of a length of around 150bp depending on the methods. Even though analytical methods have been developed to improve the resolution through inference or mining large scale databases, only small sequences could be assayed in their local endogenous context. In 2009, single-cell technologies such as single-cell RNA sequencing, started to be developed [START_REF] Tang | mRNA-Seq whole-transcriptome analysis of a single cell[END_REF] . The development of microfluidics and the technological improvement of sequencing and DNA/RNA synthesis allowed the study of single-cell assays to be performed in a high-throughput manner, and many bulk-level assays were adapted [START_REF] Clark | Single-cell epigenomics: Powerful new methods for understanding gene regulation and cell identity[END_REF][START_REF] Rotem | Single-cell ChIP-seq reveals cell subpopulations defined by chromatin state[END_REF][START_REF] Smallwood | Single-cell genome-wide bisulfite sequencing for assessing epigenetic heterogeneity[END_REF] and combined [START_REF] Angermueller | Parallel single-cell sequencing links transcriptional and epigenetic heterogeneity[END_REF][START_REF] Linker | Combined single-cell profiling of expression and DNA methylation reveals splicing regulation and heterogeneity[END_REF] . These new methods drastically improved the resolution of epigenetic maps and their cell-type specificity, while unraveling intercellular heterogeneity [START_REF] Lai | Principles of nucleosome organization revealed by single-cell micrococcal nuclease sequencing[END_REF] .

Endogenous assays

A second step to characterize the molecular mechanism responsible for transcription enhancement consisted of the development of DNA-altering tools, such as CRISPR-Cas9 and its tweaked variations [START_REF] Adli | The CRISPR tool kit for genome editing and beyond[END_REF][START_REF] Cong | Multiplex Genome Engineering Using CRISPR/Cas Systems[END_REF][START_REF] Mali | RNA-Guided Human Genome Engineering via Cas9[END_REF][START_REF] Qi | Repurposing CRISPR as an RNA-Guided Platform for Sequence-Specific Control of Gene Expression[END_REF] . The main interest of these methods is that they are mostly non-invasive, and can be used to study genetic regulations in their endogenous conditions. Such methods allowed the study of the impact of variants, the effect of the binding of specific proteins at elements of interest, and were also used in the study of enhancers and promoters in vitro and in vivo, independently or combinatorially, characterizing many gene regulatory networks 27,[START_REF] Klein | Identifying Novel Enhancer Elements with CRISPR-Based Screens[END_REF][START_REF] Matsuda | Optimized CRISPR/Cas9-mediated in vivo genome engineering applicable to monitoring dynamics of endogenous proteins in the mouse neural tissues[END_REF][START_REF] Santiago-Algarra | Recent advances in highthroughput approaches to dissect enhancer function[END_REF] . Many of these methods are recent, and even more are currently being developed, refined and up-scaled, and combined for example with single-cell analysis [START_REF] Gasperini | Towards a comprehensive catalogue of validated and target-linked human enhancers[END_REF] . Overall, technological and analytical developments, especially in the last decade, have drastically improved our understanding of the molecular processes mediating enhancer and promoter activity. However, the picture is far from complete. Many predicted enhancers do not show enhanced transcriptional activity in MPRA or CRISPR assays, and many variants impacting predicted or known regulatory sites show no or limited impact on transcription. In addition, up to half of the biochemically active regions detected by high resolution ex vivo assays are endogenously inactive in the same cell lines, while active in others. Therefore, many regions annotated as enhancers are not regulating the expression of any gene in the studied cell type [START_REF] Wang | High-resolution genome-wide functional dissection of transcriptional regulatory regions and nucleotides in human[END_REF] .

-Perspectives

To tackle many of the current limitations and to help in the mechanistic understanding of regulatory processes, several large-scale projects have been recently initiated, such as the Human Cell Atlas 201202 , or the phase 4 of ENCODE (https://www.encodeproject.org/data/annotat These projects will produce single-cell maps of chromatin accessibility, histone marks, TF binding and 3D topology for all human tissues sampled in vivo, and for cells at numerous developmental stages. Extensive exogenous and endogenous characteriza-tion of regulatory elements in specific cell types will be performed through MPRA and CRISPR screens. These large-scale projects will provide us with more accurate and context-specific epigenomic maps, and with a functionally validated catalogue of human enhancers, including qualitative and quantitative measurements relative to their associated genes.

-Repeated elements

The completion of the human genome sequencing project revealed that at least 50% of the human genome consists of repeated elements with extremely diverse composition, which can be separated in several classes: transposable elements, short repeated sequences, segmental duplications, and tandem repeats [START_REF] Bourque | Ten things you should know about transposable elements[END_REF][START_REF]Correction: Initial sequencing and analysis of the human genome[END_REF][START_REF] Wessler | Transposable elements and the evolution of eukaryotic genomes[END_REF] . Transposon-derived repeats are the most abundant, representing ~45% of the human genome. These are elements that duplicate and insert themselves at various loci [START_REF] Lee | Phylogenetic analysis of mRNA polyadenylation sites reveals a role of transposable elements in evolution of the 3-end of genes[END_REF] . The majority (21% of the human genome) of these transposable elements carry a polymerase II promoter and the gene responsible for their own insertion, such as the retrotranscriptase gene. Some other transposable elements are taking advantage of the retrotranscriptase produced by other transposons to integrate themselves into the DNA (13% of the human genome).

Another interesting class are retrovirus-like elements (8% of the human genome), also encoding their own reverse transcriptase and interacting proteins. More recent estimates, based on methods more sensitive to shorter repeated sequences, suggest that up to 69% of the human genome is derived from repeated elements [START_REF] De Koning | Repetitive Elements May Comprise Over Two-Thirds of the Human Genome[END_REF] .

-An evolutionary perspective on repeated elements

Considering that the vast majority (~99.95%) [START_REF] Mills | Which transposable elements are active in the human genome?[END_REF] of these transposable elements are currently inactive, the extensive maintenance and expansion of repeated elements in metazoans and humans raises questions regarding their potential roles and effects. For several decades, the majority of the non-genic genome was considered as non-functional, and was even referred to as "junk DNA" by Susumu Ohno, in 1972, in his famous article So Much 'Junk DNA' in our Genome. Ohno was trying to conciliate the cost of maintenance of such a large amount of "non-functional" DNA with natural selection by arguing that genomes can only handle the maintenance of a very limited amount of active functional elements, while the rest of the genome was selected for its absence of function. This point of view was contemporarily debunked by multiple authors, such as William D. Hamilton in the early 60's, George C. Williams in 1966 or Richard Dawkins, in 1976, in his (must read) book The Selfish Gene. These authors argued that selection was not applied on individuals, but on the genes that were responsible for their phenotypes, and that the genes were not "altruistically" increasing the fitness of their host, but "selfishly" promoting their own. As of today, the evolutionary justifications explaining the maintenance of repeated elements in the human genome are still actively discussed [START_REF] Doolittle | Distinguishing between "Function" and "Effect" in Genome Biology[END_REF][START_REF] Doolittle | Selfish genes, the phenotype paradigm and genome evolution[END_REF][START_REF] Fedoroff | Transposable Elements, Epigenetics, and Genome Evolution[END_REF][START_REF] Orgel | Selfish DNA: The ultimate parasite[END_REF] .

-Roles of repeated and transposable elements

Repeated elements and transposons are a rich source of mutations, polymorphisms and sequence lengths, all of which can be used by evolution for the creation of new features, such as the telomeres. From an evolutionary perspective, transposable elements are in a constant equilibrium between active expression and repression, allowing their amplification while not penalizing the fitness of the host [START_REF] Bourque | Ten things you should know about transposable elements[END_REF] . It is theorized that repeated and transposable elements have been "domesticated" by different lineages [START_REF] Jurka | Distinct groups of repetitive families preserved in mammals correspond to different periods of regulatory innovations in vertebrates[END_REF][START_REF] Kokoar | Genesis and Regulatory Wiring of Retroelement-Derived Domesticated Genes: A Phylogenomic Perspective[END_REF] , and have been used as a source of new regulatory elements, such as alternative polyadenylation sites [START_REF] Lee | Phylogenetic analysis of mRNA polyadenylation sites reveals a role of transposable elements in evolution of the 3-end of genes[END_REF] , or new coding and non-coding genes [START_REF] Bourque | Ten things you should know about transposable elements[END_REF][START_REF] Ayarpadikannan | The Impact of Transposable Elements in Genome Evolution and Genetic Instability and Their Implications in Various Diseases[END_REF] , such as the genes regulating and coding for the V(D)J recombination system in immune cells [START_REF] Huang | Discovery of an Active RAG Transposon Illuminates the Origins of v(d)j Recombination[END_REF][START_REF] Kapitonov | Evolution of the RAG1-RAG2 locus: Both proteins came from the same transposon[END_REF] (i.e. the production of the various paratopes present on antibodies and T-cells receptors in the gnathostome lineage), or more recently driving major evolutionary changes such as the evolution of pregnancy in mammals [START_REF] Bourque | Ten things you should know about transposable elements[END_REF][START_REF] Lynch | Transposon-mediated rewiring of gene regulatory networks contributed to the evolution of pregnancy in mammals[END_REF] . Repeated and transposable elements have also been associated with more recent roles: specific classes of transposable elements have been associated with gene regulation [START_REF] Pirogov | Transposable Elements in the Evolution of Gene Regulatory Networks[END_REF][START_REF] Sundaram | Widespread contribution of transposable elements to the innovation of gene regulatory networks[END_REF][START_REF] Zeng | Genome-Wide Analysis of the Association of Transposable Elements with Gene Regulation Suggests that Alu Elements Have the Largest Overall Regulatory Impact[END_REF] , and repeated sequences are suspected to be shaping the 3-dimensional topology of the genome, facilitating and maintaining regulatory contacts through homologous sequence recognition [START_REF] Cournac | The 3D folding of metazoan genomes correlates with the association of similar repetitive elements[END_REF] . Repeated elements also possess more "macroscopic" effects. They concentrate at central chromosomal regions, called centromeres, where they recruit kinetochore proteins which are used for pulling chromosomes apart during mitosis and meiosis [START_REF] Friedman | Evolving Centromeres and Kinetochores[END_REF][START_REF] Sullivan | Genomic and functional variation of human centromeres[END_REF] , and at the extremity of chromosomes, called telomeres, where they form DNA T-loops to protect the exposed ends [START_REF] Shay | Telomeres and telomerase: Three decades of progress[END_REF] .

-Chromatin topology

Several levels of chromatin organization and topology have been detailed over the years, from active-related compartmental domains to topologically associating domains (TADs) [START_REF] Rowley | Evolutionarily Conserved Principles Predict 3D Chromatin Organization[END_REF][START_REF] Szabo | Principles of genome folding into topologically associating domains[END_REF] . Chromatin organization and 3-dimensional topology is studied through contact assays, such as 3C or Hi-C [START_REF] Han | 3C and 3C-based techniques: The powerful tools for spatial genome organization deciphering[END_REF] (see Section 1.6.2.3).

-Chromatin organization

The DNA of eukaryotes is tightly packaged into chromatin, a structure formed by the repeated winding of DNA around nucleosomes. Nucleosomes are composed of 4 pairs of histones, ultimately forming an octamer, around which 147bp are coiling. The nucleosomes are separated by various lengths of DNA, subsequently constituting tight or more relaxed chromatin, and their position is thought to be regulated by the DNA sequence itself, and also by other DNA binding proteins or RNAs constantly competing for chromatin access. Specific amino-acids exposed by the histones can be modified by enzymes, adding various groups (e.g. methyl, acetyl, sumoyl) in various quantities (i.e. monoor tri-methylation, acetylation). The combination of histone modifications and nucleosome density are important factors in genomic regulation. The position and density of nucleosomes along the DNA will alter the degree of accessibility of the DNA, which will result in higher or lower recognition of specific DNA sequences by either DNA binding proteins or hybridizing RNAs [START_REF] Andersson | Determinants of enhancer and promoter activities of regulatory elements[END_REF][START_REF] Klemm | Chromatin accessibility and the regulatory epigenome[END_REF][START_REF] Jiang | Nucleosome positioning and gene regulation: Advances through genomics[END_REF] .

-Compartmental domains of biochemical activity

Compartmental domains are separated in two groups, A and B, based on the first component of the principal component analysis performed on the first Hi-C data generated [START_REF] Lieberman-Aiden | Comprehensive Mapping of Long-Range Interactions Reveals Folding Principles of the Human Genome[END_REF] .

Regions in the compartment A preferentially interacted with other A compartments, and similarly for regions in the B compartment. These compartments have been shown to correlate with other biochemical activity signatures: compartment A generally contains transcribed genes and histones displaying modifications associated with activity, and compartment B generally contains un-transcribed genes and histone marks associated with repressed or inactive state. Compartmental domains were first identified as spanning several Mb, due to the low initial resolution of Hi-C assays. Increased resolution due to the decreasing costs of sequencing reduced the median size of these compartments to a few kb, usually corresponding to the size of active or inactive genes, and further allowed the subdivision of these two compartments into subclasses associated with more specific activity signatures [START_REF] Rowley | Evolutionarily Conserved Principles Predict 3D Chromatin Organization[END_REF][START_REF] Rao | A 3D Map of the Human Genome at Kilobase Resolution Reveals Principles of Chromatin Looping[END_REF] .

-TADs -Topologically associating domains

TADs are defined as genomic regions preferentially interacting within themselves (as opposed to the above-defined compartments that preferentially interact with regions of the same type), ranging from 200kb to 1Mb. TADs are constrained by boundaries enriched in highly transcribed genes. These boundaries correspond either to CCCTCbinding factor (CTCF, a transcriptional repressor) binding sites or to histones binding sites with specific signatures. TADs contain multiple active or inactive regions, or A and B compartments, which are not restricted by TAD boundaries. CTCF binding sites are orientated, and TADs bound by CTCF sites that "face" each other form CTCF loops, with the two facing CTCF sites as branching points. This systematic facing suggested a formation mechanism other than direct binding of both TFs [START_REF] De Wit | CTCF Binding Polarity Determines Chromatin Looping[END_REF] . It was later found that CTCF loops are formed by chromatin extrusion, where a ring of cohesins bound to DNA pulls the DNA through the ring, creating a loop. This process, called extrusion, stops when the ring is mechanically blocked when encountering CTCF bound to the DNA that are facing each other on both sides of the DNA loop [START_REF] Nichols | A CTCF Code for 3D Genome Architecture[END_REF][START_REF] Sanborn | Chromatin extrusion explains key features of loop and domain formation in wild-type and engineered genomes[END_REF][START_REF] Yardmc | Predictive model of 3D domain formation via CTCF-mediated extrusion[END_REF] . However, the molecular mechanism of progressive extrusion is not known yet, hence several passive or active mechanisms have been proposed, such as a brownian motion of the DNA through the ring, active extrusion catalysed by molecular motors or by RNA polymerase II "pushing" the cohesin in front of it along transcription [START_REF] Szabo | Principles of genome folding into topologically associating domains[END_REF][START_REF] Rowley | Organizational principles of 3D genome architecture[END_REF] . More recently, another ring complex formed by condensins was also shown to perform chromatin extrusion associated with another TF, TFIIIC, and was also found at the TAD branchpoints [START_REF] Yuen | Condensin II is anchored by TFIIIC and H3K4me3 in the mammalian genome and supports the expression of active dense gene clusters[END_REF] . Overall, loop associated domains are a key feature of TAD boundaries, with 70 to 95% of them being associated with CTCF, depending on the cell types and species [START_REF] Szabo | Principles of genome folding into topologically associating domains[END_REF] .

-Genome topology and transcription

Preferentially interacting A and B compartments are showing clear signs of association with transcriptional activity. In addition, Hi-C maps were accurately predicted from biochemical activity marks, such as histone modifications or transcription status [START_REF] Rowley | Evolutionarily Conserved Principles Predict 3D Chromatin Organization[END_REF][START_REF] Huang | Predicting chromatin organization using histone marks[END_REF] .

These observations suggest a relationship between 3D genome organization and transcriptional state, as defined by the usual biochemical signatures of activity. Observations on mice embryos at several developmental stages showed that the formation of contact domains coincide with transcription activation of the same regions, and further transcription initiation inhibition experiments showed that inhibition appears to slow down the establishment of 3D topology [START_REF] Du | Allelic reprogramming of 3D chromatin architecture during early mammalian development[END_REF] . However, these experiments only altered compartments associated with transcriptional activity, and not TADs. So far, TAD disruption experiments have been performed only on a few targeted TADs, leading to aberrant regulation of transcription, i.e. disrupted promoter/enhancer contacts leading to developmental diseases [START_REF] Lupiáñez | Disruptions of Topological Chromatin Domains Cause Pathogenic Rewiring of Gene-Enhancer Interactions[END_REF] , abolished enhancer activity [START_REF] Guo | CRISPR Inversion of CTCF Sites Alters Genome Topology and Enhancer/Promoter Function[END_REF] or gain of insulator effect at TAD boundary [START_REF] Ottaviani | The D4Z4 Macrosatellite Repeat Acts as a CTCF and a-Type Lamins-Dependent Insulator in Facio-Scapulo-Humeral Dystrophy[END_REF] .

-Perspectives

As of today, chromatin topology has been shown to be associated with transcriptional activity and to play a role in transcription regulation of specific genes in humans. While compartments appear to be a proxy of underlying sequence and context activation, TADs are true functional units that create stable promoter/enhancer contacts, facilitating the regulation of gene expression and allowing co-regulation of proximal genes during development [START_REF] Zhan | Reciprocal insulation analysis of Hi-c data shows that TADs represent a functionally but not structurally privileged scale in the hierarchical folding of chromosomes[END_REF] . In addition, TAD topology and boundaries appear to be highly conserved throughout mammals [START_REF] Dixon | Topological domains in mammalian genomes identified by analysis of chromatin interactions[END_REF][START_REF] Vietri Rudan | Comparative Hi-c Reveals that CTCF Underlies Evolution of Chromosomal Domain Architecture[END_REF] , and comparison between human and gibbon genomes showed that synteny breaks were occurring principally at TAD boundaries and that local epigenetic contexts were conserved between both species [START_REF] Lazar | Epigenetic maintenance of topological domains in the highly rearranged gibbon genome[END_REF] . Expression patterns of genes within TADs were more conserved throughout vertebrates, while TAD disruption was associated with altered expression patterns [START_REF] Krefting | Evolutionary stability of topologically associating domains is associated with conserved gene regulation[END_REF] . An interesting example of topological conservation is the homeobox genes, important developmental regulators conserved across all vertebrates. These genes are arranged in two clusters with two independent regulatory contexts, and are both contained in nearby TADs. The disruption of TAD boundaries in one cluster resulted in aberrant spatio-temporal expression of the homeobox genes due to uncontrolled competition between enhancers and promoters from the two TADs [START_REF] Gómez-Marín | Evolutionary comparison reveals that diverging CTCF sites are signatures of ancestral topological associating domains borders[END_REF] . Nevertheless, the extent of the impact of chromatin topology on genetic regulation is not yet determined, especially in humans. A recent study on drosophila showed that extensive chromatin topological perturbations moderately alter gene expression, impacting ~10% of genes, with TAD disruptions impacting a minor fraction of them [START_REF] Ghavi-Helm | Highly rearranged chromosomes reveal uncoupling between genome topology and gene expression[END_REF] . Only 6% of differentially expressed genes were proximal to the disrupted TAD boundaries, and no ectopic gene activation was observed. Genes closer to disrupted TAD boundaries were enriched in differentially expressed genes. Differentially expressed genes were enriched in promoter contacts, but 75% of genes with increased promoter contacts were not differentially expressed. Globally, TAD disruption seems to have specific and moderate local impact on gene expression. However the generalization of such results to mammals or humans is complicated, due to the known permissiveness of drosophila to extensive chromosomal rearrangements of their balancer chromosomes. As a comparison, ~5% of the genome of the general population shows structural variations (i.e. deletions, duplications, inversions, and translocations), suggesting some tolerance to topological alterations [START_REF] Lupiáñez | Disruptions of Topological Chromatin Domains Cause Pathogenic Rewiring of Gene-Enhancer Interactions[END_REF] .

-Biochemical tools for the study of the non-coding genome 1.6.1 -Defining active regions in the non-coding genome

Nucleosomes play an important role in DNA accessibility since tightly packed chromatin is not readable by other molecules. Specific chromatin regions, called euchromatin, characterized by the absence or by the low density of nucleosomes, are characterized as "active" regions, while regions of high nucleosome density, called heterochromatin, are mostly considered as "inactive" due to their low chromatin accessibility. However, the nucleosome flanking active regions are presenting specific histone modifications and specific conformations, suggesting a regulatory role in DNA activity [START_REF] Mikkelsen | Genome-wide maps of chromatin state in pluripotent and lineage-committed cells[END_REF]157 . For example, nucleosomes containing trimethyl groups on lysine 4 at Histone 3 (H3K4me3) are generally around the promoters of actively transcribed protein coding genes. Apart from DNA accessibility and histone modifications, other DNA modifications, such as cytosine methylation, have been observed to regulate gene expression [START_REF] Anastasiadi | Consistent inverse correlation between DNA methylation of the first intron and gene expression across tissues and species[END_REF] . DNA methylation is a combined process of concomitant demethylation and methylation at CpG dinucleotides, which occurs during cellular differentiation and provides each cell with a unique methylation pattern that influences gene expression in a tissue-and cell-specific manner [START_REF] Moore | DNA Methylation and Its Basic Function[END_REF][START_REF] Robertson | DNA methylation and human disease[END_REF][START_REF] Schübeler | Function and information content of DNA methylation[END_REF] .

Combinations of these features are defining biochemical genomic activity, and are widely used to detect different classes of regulatory elements throughout the genome [START_REF] Andersson | Determinants of enhancer and promoter activities of regulatory elements[END_REF]157,[START_REF] Jiang | Nucleosome positioning and gene regulation: Advances through genomics[END_REF] .

-Traditional epigenomic profiling methods

As previously detailed, most methods historically used two factors to detect genomic active elements: i) chromatin accessibility, based on the presence or absence of proteins, and ii) the characterization of specific DNA binding proteins, such as histones and TF [START_REF] Andersson | Determinants of enhancer and promoter activities of regulatory elements[END_REF][START_REF] Klemm | Chromatin accessibility and the regulatory epigenome[END_REF] . Some of the experimental methods used to assess both factors are detailed below.

-Chromatin accessibility assays

DNase-seq -Chromatin sensitivity sites to nucleases

DNase hypersensitivity assays, such as DNAse-chip or DNase-seq, are using one or several endonucleolytic DNases to cut the accessible DNA at various sites, while bound DNA is protected from DNase activity. The resulting fragments are then purified to remove bound proteins, and are either detected on microarrays or sequenced, providing maps of accessible chromatin based on the count of uninterrupted fragments [START_REF] Crawford | Genome-wide mapping of DNase hypersensitive sites using massively parallel signature sequencing (MPSS)[END_REF] .

FAIRE-seq -Formaldehyde-assisted isolation of regulatory elements

A development of DNase-seq is FAIRE-seq, which, after the first step of digestion, crosslinks DNA and bound proteins, and further fragments the DNA through sonication.

Then, proteins and their crosslinked DNA are filtered and the non crosslinked DNA fragments are hybridized on chips or sequenced, directly providing a map of accessible chromatin [START_REF] Giresi | FAIRE (Formaldehyde-Assisted Isolation of Regulatory Elements) isolates active regulatory elements from human chromatin[END_REF] .

MNase-seq -Micrococcal nuclease sequencing

MNase-seq is based on a micrococcal nuclease (MNase), which possesses both exo-and endo-nucleolytic properties. The MNase will first cut accessible DNA, and then digest unprotected extremities, resulting in DNA fragments of the length of the bound sequences. Fragments are then purified from their proteins and undergo sequencing, providing a map of inaccessible DNA [START_REF] Schones | Dynamic Regulation of Nucleosome Positioning in the Human Genome[END_REF] .

ATAC-seq -Assay for transposase-accessible chromatin

ATAC-seq is the most recent chromatin accessibility assay. It takes advantage of a hyperactive transposase, which will integrate known fragments within accessible chromatin regions. The integrated fragments are then used to hybridize primers and to amplify accessible DNA through PCA, while protein-bound regions are not amplified [START_REF] Buenrostro | Transposition of native chromatin for fast and sensitive epigenomic profiling of open chromatin, DNA-binding proteins and nucleosome position[END_REF] .

Interests and limits

DNase-seq and MNase-seq methods have been widely used in large-scale projects as ENCODE or Roadmap Epigenomics, and have provided chromatin accessibility maps that are still used today. However, each of these methods possessed inherent limits due to their design. For example, DNAse-seq and FAIRE-seq do not characterize the kind of protective elements, while MNase-seq allows the distinction between nucleosomes and other proteins based on the known length of nucleosome-coiling DNA. A major interest of ATAC-seq over the other methods is that the chromatin is not perturbed by the assay and produces faster and more precise results [START_REF] Klemm | Chromatin accessibility and the regulatory epigenome[END_REF] .

-DNA-binding protein assays

ChIP-seq -Chromatin immunoprecipitation sequencing

ChIP is a method used to determine the sequence of DNA fragments bound to specific proteins. First, DNA and bound proteins are crosslinked, and the DNA is sonicated into fragments. Second, antibodies against the assayed proteins are used to capture the proteins and bound DNA. Consequently, DNA becomes unbound from any proteins, and its sequence is then assessed either through microarray chips (ChIP-chip) or through sequencing (ChIP-seq) [START_REF] Ren | Genome-Wide Location and Function of DNA Binding Proteins[END_REF] . One of the main interests of ChIP-seq is that antibodies targeting histones with specific modifications are available, allowing the mapping of many different histone marks at their prefered sites throughout the genome. ChIP-seq was further refined into a huge variety of methods, such as ChIP-exo, which contains an additional exonuclease digestion step, increasing the resolution of the method [START_REF] Shlyueva | Transcriptional enhancers: From properties to genome-wide predictions[END_REF] .

-Chromatin topology assays

Another way to assess the active and regulatory potential of DNA regions is to map their physical interactions through their interaction proteins. The so-called chromosome conformation capture (3C) and other derivative methods are briefly described below [START_REF] Han | 3C and 3C-based techniques: The powerful tools for spatial genome organization deciphering[END_REF] .

Recently developed chromatin assays using ligation-free approaches are not described here, as they were not used in previous and current large-scale projects, but were recently reviewed elsewhere [START_REF] Kempfer | Methods for mapping 3D chromosome architecture[END_REF] .

3C -Chromosome conformation capture

3C consists in the crosslinking of DNA with their bound proteins, followed by the digestion with restriction enzymes generating sticky ends. These sticky ends are ligated, forming chimeric sequences, and the crosslink is then reversed. Then, the built library is subject to PCR amplification [START_REF] Dekker | Capturing Chromosome Conformation[END_REF] . This last step is extremely limiting in terms of scalability of the method, as 3C requires the synthesis of PCR primer pairs specific to each chimeric fragment, requiring that the two native DNA sequences are a priori known to interact. This method is, thus, limited to the study of one-to-one interactions.

4C -Chromosome conformation capture on chip

A first development of 3C is 3C on chip (4C), using a second step of digestion-ligation with a second restriction enzyme after the crosslinking reversion. This results in the production of circular chimeric DNA fragments, which are then interrogated through PCR. The PCR primers are designed to be specific to one locus of interest, and will therefore produce amplified fragments corresponding to all interacting regions . After amplification, the fragments are mapped into a microarray, revealing the one-to-all map of interactions of the locus of interest [START_REF] Simonis | Nuclear organization of active and inactive chromatin domains uncovered by chromosome conformation captureon-chip (4C)[END_REF] .

5C -Chromosome conformation capture carbon copy

A second development of 3C is the 3C carbon copy (5C), which uses different amplification primers to 3C and consists of two PCR amplification steps. A first pair of primers still needs to be specific of an a priori known sequence, but the primers 5' ends contain a specific tail that will be amplified along the fragment during the first PCR. Then, a second PCR is performed on the fragments containing the added tails, with primers specific to these tails, eventually producing fragments terminating at each end of the added tails. The fragments are then interrogated through microarray or sequencing. 5C allows the mapping of interaction in a many-to-many manner, as primers have to be designed for each region of interest rather than for each pair of regions of interest [START_REF] Dostie | Chromosome Conformation Capture Carbon Copy (5C): A massively parallel solution for mapping interactions between genomic elements[END_REF] .

Hi-C -High throughput capture

A third development of 3C, Hi-C, was developed thanks to technological improvements in sequencing technology. Hi-C uses the same principle as 3C, but the sticky ends are biotinylated prior to ligation. After cross-linking reversal, the fragments are fractionned through sonication, and the biotinylated fragments are extracted and interrogated through paired-ends sequencing [START_REF] Lieberman-Aiden | Comprehensive Mapping of Long-Range Interactions Reveals Folding Principles of the Human Genome[END_REF] . Initially, Hi-C allowed the mapping of contacts at a resolution of a few Mb, eventually rising to resolutions ranging between 1kb to 5kb with increasing sequencing coverage and depth [START_REF] Rao | A 3D Map of the Human Genome at Kilobase Resolution Reveals Principles of Chromatin Looping[END_REF] . Hi-C generates all-to-all interaction maps in a high-throughput manner and without any a priori knowledge of the involved regions.

ChIA-PET -Chromatin interaction analysis by paired-end tag sequencing

ChIA-PET is a mix between ChIP-seq and 3C. After the crosslinking step, specific proteins are targeted by antibodies and are precipitated. The precipitated fraction is extracted, and DNA fragments are ligated and then digested. Eventually, the crosslinking is reversed and the resulting hybrid DNA fragments are interrogated through paired-end sequencing [START_REF] Li | ChIA-PET tool for comprehensive chromatin interaction analysis with paired-end tag sequencing[END_REF] . ChIA-PET generates high-throughput protein-specific all-toall contact maps.

-Comparative genomic tools for the identification of conserved elements

The theoretical bases of evolutionary genetics were established throughout the 20th century, and the advances in comparative genomics, mainly due to the development of sequencing, allowed the experimental testing of many of them, eventually proposing a less categorical, more integrative and more complex view of evolution. The relatively low amount of constrained sequences in the human genome raised many questions, especially relating to the link between the function and the conservation of genetic sequences. The study of neutrally evolving regions of the genome helped in understanding the history and the past dynamics of populations, while it also provided a baseline for the study of genomic regions under natural selection.

-The different modes of natural selection

Genes and their phenotypic expression are inherited from one generation to the other. However, in a specific environment, the phenotype of some individuals, as a consequence of their underlying genotype, might confer some advantages or disadvantages over other individuals in terms of survival or reproductive success. The relative adaptiveness of each individual is called fitness, corresponding to the quantitative integration of an individual's ability to survive and to reproduce. Ultimately, individuals with advantageous phenotypes, or higher fitness, would be more likely to pass down their genotype, and conversely for individuals with disadvantageous phenotypes or lower fitness. The pressure the environment applies on the phenotype of individuals is called natural selection, as it will select individuals based on their fitness. Individuals with advantageous phenotypes will be positively selected, while individuals with disadvantageous phenotypes will be negatively selected [START_REF] Quach | Living in an adaptive world: Genomic dissection of the genus Homo and its immune response[END_REF][START_REF] Quintana-Murci | Genetic and epigenetic variation of human populations: An adaptive tale[END_REF][265][START_REF] Quintana-Murci | Population genetic tools for dissecting innate immunity in humans[END_REF][START_REF] Vitti | Detecting Natural Selection in Genomic Data[END_REF] . Here, the environment is understood as all exogenous factors impacting the fitness of an individual and their interactions, including climate, geography and topology, habitat, fauna and flora, but also social factors, represented here bin kin selection and sexual selection [START_REF] Coop | The Role of Geography in Human Adaptation[END_REF][START_REF] Cramer | Strong sexual selection despite spatial constraints on extrapair paternity[END_REF][START_REF] Nishi | Assortative mating at loci under recent natural selection in humans[END_REF][START_REF] Novembre | Spatial patterns of variation due to natural selection in humans[END_REF] . The action of natural selection can be detected at the molecular level, by looking at the frequency of SNPs in specific regions, by looking at the alignability of two sequences and/or by looking at the number of differences between two sequences. These measures give insights about the conservation of a genetic sequence, or how much the molecular evolution of this sequence is constrained.

Over time, disadvantageous SNPs will be subject to negative or purifying selection and removed or kept at extremely low frequencies in the population. Conversely, advantageous SNPs will be subject to positive selection, and their frequency will increase across generations. The importance of the fitness advantage or disadvantage is theoretically proportional to the speed of respectively positive or purifying selection of the causal alleles [START_REF] Quintana-Murci | The role played by natural selection on Mendelian traits in humans: Population genetics of Mendelian traits[END_REF] . The frequency of alleles conferring higher or lower fitness can be detected by comparing the genome of different populations that have adapted to their own environment. Positive selection examples can be found in the different genetic adaptations to altitude, observed in Tibetan, Ethiopian, and Andean high-altitude people, conferring them different molecular mechanism of resistance to hypoxia [START_REF] Beall | Andean, Tibetan, and Ethiopian patterns of adaptation to high-altitude hypoxia[END_REF] , or in the more recently discovered adaptation to diving in the sea nomads population [START_REF] Ilardo | Physiological and Genetic Adaptations to Diving in Sea Nomads[END_REF] , both bearing marks of positive selection. As of today, comparative genomic studies estimated that around 8% of the human genome is under selective constraints, in comparison with other mammals, including ~85% of the human protein-coding sequences 17 . Other models of selection exist, such as polygenic selection and balancing selection. Polygenic selection could be conceived as an intermediate between positive and negative selections, where small effect variants at many loci would be collectively selected regarding an adaptive phenotype [START_REF] Coop | The Role of Geography in Human Adaptation[END_REF][START_REF] Pritchard | The Genetics of Human Adaptation: Hard Sweeps, Soft Sweeps, and Polygenic Adaptation[END_REF] , such as height, for which around 700 contributing loci were identified [START_REF] Magic Investigators | T2D-Genes Consortium, GoT2D Genes Consortium[END_REF] . Balancing selection preserves genetic diversity by fixation of advantageous alleles at intermediate frequencies, for example due to heterozygous advantage (i.e. the heterozygous state provides higher fitness than both homozygous states), frequency dependent selection (i.e. where the fitness is relative to the frequency of other phenotypes or genotypes in the population), or pleiotropy (i.e. two alleles at a locus confer an advantage or disadvantage to different phenotypes, both being selected in the same way and at the same time). One of the most famous examples of balancing selection is the selection of disadvantageous mutations in erythrocytes due to the pressure of malaria favorising, under heterozygous advantage, the maintenance of several alleles causing Mendelian erythrocytes disorders, while giving a protective advantage against infections by malaria parasites [START_REF] Quintana-Murci | The role played by natural selection on Mendelian traits in humans: Population genetics of Mendelian traits[END_REF] .

-The neutral model of molecular evolution

Comparative studies in humans showed that the main drivers of the observed differences in allele frequency spectrum between populations were demographic dynamics, such as population bottlenecks, expansions, migration and the founder effect, masking and altering the molecular effects of natural selection, and genetic drift, a prominent evolutionary force in population of small size [START_REF] Quintana-Murci | Genetic and epigenetic variation of human populations: An adaptive tale[END_REF][START_REF] Novembre | Spatial patterns of variation due to natural selection in humans[END_REF][START_REF] Pritchard | The Genetics of Human Adaptation: Hard Sweeps, Soft Sweeps, and Polygenic Adaptation[END_REF]277,[START_REF] Teshima | How reliable are empirical genomic scans for selective sweeps?[END_REF] , and that large population sizes were necessary for positive or negative selection to behave as expected 4,[START_REF] Quintana-Murci | Genetic and epigenetic variation of human populations: An adaptive tale[END_REF][START_REF] Ohta | Slightly Deleterious Mutant Substitutions in Evolution[END_REF] .

Under reduced population size, such as human populations, most variants with mildly deleterious or advantageous consequences would be treated as nearly neutral by natural selection, and genetic evolution would be mainly driven by neutral processes, such as population dynamics, neutral mutation rate, and genetic drift. This neutral model was initially presented by Motoo Kimura in 1968 and further adjusted by Tomoko Ohta, among others, and is now supported by many empirical evidence 4,[START_REF] Vitti | Detecting Natural Selection in Genomic Data[END_REF][START_REF] Coop | The Role of Geography in Human Adaptation[END_REF][START_REF] Akashi | Weak Selection and Protein Evolution[END_REF] . Under the neutral model, highly deleterious mutations would be removed by purifying selection, while nearly-neutral mutations would drift to disparition or fixation with probabilities relative to their initial frequency, explaining the higher proportions of deleterious mutations observed in europeans and asians relative to africans [START_REF] Henn | Estimating the mutation load in human genomes[END_REF][START_REF] Lohmueller | Proportionally more deleterious genetic variation in European than in African populations[END_REF] .

-The red queen hypothesis

In 1973 and when comparing the rates of extinction of different species, Van Valen observed that the probability of extinction of a species was independent from its age. This observation was unexpected, as contemporarily, it was thought that more recent species were more adapted to the environment than older species, and that the extinction of species should therefore be correlated with their age. However, the rate of extinction of species within taxa was the same (i.e. the age of species sharing the same environment -coming from the same taxa-was not giving them advantage over older species from the same taxa). This meant that the increased adaptation to the environment of newer species was in the end not providing an advantage in comparison to older species. Van Vallen theorized that this observation was due to the antagonistic coevolution of species rather than to changes from the physical environment, as species are constantly applying new selection pressures on others, resulting in a constant competitive arms race. This theory was named after Lewis Carroll's novel Through the Looking-Glass where the Red Queen addresses Alice with: "Now, here, you see, it takes all the running you can do, to keep in the same place". In the ecological context, this meant that species had to constantly evolve in order to keep the same fitness, or otherwise go extinct [START_REF] Brockhurst | Running with the Red Queen: The role of biotic conflicts in evolution[END_REF][START_REF] Van Valen | A new evolutionary law[END_REF][START_REF] Liobait | Reconciling taxon senescence with the Red Queens hypothesis[END_REF] . In the last 20 years, comparative genomics found further evidence of antagonistic coevolution in the human genome, especially located in immune genes. Many studies found molecular evidence of strong negative selection around immune-related genes and of positive selection at population-specific variants of immune genes, supporting pathogens to be the major driving force in recent human evolution [START_REF] Quach | Living in an adaptive world: Genomic dissection of the genus Homo and its immune response[END_REF][START_REF] Quintana-Murci | Population genetic tools for dissecting innate immunity in humans[END_REF][START_REF] Casanova | Immunology Taught by Human Genetics[END_REF][START_REF] Quach | Different selective pressures shape the evolution of Toll-like receptors in human and African great ape populations[END_REF][START_REF] Siddle | The Red Queen's long race: Human adaptation to pathogen pressure[END_REF] . As an example, it was conservatively estimated that more than 30% of the amino acid modifications observed in the human proteome are due to the lone viral selection pressure [START_REF] Enard | Viruses are a dominant driver of protein adaptation in mammals[END_REF] . More specific examples, data and literature on the evolution of the immune system can be found in the ~20 years of publications from the lab of Human Evolutionary Genetics of the Institut Pasteur, led by Lluis Quintana-Murci, or in publications from Laurent Abel's and Jean-Laurent Casanova's lab at Institut Imagine.

-Methods to detect natural selection in genomes

Detecting selection at the molecular level consists in assessing the changes in frequency of a variant or of a type of variation, relative to neutrally evolving variants or types of variants. o assess the evolutionary constraint on genes, most methods rely on synonymous variants or non-genic variants to establish a baseline, while non-genic constraint methods use either neutral model estimates or internal relative controls. These analyses can be performed on reconstructed ancestral genomes, on other species genomes or on genomes coming from the same species.

-Interspecies conservation

Assessing constraint across different species is interesting to date the apparition or divergence of specific genetic modules in related species, and might be used to assess the current relevance of genetic sequences. Sequence constraints across species can be detected at the gene, region and position level. A famous interspecies gene conservation metric is the dN/dS, which is the ratio between the number of non-synonymous substitutions per non-synonymous site (dN) and the number of synonymous substitutions per synonymous site (dS) in a specific coding sequence. This measure is usually performed on homologous diverging sequences, and performs poorly within populations. A dN/dS score above 1 represents an excess of nonsynonymous over synonymous variants and is usually interpreted as a trace of positive selection, while a score below 1 represent a depletion of nonsynonymous mutations and is usually interpreted as evidence of negative selection [START_REF] Hurst | The Ka/Ks ratio: Diagnosing the form of sequence evolution[END_REF][START_REF] Kryazhimskiy | The Population Genetics of dN/dS[END_REF] . However, considering synonymous changes as neutrally-evolving vari-ants is a dangerous assumption: synonymous variants can create new splice sites [START_REF] Mueller | The Silent Sway of Splicing by Synonymous Substitutions[END_REF] , and also alter the subsequent codons, which impact mRNA stability through altered translation dynamics [START_REF] Hanson | Codon optimality, bias and usage in translation and mRNA decay[END_REF][START_REF] Nedialkova | Optimization of Codon Translation Rates via tRNA Modifications Maintains Proteome Integrity[END_REF][START_REF] Wu | Translation affects mRNA stability in a codon-dependent manner in human cells[END_REF] . In parallel, other scores, such as the genomic evolutionary rate profiling (GERP) score, is assessing both the alignability of orthologous sequences and the number of divergent positions between aligned nucleotides to quantify the deficit in substitutions relative to neutral expectations. It provides a position specific score that can be computed between different numbers of species, allowing a temporal analysis of conservation signals.

-Intraspecies conservation

Intraspecies conservation relies on the accumulation of sequences from the same species in order to observe deviations from the neutral models, which are interpreted depending on the context [START_REF] Quach | Living in an adaptive world: Genomic dissection of the genus Homo and its immune response[END_REF][START_REF] Booker | Detecting positive selection in the genome[END_REF][START_REF] Sabeti | Positive Natural Selection in the Human Lineage[END_REF] . A first approach to identify the conservation of a gene is through its tolerance to homozygous or heterozygous loss-of-function. This approach exploits the difference between the observed and the expected number of nonsense variants, the latter estimated from the probability of each trinucleotide to mutate into other trinucleotides, based on the count of variants observed in intergenic sequences from whole genome sequencing on cohorts of substantial size. Then, for each gene, the corresponding mutation rate is the sum of all trinucleotide mutation rates for a given class of variants (e.g. synonymous, missense, and nonsense), corrected for regional depth of sequencing (the sequencing depth of a given sequence is correlated with the amount of variants detected). Eventually, the expected number of synonymous, nonsense, and missense variants can be compared with the observed count of variants from the same class through a Poisson model to derive the pLI score [START_REF] Lek | Analysis of protein-coding genetic variation in 60,706 humans[END_REF] . Natural selection does not have precise tools to select for specific variants: in the majority of cases, all variants cosegregating with a selected variant are impacted by the same selection. This co-selection principle, called hitchhiking, is used in different ways to assess the degree of constraints or of evolvability of a sequence in comparison to expectations deriving from the neutral model. These tests are testing for both positive and negative selection. For example, allele frequency spectrum tests (e.g. Tajima's D, Fu & Li's D and Fu & Li's F) look at the enrichment or depletion of a sequence in rare variants, while other tests based in linkage disequilibrium (LD) structures (e.g. iHS, IBD and XP-EHH) look for high or low homozygosity signals coming from extended haplotypes [START_REF] Vitti | Detecting Natural Selection in Genomic Data[END_REF][START_REF] Pybus | 1000 Genomes Selection Browser 1.0: A genome browser dedicated to signatures of natural selection in modern humans[END_REF] . These tests require sequencing data from many individuals in order to become robust, and are extremely sensitive to past demographic changes [START_REF] Vitti | Detecting Natural Selection in Genomic Data[END_REF] . In addition, the replication of positively selected regions across tests and studies is very poor: only 14% of all regions predicted under positive selection were reproduced by results in 2 or more studies [START_REF] Akey | Constructing genomic maps of positive selection in humans: Where do we go from here?[END_REF] . These limits supported the development of composite tests, most of the time integrating both allele frequency spectrum and LD structure deviations, such as the recent singleton density score (SDS), which detects the depletion of rare alleles in LD structures [START_REF] Field | Detection of human adaptation during the past 2000 years[END_REF] . However, composite tests did not especially increase the robustness of the signatures across studies. Overall, these tests have been shown to detect specific events, and are sensitive to past selection at different time scales. For example, Tajima's D can be used to identify traces of selection that occured up to ~250'000 years ago, LD tests can detect selection up to ~25'000 years ago, and SDS measure traces of selection that occured ~2500 years ago.

-Conserved, active and essential

Using evolutionary conservation as a proxy of sequence function and importance has been useful to identify specific genetic elements that provide clear adaptive advantages to their carrier, or to identify essential genes. However, many lines of evidence support the idea that most regions under weak positive or weak negative selection are not showing any conservation signals, due to several factors, such as the size and the dynamics of the studied population and the importance of the impacted phenotype. In addition, the functionality of a genomic element does not imply its essentiality. Many functional elements are redundant at the cellular level, but also, at higher levels of organization, other mechanisms could cope with their absence or disfunction [START_REF] Quintana-Murci | Human Immunology through the Lens of Evolutionary Genetics[END_REF]302 . Moreover, with the recent development of quantitative trait loci analysis, many population-, environmentand stimulus-specific loci have been identified, highlighting the relative definition of function within the studied contexts, implying that negative selection in a population might appear positive in another 277,[START_REF] Piasecka | Distinctive roles of age, sex, and genetics in shaping transcriptional variation of human immune responses to microbial challenges[END_REF][START_REF] Ponting | Biological function in the twilight zone of sequence conservation[END_REF] .

-Environmental epigenetics and inheritance

It has been observed that several environmental factors are altering the level and dynamics of the epigenome of mammals, humans included. Factors, such as the diet, stress or tobacco and other toxins are altering the epigenome of exposed individuals, with direct measurable phenotypic changes. For example, mice fed with two grape-derived molecules showed reduced stress sensitivity due to two different molecular mechanisms.

A first molecule was inhibiting a DNA methyltransferase, therefore reducing the methylation levels of IL6 introns, and decreasing the corresponding gene and protein expression. IL6 is a known pro-inflammatory protein, and its reduced production results in lower stress and depression levels of the mice. A second molecule was inhibiting a histone deacetylase, resulting in increased histone acetylation and upregulation of a known stress-relieving gene [START_REF] Wang | Epigenetic modulation of inflammation and synaptic plasticity promotes resilience against stress in mice[END_REF] . A second and more sinister example was the observation of a new exogenous histone modification observed in human and mice hepatocytes. Histones were modified through lysine benzoylation, found to be originating from sodium benzoate, an FDA-approved and widely used food preservative [START_REF] Huang | Lysine benzoylation is a histone mark regulated by SIRT2[END_REF] . Other studies showed that prenatal exposure to specific factors could be related to epigenetic changes later in life. For example, prenatal exposure to famine was associated with hypomethylation of IGF up to 60 years later [START_REF] Heijmans | Persistent epigenetic differences associated with prenatal exposure to famine in humans[END_REF] , or prenatal maternal smoking exposure induced DNA hypermethylation in a dose-dependent manner, at pro-oncogenes, obesity-related genes and dependence-related genes and also at loci associated with cardiovascular risk factors, e.g. triglycerides and HDL and elevated blood pressure [START_REF] Rauschert | Maternal Smoking During Pregnancy Induces Persistent Epigenetic Changes Into Adolescence, Independent of Postnatal Smoke Exposure and Is Associated With Cardiometabolic Risk[END_REF] . Direct and prenatal epigenetic alterations represent adaptations to the environment, and do not constitute transgenerational epigenetic inheritance per se but rather a transgenerational epigenetic effect, as the individual carrying the alteration has been subject to the modifier element either directly or indirectly (e.g. during pregnancy). In mammals, epigenetic markers can be transmitted by the germline cells to the zygote, along the DNA of each gamete or under the form of RNAs or proteins in the gametes [START_REF] Daxinger | Understanding transgenerational epigenetic inheritance via the gametes in mammals[END_REF] . After fecondation, the zygote undergoes a complete epigenetic reprogramming, removing most of the epigenetic marks carried by the parental DNA. However, for DNA-methylation, it was shown that the methylation erasure process is incomplete, and some DNA-methylated regions modified in the parents could be transmitted to the offspring [START_REF] Miska | Transgenerational inheritance: Models and mechanisms of non-DNA sequence-based inheritance[END_REF] . Incomplete epigenetic reprogramming was also observed in mice, associated with DNA methylation and histones marks, although the causal molecular mechanism has not been identified yet [START_REF] Daxinger | Understanding transgenerational epigenetic inheritance via the gametes in mammals[END_REF] . Several cases of transgenerational effects have been reported in humans, mostly linked to the nutrition of grand-parents, and associated with cardiovascular disease risk, all-cause mortality, and diabetes in grandchildren, transmitted through the male line. However, no epigenetic analysis has been performed [START_REF] Kaati | Cardiovascular and diabetes mortality determined by nutrition during parents' and grandparents' slow growth period[END_REF][START_REF] Team | Sex-specific, male-line transgenerational responses in humans[END_REF] . Currently, apart from parental imprinting, no transgenerational epigenetic transmission has been reported in humans [START_REF] Otterdijk | Transgenerational epigenetic inheritance in mammals: How good is the evidence?[END_REF] .

Parental imprinting consists of the monoallelic expression of a gene depending on the transmitting parent. In mammals, maternal imprinting is common, due to the major contribution of the female oocyte in the non-genetic components of the zygote in comparison to the sperm. The more iconic case of pathogenic parental imprinting in humans is the deletion of q11-q13 on chromosome 15. This mutation causes the Prader-Willi syndrome or the Angelman syndrome, depending on whether the carrier parent was the father or the mother, respectively [START_REF] Cassidy | Prader-Willi and Angelman Syndromes: Disorders of Genomic Imprinting[END_REF] .

-From genotype to phenotype

The functioning and maintenance of cells and organisms is extremely complex, and involves many interacting mechanisms and processes, forming intricate networks that can vary with location, time and conditions. Some of these processes have been broadly described in the first part of this introduction, and many more have not even been mentioned. Now, consider that each of these processes can be more or less extensively perturbed by genetic variations that can modify the phenotype at the molecular, cellular and/or individual level. In this second part, I first describe how genetic variations result in observable phenotypes, how these variations interact between themselves and with other variants and how they translate in tissue-specific functional alterations.

-Inheritance and intra-allelic interactions

Simplistically, in diploïd organisms, monogenic phenotypes are encoded by two alleles at a single locus. The interactions between these two alleles are following several interaction modes that will define the subsequent phenotype. Paired alleles can be defined as dominant (i.e. the dominant allele is responsible for the complete phenotype), recessive (i.e. the recessive allele is silenced or its effect is completely masked by the paired dominant allele) or co-dominant (i.e. each of the two alleles is responsible for half of the phenotype, and the phenotype resulting from heteroallelic combination corresponds to a mixture of the phenotypes resulting from the two homoallelic combinations). The impact of a genetic variant will be modulated by the intra-allelic combinations at the corresponding locus [START_REF] Wilkie | Dominance and Recessivity[END_REF] . Dominance and recessivity are co-evolving phenomena: for an allele to be dominant, the other has to be recessive. 90 years ago, Ronald Fisher, Sewall Wright and John Haldane, among others, argued about the evolutionary origins of dominance. Through a series of articles, Fisher explained that dominance was an evolutionary adaptation, with most variants inactivating the mutated allele and interacting with the wild-type allele in a co-dominant way, and that mutations of oher "modifier genes" were then selected to force the mutated allele toward recessivity while making its wild-type counterpart dominant, andc onsequently, the produced heterozygous phenotype would be similar to the wild-type homozygous phenotype [START_REF] Fisher | The Possible Modification of the Response of the Wild Type to Recurrent Mutations[END_REF] . Fisher viewed selection as an unbeatable force that would have a strong effect even if weakly applied, as long as the exposure was steady and long enough. Conversely, Haldane and Wright argued that dominance was not due to the selection of modifiers, as the effect of natural selection on modifier genes would first alter the normal function of these modifiers in regard to other wild-type alleles, and that the effect of natural selection would be far too small to actively select for modifiers [START_REF] Haldane | The theory of the evolution of dominance[END_REF][START_REF] Wright | Physiological and Evolutionary Theories of Dominance[END_REF] . For Wright, "smaller selection pressures would be practically negligible" and "other evolutionary pressures of greater magnitude acting in one direction or the other" would be responsible for the maintenance of the mutated allele in the population. In agreement, Wright proposed a physiological theory of dominance, wherein he explained that the dominance of an allele was due to its limiting effect in the chain between the gene and the produced phenotype [START_REF] Wright | Physiological and Evolutionary Theories of Dominance[END_REF] . This theory received much experimental and theoretical support during the past 90 years, especially from the elaboration of control theory and metabolic control experiments, highlighting the dominant characteristic of metabolic bottlenecks 319 .

-Regulatory impact of non-coding variations

Genetic variants can be silent (i.e. not altering the function or the regulation of a gene) or can functionally alter the regulation of a gene or the gene itself, resulting in a loss-of-function or in a gain-of-function. While the effect of coding variations on the primary structure of proteins can readily be assessed through their impact on the affected codons, their interpretation is not always straightforward, as even synonymous variants can have an important tissue-specific impact on the translation dynamics of the corresponding mRNA due to altered codon usage [START_REF] Hanson | Codon optimality, bias and usage in translation and mRNA decay[END_REF][START_REF] Zeng | Predicting Functional Effects of Synonymous Variants: A Systematic Review and Perspectives[END_REF] (see Section 1.2.1). The case of non-coding variations is even more complex, as there is no non-coding genetic code to decipher the potential importance of their effect. Currently, most of the non-coding variant analysis pipelines prioritize variants depending on overlapping non-coding elements, such as enhancers, histone marks, TFBS or introns, establishing some sort of hierarchy between these elements, or restricting the analysis to non-coding variants overlapping with specific non-coding elements. The functional characterization of non-coding variants is mostly studied through their regulatory impact on protein-coding genes, both at the transcriptional and post-transcriptional levels, and can have quantitative and/or qualitative effects on gene expression.

-Quantitative alteration of gene expression

Naturally, genes can tolerate a certain amount of variability. Structural variations, such as copy number variants (CNVs), have been shown to result in heterozygous loss-offunction in around ~37% of autosomal protein-coding genes observed in the healthy population, resulting in a mean of ~180 genes altered by bi-allelic CNVs per individual and a total of 1752 genes tolerant to bi-allelic inactivation in the general population, while copy gain affect ~24% of autosomal protein-coding genes [START_REF] Collins | Genome Aggregation Database Production Team, Genome Aggregation Database Consortium[END_REF][START_REF] Karczewski | The mutational constraint spectrum quantified from variation in 141,456 humans[END_REF][START_REF] Wellcome | Origins and functional impact of copy number variation in the human genome[END_REF] . Additionally, gene and transcript expression was shown to be stochastic [START_REF] Munsky | Using Gene Expression Noise to Understand Gene Regulation[END_REF] and to vary across and within individuals [START_REF] Mele | The human transcriptome across tissues and individuals[END_REF] . Sewall Wright himself argued that dominance was evidence for genomic tolerance to variable gene expression, as dominant alleles would mask the effect of recessive alleles on expression levels [START_REF] Wright | Physiological and Evolutionary Theories of Dominance[END_REF] . However, this tolerance is not systematic: large-scale projects such as the exome aggregation consortium (ExAC 297 ) showed that around ~3200 genes were not presenting any truncating variant in the general population and were unlikely to tolerate loss-of-function variants, while many cohort studies reported coding or non-coding structural variants causing abnormal gene expression [START_REF] Han | Functional annotation of rare structural variation in the human brain[END_REF] and associating with various developmental diseases, such as abnormal organ formation [START_REF] Flöttmann | Noncoding copy-number variations are associated with congenital limb malformation[END_REF][START_REF] Zhu | Systematic analysis of copy number variation associated with congenital diaphragmatic hernia[END_REF] , autism, intellectual disabilities and developmental delays [START_REF] Coe | Neurodevelopmental disease genes implicated by de novo mutation and copy number variation morbidity[END_REF][START_REF] Turner | Genome Sequencing of Autism-Affected Families Reveals Disruption of Putative Noncoding Regulatory DNA[END_REF] or with chronic diseases, such as diabetes, obesity and hypertension [START_REF] Crawford | Medical consequences of pathogenic CNVs in adults: Analysis of the UK Biobank[END_REF][START_REF] Owen | Effects of pathogenic CNVs on physical traits in participants of the UK Biobank[END_REF] . Genes showing altered functions due to their insufficient or over-expression are called dosage-sensitive genes. The altered expression of dosage-sensitive genes can result either in gene deficiencies or gene overexpression, and the consequential phenotype can be mediated by several molecular mechanisms [START_REF] Moriya | Quantitative nature of overexpression experiments[END_REF][START_REF] Rice | Dosage-sensitive genes in evolution and disease[END_REF] . Furthermore, several degrees of deficiencies can be defined: complete deficiencies caused by the absence of expression of any functional allele of a gene, haploinsufficiencies when only a single functional allele of a gene is insufficient to maintain a normal phenotype, and partial insufficiencies when the reduced expression of a gene leads to a tempered phenotype. Furthermore, the overexpression or duplication of dosage-sensitive genes can also result in an altered phenotype. Genes causing altered phenotype upon duplication are called triplosensitive genes.

-Alteration through the law of mass action

While diseases or traits due to insufficiency or over-expression of dosage-sensitive genes seem to arise from opposite molecular defects, they actually share several of the underlying mechanistic causes [START_REF] Morrill | Why haploinsufficiency persists[END_REF][START_REF] Veitia | Gene dosage imbalances: Action, reaction, and models[END_REF] . These shared causes are due to the perturbation of the molecular equilibrium deriving from the law of mass action (i.e. the rate of a chemical reaction is proportional to the concentration and kinetics of the reagents), where the variations in gene dosage lead to the disruption of the standard stoechiometric equilibrium between the different interacting chemical species [START_REF] Bronowska | Thermodynamics of Ligand-Protein Interactions: Implications for Molecular Design[END_REF]338 . This disruption is described in the literature as the gene dosage balance hypothesis and translates into molecular consequences at several levels, depending on the gene properties and functions [START_REF] Veitia | Gene dosage imbalances: Action, reaction, and models[END_REF][START_REF] Bergendahl | The role of protein complexes in human genetic disease[END_REF][START_REF] Birchler | Gene balance hypothesis: Connecting issues of dosage sensitivity across biological disciplines[END_REF] .

-Stoichiometric imbalance

Molecular complexes comprised of several molecules (e.g. proteins, RNAs and other cofactors), form through the binding of the different components in a stoichiometric manner, dependent on the limiting component and weighted by the interaction kinetics of the different components, which are, in most cases, stoichiometrically produced [START_REF] Li | Quantifying Absolute Protein Synthesis Rates Reveals Principles Underlying Allocation of Cellular Resources[END_REF] .

Stoichiometric imbalance occurs when the components of a complex are no longer present in stoichiometric proportions, due to the overexpression of one component or the decreased expression of another, causing various traits and diseases [START_REF] Moriya | Quantitative nature of overexpression experiments[END_REF][START_REF] Bergendahl | The role of protein complexes in human genetic disease[END_REF] . An example of stoichiometric imbalance is the case of the BMPR2 gene in humans, that codes for the type 2 receptor of bone morphogenetic proteins (BMPs). BMPR2 interacts with other BMP receptors to efficiently bind ligands and transduce the signal. Heterozygous nonsense mutations of BMPR2 cause haploinsufficiency and lead to a decreased number of heteromeric BMP receptors, resulting in the insufficient ligand binding and eventually causing a dominant pulmonary arterial hypertension [START_REF] Nasim | Stoichiometric imbalance in the receptor complex contributes to dysfunctional BMPR-II mediated signalling in pulmonary arterial hypertension[END_REF] . Moreover, several genes are even sensitive to dosage in both directions, and causing different diseases depending on the sense. A well-known example of gene sensitivity to bi-directional changes is PMP22, which heterozygous deletion leads to hereditary neuropathy with liability to pressure palsies, while PMP22 duplication causes the Charcot-Marie-Tooth disease type 1A [START_REF] Van Paassen | PMP22 related neuropathies: Charcot-Marie-Tooth disease type 1A and Hereditary Neuropathy with liability to Pressure Palsies[END_REF] .

Observation of such cases actually helped in understanding why haploinsufficiency persists in current organisms. Intuitively, one could argue that if the phenotype caused by a gene deletion is deleterious enough, a duplicated version of this gene should be evolutionarily favoured over time, resulting in a gene non-sensitive to haploinsufficiency. However, most of the genes currently characterized as haploinsufficient cause severe diseases, and their duplication does not appear to have been especially selected to palliate their haploinsufficient nature. These observations, together with experimental works performed on yeasts, suggest that most genes described as haploinsufficient are actually evolutionary "stuck", as both decreased or increased expression levels due to gene deletion or duplication are deleterious [START_REF] Morrill | Why haploinsufficiency persists[END_REF] .

-Promiscuous interactions

Another perturbation arising from the mass action law and specific to overexpression of dosage sensitive genes consists in off-target interactions of highly concentrated proteins at intrinsically disordered regions (i.e. protein regions not forming stable domains), a phenomenon described in the literature as promiscuous interactions [START_REF] Moriya | Quantitative nature of overexpression experiments[END_REF][START_REF] Rice | Dosage-sensitive genes in evolution and disease[END_REF][START_REF] Veitia | Gene dosage imbalances: Action, reaction, and models[END_REF][START_REF] Vavouri | Intrinsic Protein Disorder and Interaction Promiscuity Are Widely Associated with Dosage Sensitivity[END_REF] . These intrinsically disordered regions allow flexible protein-protein interactions based on thermodynamic pairing and concentrations of interacting molecules [START_REF] Bronowska | Thermodynamics of Ligand-Protein Interactions: Implications for Molecular Design[END_REF]338 . While these interactions are important for the recognition, binding and folding of specific protein complexes [START_REF] Protter | Intrinsically Disordered Regions Can Contribute Promiscuous Interactions to RNP Granule Assembly[END_REF][START_REF] Tian | Tubulin Subunits Exist in an Activated Conformational State Generated and Maintained by Protein Cofactors[END_REF] , off-target protein-protein interactions can be increased by the overexpression of a protein, which would correspondingly interact with a higher proportion of any of its partners, potentially leading to an increased complex formation or increased protein misfolding. Genes coding for proteins with disordered regions have been shown to be enriched for dosage-sensitive genes [START_REF] Vavouri | Intrinsic Protein Disorder and Interaction Promiscuity Are Widely Associated with Dosage Sensitivity[END_REF][START_REF] Babu | Intrinsically disordered proteins: Regulation and disease[END_REF] . For example, the TP53 gene codes for p53, a cellular proliferation master regulator with a disordered C-terminal domain that binds numerous proteins with various affinities [START_REF] Uversky | P53 Proteoforms and Intrinsic Disorder: An Illustration of the Protein StructureFunction Continuum Concept[END_REF] . Twist1 binds the p53 C-terminal domain with a low affinity, promoting its degradation. Overexpression of Twist1 results in the complete degradation of p53, leading to the development of several cancers [START_REF] Piccinin | A Twist box Code of p53 Inactivation: Twist box:p53 Interaction Promotes p53 Degradation[END_REF][START_REF] Uversky | Pathological Unfoldomics of Uncontrolled Chaos: Intrinsically Disordered Proteins and Human Diseases[END_REF] .

-Proteotoxicity

The intracellular protein homeostasis consists in a dynamic equilibrium between synthesis and degradation, preventing the accumulation of proteins [START_REF] Bolognesi | Reaching the limit[END_REF][START_REF] Schlossarek | Ubiquitin-proteasome system and hereditary cardiomyopathies[END_REF] . In non proliferating cells, protein half-life usually ranges from 20 to 200 hours [START_REF] Mathieson | Systematic analysis of protein turnover in primary cells[END_REF] . However, the overex-pression of specific proteins in these cells can overcome the corresponding degradation pathway and result in their accumulation with potential toxic effects, a phenomenon called proteotoxicity. Two clinical examples of proteotoxic accumulation of proteins in neurons are the overexpression of the -amyloid protein, which causes an early-onset form of Alzheimer disease [START_REF] Irvine | Protein Aggregation in the Brain: The Molecular Basis for Alzheimers and Parkinsons Diseases[END_REF] , and the overexpression of alpha-synuclein, which is sufficient to cause an autosomal dominant form of early-onset Parkinson disease [START_REF] Hernandez | Protein-Protein Interactions in Alpha-Synuclein Biogenesis: New Potential Targets in Parkinsons Disease[END_REF][START_REF] Longhena | Living in Promiscuity: The Multiple Partners of Alpha-Synuclein at the Synapse in Physiology and Pathology[END_REF][START_REF] Singleton | -Synuclein Locus Triplication Causes Parkinson's Disease[END_REF][START_REF] Thakur | Modeling Parkinsons disease pathology by combination of fibril seeds and -synuclein overexpression in the rat brain[END_REF][START_REF] Uversky | Intrinsic disorder in proteins associated with neurodegenerative diseases[END_REF] .

-Qualitative alteration of gene expression

Aside from their quantities, the functions of coding genes are mediated by the functional domains of the encoded proteins and their tissue-and time-specific expression and interaction partners. The standard function of genes can be altered either directly by coding variants or by variants modifying the incorporation of functional domains in the final protein (i.e. variants altering isoform selection or splicing variants), or indirectly, by regulatory variants impacting the spatio-temporal expression of genes, resulting in their ectopic expression. The variants causing these qualitative defects are usually called lossor gain-of-function, depending on the observed perturbation.

-Ectopic expression

The ectopic expression of genes is caused by neomorph variants leading to the expression of genes in tissues where and/or when they are not normally produced. These neomorph variants (i.e. variant granting a new effect to a gene) [START_REF] Muller | Further studies on the nature and causes of gene mutations[END_REF] usually affect enhancers or promoters and have been shown to cause the spatio-temporal misexpression of genes in cancer cells [START_REF] Herz | Enhancer deregulation in cancer and other diseases[END_REF][START_REF] Li | Gain-of-Function Mutations: An Emerging Advantage for Cancer Biology[END_REF] and of developmental genes in the embryo, resulting in a wide range of syndromes [START_REF] Lee | Transcriptional Regulation and Its Misregulation in Disease[END_REF] . For example, the sonic hedgehog (SHH) protein is a major morphogen that informs, among other functions, the developing limb bud of its antero-posterior polarization and allows digits formation at the posterior extremity. The spatio-temporal expression of SHH in the developing limb is tightly regulated by a highly conserved ~800bp enhancer region located within an intron of the Lmbr1 gene, more than 800kb away [START_REF] Williamson | Shh and ZRS enhancer colocalisation is specific to the zone of polarising activity[END_REF] . Non-coding variants at various positions in the enhancer region of SHH cause different misexpression patterns in anterior regions of the limb, resulting in a wide range of developmental syndromes involving syndactyly (i.e. phalangeal fusion) and poly-dactyly (i.e. the development of additional digits) [START_REF] Ahmed | Genetic Overview of Syndactyly and Polydactyly[END_REF][START_REF] Chinnaiya | Sonic hedgehog-expressing cells in the developing limb measure time by an intrinsic cell cycle clock[END_REF][START_REF] Lettice | Opposing Functions of the ETS Factor Family Define Shh Spatial Expression in Limb Buds and Underlie Polydactyly[END_REF][START_REF] Tickle | Sonic Hedgehog Signaling in Limb Development[END_REF] . Another example of ectopic expression is the genetic determination of the physiological sex. The sex determining region Y gene (SRY) is located on the Y chromosome and is the transcription factor responsible for the initiation of the development of the male phenotype, regulating the expression of many other transcription factors and genes. Among other targets, the encoded SRY protein activates an enhancer upstream of SOX9, another transcription factor necessary for the development of the male phenotype. Duplication of SOX9 enhancer region results in the SRY-independent activation of SOX9 in X-X genetic females and the subsequent development of a male phenotype 369,370 .

-Alteration of gene function

Gene functions are mediated through their RNA and protein products, the subdomains of which interact with other molecules and catalyze chemical reactions based on their chemical affinity. These subdomains are constituted by the 3-dimensional conformation of the molecules, and attract more or less other compounds based on their thermodynamic affinity and specificity [START_REF] Bronowska | Thermodynamics of Ligand-Protein Interactions: Implications for Molecular Design[END_REF][START_REF]Thermodynamics of Molecular Interactions[END_REF] . Subdomain modifications can change the affinity and specificity of two molecules for each other, perturbing their normal interaction kinetics. Such phenomena can be observed due to genetic variations affecting the DNA, RNA or protein structure and sometimes resulting in their functional alteration and potentially leading to disease [START_REF] Bergendahl | The role of protein complexes in human genetic disease[END_REF][START_REF] Gobbi | A Regulatory SNP Causes a Human Genetic Disease by Creating a New Transcriptional Promoter[END_REF] . The effects of these variations can be further precised through Muller's classification: hypomorph variants lead to a reduced gene activity, hypermorph variants lead to an increased gene activity, neomorph variants grant a new effect to the gene, and antimorph variants provide an antagonizing function to the wild type function [START_REF] Muller | Further studies on the nature and causes of gene mutations[END_REF] . A first example of functional alteration are the neomorphic variants of the dystrophia myotonica-protein kinase (DMPK) gene, causing dominant type 1 myotonic dystrophies. Tandem repeats of CTG triplets in the 3'UTR of DMPK cause the accumulation of DMPK mRNAs in the nucleus, where the mutated 3'UTR domain interacts with the RNA processing machinery and strongly deregulates the splicing of other pre-mRNAs, leading to the production of protein isoforms that are usually not produced in skeletal muscles. The expression of such isoforms translates into known myotonic dystrophy symptoms, such as myotonia and insulin resistance due to the respective expression of mis-spliced chloride channel and insulin receptor. Furthermore, when exported in the cytoplasm, the mutated DMPK mRNA interact with and capture large fractions of CUG-binding proteins, which normally increase the translation of proteins necessary to the proper differentiation of myocytes, resulting in the decreased translation of the latter proteins and consequently causing an abnormal cellular phenotype [START_REF] Ranum | RNA-MEDIATED NEUROMUSCULAR DISORDERS[END_REF] . A second example are the antimorph variants in the FAS gene, causing a dominant negative form of the autoimmune lymphoproliferative syndrome (ALPS). FAS is a cellular receptor, acting as a homotrimer, and is responsible for the induction of auto-apoptosis in T cells when detecting its ligand. These variants are located in FAS intracellular domain, where they abrogate the transduction of the signal by preventing the proper recruitment of the downstream cascade proteins. Mutations of the intracellular domains are clinically penetrant, as hybrid receptors containing mutated and wild-type FAS receptors remain unfunctional [START_REF] Bergendahl | The role of protein complexes in human genetic disease[END_REF][START_REF] Rieux-Laucat | The Autoimmune Lymphoproliferative Syndrome with Defective FAS or FAS-Ligand Functions[END_REF] .

-Tissue-specificity of inherited diseases

In normal conditions, the genome of an individual varies little from cell to cell. Some somatic mutations can impact more or less certain types of cells, depending on the developmental stage at which they occur, which could contribute to the observed tissue specificity of phenotypes. However, Mendelian diseases are impacting only a single or a few tissues, although inherited variants are shared by all the cells of an individual.

Moreover, Mendelian disease-causing genes are as broadly expressed across tissues as other genes [START_REF] Barshir | Comparative Analysis of Human Tissue Interactomes Reveals Factors Leading to Tissue-Specific Manifestation of Hereditary Diseases[END_REF][START_REF] Barshir | Role of duplicate genes in determining the tissue-selectivity of hereditary diseases[END_REF][START_REF] Hekselman | Mechanisms of tissue and cell-type specificity in heritable traits and diseases[END_REF][START_REF] Luck | A reference map of the human binary protein interactome[END_REF] , suggesting that mechanisms other than tissue-specific expression are at play in the aetiology of the diseases. This tissue specificity of diseases could be explained by tissue-specific mechanisms occurring at the expression, regulatory and intra-and inter-cellular interaction levels.

-DIfferential gene expression

The simplest explanation of tissue-specific disease aetiology is the favored expression of a gene or of a specific gene isoform in a tissue. The disease-causing gene could be exclusively expressed in the pathognomonic tissue, explaining the manifestation of the disease in the latter. However, analysis of the GTEx 39 consortium showed that only ~200 human genes were exclusively expressed in a single tissue, the majority of them being specific to the testis (~95%) [START_REF] Mele | The human transcriptome across tissues and individuals[END_REF] , making this tissue-exclusive expression hypothesis only valid for a small subset of diseases or traits. A second hypothesis consists in the normal over-expression of disease genes in tissues where they exert a specific function related to the characteristics of these tissues. This phenomenon was observed at the gene level but also at the gene-complex level in many studies [START_REF] Barshir | Comparative Analysis of Human Tissue Interactomes Reveals Factors Leading to Tissue-Specific Manifestation of Hereditary Diseases[END_REF][START_REF] Barshir | Role of duplicate genes in determining the tissue-selectivity of hereditary diseases[END_REF][START_REF] Lage | A large-scale analysis of tissue-specific pathology and gene expression of human disease genes and complexes[END_REF][START_REF] Sonawane | Understanding Tissue-Specific Gene Regulation[END_REF] . For example, two genes causing Charcot Marie Tooth type 4 (MPZ and PMP22) are forming a complex that is normally overexpressed in mechanosensory neurons, the cells responsible for this disease [START_REF] Lage | A large-scale analysis of tissue-specific pathology and gene expression of human disease genes and complexes[END_REF] . Additionally, tissue-sensitivity could be due to the favored expression of tissue specific isoforms. This phenomenon is widespread in humans: half of the genes produce tissue-dependent isoforms, most of them due to alternative initiation or termination rather than alternative splicing [START_REF] Reyes | Alternative start and termination sites of transcription drive most transcript isoform differences across human tissues[END_REF] . The functional annotation of the mammalian genome 5 (FANTOM5) project analyzed human and mice promoters across different cell-types, and showed that they consist of composite entities containing several cell-type specific transcription initiation sites, favoring the cell-type specific expression of isoforms 38 . For example, the pyruvate kinase gene PKLR produces two isoforms. The full length isoform PKR is produced by the transcription initiated at a promoter upstream of the gene in erythrocytes, while the PKL isoform is produced by the transcription initiated at a promoter in the first intron, therefore skipping the first exon in the liver and the kidney, following the activation of specific transcription factors in response to extracellular signals [START_REF] Chaneton | Rocking cell metabolism: Revised functions of the key glycolytic regulator PKM2 in cancer[END_REF] . Tissue sensitivity could also be caused by tissue-specific post-transcriptional modifications. Human transcripts undergo various post-transcriptional modifications, from alternative splicing to methylation, and contribute to the diversity of the human proteome [START_REF] Mele | The human transcriptome across tissues and individuals[END_REF][START_REF] Franks | Post-transcriptional regulation across human tissues[END_REF] . For example, the pyruvate kinase gene PKM produces two different proteins, PKM1 and PKM2, which is due to the exclusive splicing of respectively exon 10 or exon 9. The PKM1 isoform containing exon 9 is constitutively active, while the PKM2 isoform containing exon 10 activates when enough nutrients are present in the medium. PKM1 is mostly produced in high energy-consuming tissues, such as neurons and myocytes, while PKM2 is produced in others [START_REF] Chaneton | Rocking cell metabolism: Revised functions of the key glycolytic regulator PKM2 in cancer[END_REF][START_REF] Bludau | Proteomic and interactomic insights into the molecular basis of cell functional diversity[END_REF] . Sensitivity could also be due to tissue-specific expression of masking or backing factors that would prevent disease manifestation or provide functional backup, but would be lowly or not expressed in the sensitive tissues [START_REF] Barshir | Role of duplicate genes in determining the tissue-selectivity of hereditary diseases[END_REF] . For example, paralogous genes have been shown to provide functional redundancy and to act as back-ups when one of the paralogs is mutated [START_REF] Diss | Molecular mechanisms of paralogous compensation and the robustness of cellular networks: MECHANISMS OF PARALOGOUS COMPENSATION[END_REF] . However, these functional back-ups have been shown to act in a dose dependent manner, suggesting that the decreased expression of the paralogous gene in specific tissues could favor the tissue-specific manifestation of the disease [START_REF] Aoidi | Functional redundancy of the kinases MEK1 and MEK2: Rescue of the Mek1 mutant phenotype by Mek2 knock-in reveals a protein threshold effect[END_REF] . Analysis of the ratio of expression of genes causing diseases and their paralogs in the GTEx data showed that sensitive tissues were expressing lower proportions of the backup genes in comparison with other tissues in 69% of the cases [START_REF] Barshir | Role of duplicate genes in determining the tissue-selectivity of hereditary diseases[END_REF] . Another example of this masking effect is the inter-allelic interaction, a phenomenon called epistasis. Epistasis consists in the modulation of the effect of an allele by its interaction with alleles at other loci that silence or amplify its effect in a tissue-specific manner 387 .

-Tissue-specific regulatory mechanisms

The tissue-specific regulation of gene expression is partially mediated by transcription factors binding at promoters and enhancers. However, tissue-specific regulation is barely due to the tissue-specific expression of transcription factors, but rather to their tissuespecific targeting patterns [START_REF] Sonawane | Understanding Tissue-Specific Gene Regulation[END_REF] , which are mostly favored by cell-type specific chromatin accessibility and chromatin contacts [START_REF] Klemm | Chromatin accessibility and the regulatory epigenome[END_REF][START_REF] Kundaje | Integrative analysis of 111 reference human epigenomes[END_REF][START_REF] Maruyama | Epigenetic Regulation of Cell TypeSpecific Expression Patterns in the Human Mammary Epithelium[END_REF][START_REF] Mito | Cell Type-Specific Survey of Epigenetic Modifications by Tandem Chromatin Immunoprecipitation Sequencing[END_REF][START_REF] Schoenfelder | Long-range enhancerpromoter contacts in gene expression control[END_REF] . The alteration of a tissue-specific enhancer can impact the expression of a gene in the corresponding tissue and translate in tissue-specific manifestations [START_REF] Karnuta | Enhancers: Bridging the gap between gene control and human disease[END_REF] . For example, Sonic Hedgehog (SHH) is a morphogene whose spatio-temporal patterning is regulated by at least 4 different enhancer regions, each enhancer regulating SHH expression in a different tissue. The mutation of any of these regions have been shown to be causal of various diseases and syndromes, depending on the mutated enhancer [START_REF] Schoenfelder | Long-range enhancerpromoter contacts in gene expression control[END_REF][START_REF] Anderson | Mapping the Shh long-range regulatory domain[END_REF][START_REF] Williamson | Developmentally regulated Shh expression is robust to TAD perturbations[END_REF] . Variants associated with different expression levels of a gene are called expression quantitative trait locus (expression QTL or eQTL), and can alter gene or isoform expression through various mechanisms at the transcriptional and translational levels. Although eQTLs can be shared across tissues, a substantial amount of them have been shown to be tissue-specific [START_REF] Fagny | Exploring regulation in tissues with eQTL networks[END_REF][START_REF] Fu | Unraveling the Regulatory Mechanisms Underlying Tissue-Dependent Genetic Variation of Gene Expression[END_REF][START_REF]Genetic effects on gene expression across human tissues[END_REF][START_REF] Hernandez | Integration of GWAS SNPs and tissue specific expression profiling reveal discrete eQTLs for human traits in blood and brain[END_REF][START_REF] Zhang | Celltypespecific eQTL of primary melanocytes facilitates identification of melanoma susceptibility genes[END_REF] , and even to have opposite effects depending on the tissues 399 , potentially explaining the tissue-specificity of some diseases.

The effect of eQTLs could be mediated by various molecular mechanisms, such as al-tered chromatin accessibility or other epigenetic modifications. There are many cases of documented causal regulation of gene expression by epigenetic modifications, however, this causal mechanism should not be generalized, as known "repressive" chromatin states such as DNA methylation, have been shown to vary only after genetic activation, therefore not being the causal factor of gene activation 400 .

-Disruption of tissue-specific networks

Missense mutations in protein coding genes causing mendelian disorders mostly don't impact protein folding or stability. Around two-thirds of these mutations impact proteinprotein interaction (PPI) networks, a first half impacting subsets of edges (i.e. such networks are constituted of nodes, corresponding to genes or proteins, and edges linking the nodes, representing the physical interactions between them), the other half impacting all of them [START_REF] Bossi | Tissue specificity and the human protein interaction network[END_REF][START_REF] Sahni | Widespread Macromolecular Interaction Perturbations in Human Genetic Disorders[END_REF] . Moreover, the integration of tissue-specific gene and protein expression with protein interaction data revealed the tissue-specificity [START_REF] Luck | A reference map of the human binary protein interactome[END_REF][START_REF] Sonawane | Understanding Tissue-Specific Gene Regulation[END_REF][START_REF] Basha | Differential network analysis of multiple human tissue interactomes highlights tissue-selective processes and genetic disorder genes[END_REF] and temporal specificity [START_REF] Han | Construction of a human cell landscape at single-cell level[END_REF] of interaction networks and gene modules, where disease-causing genes were prone to form more tissue-specific interactions in susceptible tissues than in others [START_REF] Barshir | Comparative Analysis of Human Tissue Interactomes Reveals Factors Leading to Tissue-Specific Manifestation of Hereditary Diseases[END_REF] . Thus, the observed tissue-specificity of inherited diseases might be mediated by the tissue-specific abolition of edges or nodes in interaction networks. Metabolic networks, or pathways, are an ordered sequence of chemical reactions occurring in cells, and serving various purposes, such as energy production or protein assembly. Pathways are differentially active across tissues, reflecting the functions of these tissues and potentially driving tissue-specific disease manifestations [START_REF] Hekselman | Mechanisms of tissue and cell-type specificity in heritable traits and diseases[END_REF] . For example, glycogen is the main form of storage of polysaccharides, and is mainly stored in myocytes and hepatocytes.

Defects in glycogenesis or glycogenolysis enzymes cause glycogen storage diseases, which mainly impact the two storing tissues [START_REF] Özen | Glycogen storage diseases: New perspectives[END_REF] .

-Trait architecture and variant frequency

Observable traits are the result of the integration of the effect of genes and their regulatory variants across multiple regulatory networks and cell types, and are currently defined as monogenic or polygenic depending on the number of genes they have been linked with. However, this separation is not representative of the true natural state, where functional variants are distributed on a continuous range of frequencies and magnitude of effects. This separation is historically due to the convenient application of classes of methods to the detection of specific classes of functional variants 406 (Figure 2). Scheme representing the different groups of variants preferentially identified by specific computational approaches. Variants in the orange group require low-power computational approaches, such as aggregation tests or variant scoring (see Section 3.2.1), while variants in the green, blue and yellow groups can be identified through genome wide association studies (see Section 3.3). Variants in the pink group are complex to identify individually, their global impact on phenotypes is currently assessed through aggregation tests.

-Rare disease, rare variant

The mapping of disease genes started in the 80's, when most studies, based on linkage analysis and fine mapping, were focused on rare monogenic diseases. Mapping of the genetic signal was followed by Sanger sequencing to identify rare candidate variants, which were then further characterized in cell lines or animal models [START_REF] Claussnitzer | A brief history of human disease genetics[END_REF][START_REF] Antonorakis | The search for allelic variants that cause monogenic disorders or predispose to common, complex polygenic phenotypes[END_REF] . In 1983, such efforts resulted in the mapping of the HTT gene which causes Huntington's chorea 6 . This first discovery was followed by many others, and, in 2000, more than 1000 genes had been linked to monogenic diseases and had been reported in the Online Mendelian Inheritance in Man (OMIM 408 ) database. In 2001, the publication of the draft human genome [START_REF]Correction: Initial sequencing and analysis of the human genome[END_REF] sped-up the identification of monogenic disease genes by reducing the complexity of gene mapping. More recently, the development of next-generation sequencing applied to whole exomes and whole genomes allowed the study of the complete spectrum of causal genetic variations (i.e. from SNVs and small insertions/deletions to large structural variations) in single experiments, and the genes and variants identified by such means were aggregated in large databases, such as ClinGen 409 , Orphanet 410 , OMIM 408 or ClinVar [START_REF] Landrum | ClinVar: Public archive of relationships among sequence variation and human phenotype[END_REF] . In addition, the translation of these methods outside of medical research with the creation of, for example, the 1000 Genome Project 412 or ExAC [START_REF] Lek | Analysis of protein-coding genetic variation in 60,706 humans[END_REF] , allowed the identification and the characterization of many rare variants and informed us about their population-specific characteristics. Although these technological developments and the consequent progress of our understanding of causal disease mechanisms, only ~30% of the patients affected by Mendelian diseases and undergoing whole exome sequencing (WES) or whole genome sequencing (WGS) receive a genetic diagnosis [START_REF] Macarthur | Guidelines for investigating causality of sequence variants in human disease[END_REF][START_REF] Seaby | Challenges in the diagnosis and discovery of rare genetic disorders using contemporary sequencing technologies[END_REF] . Moreover, even for diseases with clearly established causal variants or genes, the penetrance and phenotype often remain elusive, challenging their monogenic status [START_REF] Claussnitzer | A brief history of human disease genetics[END_REF][START_REF] Seaby | Challenges in the diagnosis and discovery of rare genetic disorders using contemporary sequencing technologies[END_REF][START_REF] Cooper | Where genotype is not predictive of phenotype: Towards an understanding of the molecular basis of reduced penetrance in human inherited disease[END_REF] .

-Common disease, common variant

As early as the 80's, the methods applied with some success in the study of rare diseases (i.e. genetic linkage and pedigree studies) remained mostly unsuccessful when applied to more common and polygenic diseases [START_REF] Claussnitzer | A brief history of human disease genetics[END_REF][START_REF] Barbosa | Analysis of linkage between the major histocompatibility system and juvenile, insulin-dependent diabetes in multiplex families. Reanalysis of data[END_REF] . These observations, together with supporting theoretical work [START_REF] Risch | The Future of Genetic Studies of Complex Human Diseases[END_REF] , suggested that genes and variants causing such complex diseases were less penetrant than in rare monogenic Mendelian diseases, and that methods leveraging associations between traits and common variants would be more adapted to the study of complex diseases. The large-scale analysis of such variants takes root in the identification, in 2003, of general patterns of genomic variation, organized around haplotype blocks, and documented by the HapMap Consortium [START_REF]The International HapMap Project[END_REF] . These haplotype blocks are created by meiotic crossovers, where large sequences of homologous chromosome regions are exchanged. This mechanism creates discontinuous structures of highly correlated alleles (i.e. alleles in high linkage disequilibrium). The discovery of such structures made it possible to study whole genome variations while only considering a subset of SNVs representative of their haplotype, a technology known as genotyping [START_REF] Claussnitzer | A brief history of human disease genetics[END_REF] .

The first genotyping arrays were assessing ~1500 common SNVs at once 419 , and were further upgraded to progressively assay up to few millions of SNVs, including some rare SNPs of interest [START_REF] Laframboise | Single nucleotide polymorphism arrays: A decade of biological, computational and technological advances[END_REF] . In parallel, increasingly efficient and accurate softwares and methods for the calling and imputing common and rare SNVs were developed [START_REF] Lamy | A review of software for microarray genotyping[END_REF][START_REF] Zheng | Performance of Genotype Imputation for Low Frequency and Rare Variants from the 1000 Genomes[END_REF] .

The generated genotyping data were mostly leveraged through GWAS, which look for statistical associations between genetic variants and traits in population samples.

-Computational methods for the identification of functional non-coding variants

The human genome consists of ~3.2 billion base pairs, and each individual possesses between 3.5 to 4 million variants, in comparison with the reference genome [START_REF] The | An integrated map of genetic variation from 1,092 human genomes[END_REF] . From a clinical point of view, the identification of functional variants is framed by their frequency, effect size, and by the architecture of the underlying trait, requiring different identification frameworks. In this third part, I describe the different computational approaches to identify functional and pathogenic non-coding variants.

-Characterization of the functional effect of genic non-coding variants

-5'UTRs

Our understanding of sequence functionality of the 5'UTR is currently limited. Appart from a few short sequences known to bind specific proteins, such as the Kozack sequence, little is known about the importance of spacing between these different elements or the propensity of specific sequences to form secondary structures in a protein-dependent or -independent manner. Only a few methods have tried to predict the functional impact of variants in the 5'UTR.

-uORFs

uORF 49 is a Variant Effect Predictor 423 (VEP) package that annotates variants with their consequence on upstream start and stop codon creation or removal, and their impact on the creation or removal of upstream ORFs. These annotations were produced based on the human reference genome, assessing all possible variations altering canonical sites.

-Optimus 5-Prime

Optimus 5-Prime 424 is a bundle of two convolutional neural networks (CNN) trained to predict the ribosomal load or the polysome profile of mRNAs from their 5'UTR se-quence. The ribosomal load corresponds to the average number of ribosomes on one mRNA strand, while the polysome profile corresponds to the distribution of ribosomes on a population of similar mRNAs. Optimus 5-Prime was trained on a massively reporter assay (MPRA, see explanations below) library of 250'000 constructs, where each construct consisted of 25 invariant nucleotides followed by a sequence of 50 random nucleotides directly linked to the CDS of a fluorescent protein and a standard 3'UTR. These 50 random nucleotide sequences were one-hot-encoded and used as input. Two CNNs were trained, both consisting of 3 superposed convolutional layers (120 filters each, ReLU activation, the first layer used 8x4 filters to reduce the input from 2 dimensions to 1, the two others layers used 8x1 filters) branched on a dense layer. The dense layer of the ribosomal load prediction model was branched to one linear output, while the dense layer of the polysome profile prediction was larger in order to properly handle the 14 linear outputs branched on it. Independent testing of both models yielded satisfying results, although the accuracy of both models was sensitive to the experimental polysome determination methods used. Additionally, constructs containing in-frame or out-of-frame uAUGs and uORFs showed the expected lower ribosomal load and polysome profiling than other constructs. Filter position weight matrices from the two first convolutional layers were extracted and analysed, revealing known motifs such as the consensus sequence around the start codon, the presence of stop codons, the detection of uORFs, the presence of alternative start codons and secondary-structure prone dinucleotide repeats. However, several filters did not match any known motifs or other known position weight matrices corresponding to RNA binding proteins, hinting toward undescribed regulatory sequences. Optimus 5-Prime is available on github: https://github.com/pjsample/human 5utr modeling.

-Introns

Splicing events are regulated by many cell type-, condition-and time-specific factors across multiple regulatory layers. The complexity of splicing regulation makes prediction and splicing models complicated to develop. Currently, two classes of models can be distinguished: i) qualitative models considering potential donor or acceptor splice sites, and ii) quantitative models predicting the relative amounts of alternative isoforms produced. The first class consists in a binary classification of potential acceptor and donor sites, while the second predicts the relative amount of each exon to be retained after splicing, defined as the percent splice-in (PSI, or Ψ). The impact of alternative junction variants can be assessed based on the difference of the Ψ (ΔΨ) predicted for the alternative sequence (Ψalt) with the Ψ predicted for the reference (Ψref), which is computed as the ΔΨ = Ψalt/Ψref. Splicing events are defined in an intron-centered manner, where each intron is defined by its 5' donor site, and its 3' acceptor site [START_REF] Pervouchine | Intron-centric estimation of alternative splicing from RNA-seq data[END_REF] . Here, I describe two recent methods, the first dedicated to qualitative predictions from pre-mRNA seq data, the second combining both qualitative and quantitative approaches directly applicable to DNA sequences. Both models are pretty complex, giving hints about the complexity of the modeled phenomena. donor and acceptor sites. The method was shown to accurately predict splice junctions during independent testing, and predicted that donor disrupting variants were likely to also disrupt the upstream acceptor site, supporting the hypothesis that pairs of donoracceptor sites are specific to a certain extent in comparison with more distant pairs. In addition, the authors trained several models with varying flanking region length, and observed a substantial decrease of prediction accuracy with decreasing length. Splicing occurs at the same time as transcription, which allows factors impacting transcription to also impact splicing. The authors tested whether the predicted strength of splice junctions were associated with exon and intron length, and found that the longer the units the higher the predicted score of terminal junctions, whereas the lower the score of weaker internal splice motifs. These observations are in agreement with the fact that RNA polymerase pauses when encountering exons, giving more time to the spliceosome to recognize the acceptor sites, whereas long introns do not give the spliceosome the same time to detect weaker internal acceptor sites.

-MMSplice

MMSplice 428 is a bundle of 6 neural networks (NN) that were trained to predict the impact of sequence on specific splicing events. These models can be combined to qualitatively and quantitatively predict the impact of splice-site altering variants, such as exon skipping, splice site disruption, and alternative isoform production. Two models were built to classify donor and acceptor sites, two more models were built to predict the Ψ of exons, and another two other to predict the Ψ of introns. The acceptor and donor sites modules were trained on known donor and acceptor sites and on neighboring sequences of the same lengths, constituting respectively the positive and negative training sets. The donor module training set was constituted of sequences of 5bp in the exon and 13bp in the intron. The donor module consisted of a multilayer perceptron with 2 fully connected hidden layers using rectified linear unit (ReLU) as activation function, with a logistic output in order to provide a binary classification. The acceptor module training set was constituted of slightly longer sequences than the donor module in order to capture most branch points, going from 50bp in the intron to 3bp in the exon. The sequences were one-hot encoded. The acceptor module consists of a convolutional NN (CNN), with two convolution layers followed by a fully connected layer with logistic output. In the second module, a CNN was used as the sequence provided as input was much longer than the one in the first module. The exon module consists of two models, trained using the results of a MPRA experiment assessing potential alternative 5' splicing acceptor or alternative 3' splicing donor of exons. Two different pre-mRNA libraries were built [START_REF] Rosenberg | Learning the Sequence Determinants of Alternative Splicing from Millions of Random Sequences[END_REF] , a first with several alternative donor sites, and a second with several alternative acceptor sites, both containing random sequences of 25bp. The transcribed and spliced isoforms were assessed through RNA-seq, and the Ψ of each exon was predicted from both its acceptor site (Ψ3) and donor site (Ψ5), each providing a score for the corresponding exon. Both models were trained using the same low-level convolutional layer, using as input the 25bp degenerate sequences, potentially containing alternative donor and acceptor sites. The authors motivated the usage of this shared layer by the observed high overlap of exonic splicing-related features between the two used MPRA libraries. The model trained on alternative donor sites outputted a Ψ5 score, while the model trained on alternative acceptor sites outputted a Ψ3 score. After training, the two models were separated by extracting the weights and placing these in two independent modules with convolutional layer using ReLu activation, followed by a global average pooling and a fully connected layer, which produces the score. Here, the additional global average pooling was used in order to handle inputs of any length. The intron models were built in the same fashion, at the exception of the size of the training convolutional layer, which was larger, due to more variable splicing-related features in introns than in exons. These modules were then combined in different ways to predict specific events, by removing the last activation layer of each module. For example, in order to predict exon-skipping events, the authors combined the donor, acceptor, exon 5' and both intron modules using a logistic model. The differences between the reference and alternative alleles values predicted by each module were integrated in an additive way, and some additional interactive terms were used to handle the sequence overlap between modules. This MMSplice model showed improved performance over previous methods in predicting the observed ΔΨ of exons, in finding rare splice-site altering variants, and in predicting competing alternative splicing events. Additional linear models, using the same 5 modules, were trained to assess the effect of point nonsynonymous exonic variations on the splicing efficiency of the carrying pre-mRNA (i.e. the proportion of mutated pre-mRNA spliced in comparison with the WT pre-mRNA), and to score the disruptive ability of variants located near splice sites. MMSplice is available as a VEP [START_REF] Mclaren | The Ensembl Variant Effect Predictor[END_REF] plugin, and is readily usable on standard vcf files. MMSplice was shown to predict multiple splicing events with more accuracy than other methods, and to score any variant, insertion or deletion in coding genes. However, it was only trained and tested on variants proximal to splice sites, therefore MMSplice predictions for more distal variants should be cautiously treated.

-3'UTRs

3'UTRs serve diverse roles, but most of them are poorly understood. Only a handful of 3'UTR variants causing diseases have been identified so far, and many of them were annotated to point toward miRNA binding site alteration by generalistic tools that did not require a specific methodological development [START_REF] Devanna | Genome-wide investigation of an ID cohort reveals de novo 3UTR variants affecting gene expression[END_REF][START_REF] Devanna | Next-gen sequencing identifies non-coding variation disrupting miRNAbinding sites in neurological disorders[END_REF][START_REF] Wanke | Understanding Neurodevelopmental Disorders: The Promise of Regulatory Variation in the 3UTRome[END_REF] . A few other generalistic tools predicting RNA secondary structure were applied to the detection of 3'UTR variants [START_REF] Bindewald | CyloFold: Secondary structure prediction including pseudoknots[END_REF][START_REF] Nicolas | Mutation in the 3untranslated region of APP as a genetic determinant of cerebral amyloid angiopathy[END_REF] .

It was only until the recent increase of MPRA applied to 3'UTR regions [START_REF] Litterman | A massively parallel 3 UTR reporter assay reveals relationships between nucleotide content, sequence conservation, and mRNA destabilization[END_REF][START_REF] Oikonomou | Systematic Identification of Regulatory Elements in Conserved 3 UTRs of Human Transcripts[END_REF][START_REF] Siegel | Massively Parallel Analysis of Human 3 UTRs Reveals that AU-Rich Element Length and Registration Predict mRNA Destabilization[END_REF] combined with deep learning methods that allowed the development of methods specifically assessing regulatory effects specific to the 3'UTR, such as polyadenylation. the sequence of 186 one-hot encoded nucleotides, on which the proximal polyadenylation sites were aligned so that these start on the 50th nucleotide. The CNNs con-sisted of two convolutional layers (respectively using 8x4 and 6x1 filters), branched on a fully connected layer (all layers activated through ReLU). To predict the proportion of polyadenylation and cleavage due to the proximal polyadenylation signal, this dense layer was then connected to a single logistic regression node outputting the probability. This node also received a prior bias to correct for the library of origin. For the nucleotidewise prediction of polyadenylation and cleavage, the output layer consisted of a 187-way SoftMax function (the SoftMax function aggregates the results from multiple nodes and applies a transformation so that their sum is equal to 1, while keeping the relative importance of each result in comparison with the others, turning all probabilities in a 0 to 1 scale), representing the probability of each of the 186 input nucleotides to be used as polyadenylation and cleavage sites, with the 187th output representing the summed probability that polyadenylation and cleavage would occur at the distal polyadenylation and cleavage signal. In this second case, library bias terms were incorporated in each individual output node. Independent testing of both models showed a correct ability at predicting favored isoform production (proximal or distal site selection), and at determining cleavage sites. Position weight matrices analysis revealed known sequence motifs binding proteins involved in cleavage and polyadenylation, and showed that some motifs were used in a cell-type specific manner.

-Identification of rare pathogenic variants

The frequency of genetic variants in the general population or in disease-cohorts impact their functional characterization and restrict the methods used for their analysis.

Aside from the repeated observation of rare coding variants in disease families, the identification of variants relevant to a trait can be performed through association testing.

However, due to methodological restrictions inherent to association studies (see Section 3.3), the identification of small effects or rare variants in patients by such means remained limited [START_REF] Bocher | Rare variant association testing in the non-coding genome[END_REF][START_REF] Lee | Rare-Variant Association Analysis: Study Designs and Statistical Tests[END_REF] . To overcome this issue, several methods have been created that take advantage of different technologies.

-Aggregation methods

The study of rare and ultra-rare variants was greatly improved by the development of WES and WGS technologies. WGS allowed the identification of many new rare variants, mostly lying in non-coding regions of the genome. The functional characterisation of such variants appeared as a complex task, as the "regulatory code" (i.e. the set of rules determining the spatio-temporal, qualitative and quantitative effects of regulatory variants on genes) in opposition to the genetic code (i.e. the set of rules determining the translation of the information contained in DNA to protein), is poorly understood.

Several methods previously developed for the analysis of common variants were adapted to the study of rare variants with limited results [START_REF] Bocher | Rare variant association testing in the non-coding genome[END_REF] . Usually, association testing is performed for each individual SNP, a strategy successfully applied to the identification of functional common variants. However, except for a few large-cohort GWAS [START_REF] Huyghe | Exome array analysis identifies new loci and low-frequency variants influencing insulin processing and secretion[END_REF] , this strategy is underpowered in detecting most signals rising from rare variants. These adapted methods, rather than characterizing the effect of single variants, aggregate rare variants per gene, per region or per group of genes [START_REF] Lee | Rare-Variant Association Analysis: Study Designs and Statistical Tests[END_REF][START_REF] Allen | Ultra-rare genetic variation in common epilepsies: A case[END_REF] . At first, these methods focused on coding regions, and were later applied to non-coding regions. For example, burden methods, such as the Morris & Zeggini test (MZ) or the cohort allelic sums test (CAST), test the accumulation of rare variants and hence produce gene or region scores. Although various burden test variations were created to handle different inheritance modes, the framework appeared limited due to its strong underlying assumptions (i.e. all variants are causal and associated with the trait with the same size effect and direction) and the cohort size or composition unbalance [START_REF] Lee | Rare-Variant Association Analysis: Study Designs and Statistical Tests[END_REF][START_REF] Zhang | Real world scenarios in rare variant association analysis: The impact of imbalance and sample size on the power in silico[END_REF] . To improve on these limits, burden tests, such as the data-adaptive sum test (aSum [START_REF] Han | A Data-Adaptive Sum Test for Disease Association with Multiple Common or Rare Variants[END_REF] ) and the kernel-based adaptive cluster (KBAC [START_REF] Liu | A Novel Adaptive Method for the Analysis of Next-Generation Sequencing Data to Detect Complex Trait Associations with Rare Variants Due to Gene Main Effects and Interactions[END_REF] ), were adapted to handle null and multidirectional signals by looking at the size and direction of the regression coefficient of each variant [START_REF] Lee | Rare-Variant Association Analysis: Study Designs and Statistical Tests[END_REF][START_REF] Lin | A General Framework for Detecting Disease Associations with Rare Variants in Sequencing Studies[END_REF] . While improving over typical burden tests, adaptive burden tests appeared unstable due to the necessity to extract individual regression coefficients whose reliability is restricted by the allele count of the tested variants [START_REF] Lee | Rare-Variant Association Analysis: Study Designs and Statistical Tests[END_REF] . Another kind of aggregation methods are variance component tests, such as the C-alpha test [START_REF] Neale | Testing for an Unusual Distribution of Rare Variants[END_REF] , which, instead of aggregating variants, evaluates the distribution of their weighted effects. Further upgrades of the C-alpha test are the well-known sequence kernel association test (SKAT [START_REF] Wu | Rare-Variant Association Testing for Sequencing Data with the Sequence Kernel Association Test[END_REF] ), which can account for additional covariates and, also, handle SNP-SNP interactions. Eventually, burden and variance component tests were combined to leverage the strengths of both methods while alleviating their limitations, either by directly combining the p-values of both tests [START_REF] Derkach | Robust and Powerful Tests for Rare Variants Using Fisher's Method to Combine Evidence of Association From Two or More Complementary Tests: Robust Tests for Rare Variants[END_REF] or by weighing them based on the underlying data, as for example in the SKAT omnibus test (SKAT-O 450 ). However, the identification of rare variants, especially in non-coding regions, remains challenging. While coding variants can naturally be aggregated per gene unit, defining a non-coding region to aggregate variants is less obvious, as the regulatory organization of the non-coding genome is much less understood [START_REF] Bocher | Rare variant association testing in the non-coding genome[END_REF][START_REF] Povysil | Rare-variant collapsing analyses for complex traits: Guidelines and applications[END_REF] .

-Clinical identification of rare non-coding disease variants

Currently, in the setting of rare diseases, patients usually undergo whole-genome sequencing, yielding around 4 million variants per individual, mostly lying in non-coding genomic regions. Around 88% of these variants are common (allele frequency -AF > 5%), 10% are rare (0.5% < AF < 5%) and ~2% are ultra-rare (AF < 0.5%) [START_REF] The | An integrated map of genetic variation from 1,092 human genomes[END_REF] , from which a further 10% (~8500 variants) are private to the individual [START_REF] Telenti | Deep sequencing of 10,000 human genomes[END_REF] . The identification of the causal variant(s) is therefore tedious work, and requires the development of specific methods to narrow-down the number of variants to be characterized.

-Scoring of non-coding variants

Several methods to prioritize non-coding variants were developed over the years. First, methods exploiting large-scale databases such as ENCODE [START_REF]An integrated encyclopedia of DNA elements in the human genome[END_REF] or the Roadmap Epigenomic [START_REF] Kundaje | Integrative analysis of 111 reference human epigenomes[END_REF] were developed to score variants in specific non-coding regions (e.g. SURF [START_REF] Dong | Predicting functional variants in enhancer and promoter elements using RegulomeDB[END_REF] for enhancer and promoters). Then, based on the hypotheses that relevant regulatory regions of the non-coding genome would be evolutionarily conserved, and that functional or pathogenic variants were likely to overlap with biochemically active regions, several integrative methods were designed. Among other methods, CADD [START_REF] Kircher | A general framework for estimating the relative pathogenicity of human genetic variants[END_REF] , DeepSEA 455 , Eigen [START_REF] Ionita-Laza | A spectral approach integrating functional genomic annotations for coding and noncoding variants[END_REF] or ReMM 457 are integrating sequence context information (i.e. the type of overlapping element), sequence conservation metrics and epigenetic annotations, and attribute functionality or pathogenicity score to variants [START_REF] Bocher | Rare variant association testing in the non-coding genome[END_REF] . Most of these variant prioritization methods are based on machine-learning algorithms and are trained on sets of pu-tative functional/pathogenic variants, in opposition to putative non-functional/benign variants extracted from specific databases (see below). Additionally, composite variant scoring methods (metascores) leveraging various other scores through machine-learning algorithms were developed to integrate the specificities of the exploited methods (in terms of features and type of training variants) into single metrics [START_REF] Gunning | Assessing performance of pathogenicity predictors using clinically-relevant variant datasets[END_REF][START_REF] Zhang | regBase: Whole genome base-wise aggregation and functional prediction for human non-coding regulatory variants[END_REF] .

CADD

The Combined AnnotationDependent Depletion (CADD) [START_REF] Kircher | A general framework for estimating the relative pathogenicity of human genetic variants[END_REF] score is a functionality score, which integrate 11 inter-and intra-species conservation features, with around 10 positional features (i.e. GC content of the surrounding region, distance to the closest transcript, etc.) and more than 40 chromatin features (including transcription factor binding sites, histone modifications, DNAse I hypersensitivity sites, nucleosome occupancy and DNA secondary structure predictions), through a support vector machine [START_REF] Cortes | Support-vector networks[END_REF] (SVM). SVMs are a class of machine learning algorithms using hyperplans (plan in N-1 dimensions) to separate high-dimensional data in order to establish a classification.

CADD was trained on 14.9 million derived human variants (i.e. variants diverging from the human-primate ancestor and nearly-fixed in the human population, and expected to be benign) and 14.9 simulated de novo variants, and was applied to score all possible SNVs in the genome. The CADD score has been used as a standard in many studies, and is still considered as a staple in variant characterization. However, the score is extremely dependent on the quality of the training data. While the derived variants set seems a fair proxy for benign variants, the simulated de novo variants set is used therein as a proxy for deleterious mutations, yet it is likely that a substantial proportion of these variants appear as benign.

DeepSEA

DeepSEA 455 is a method used to predict the epigenetic impact of non-coding variants and their subsequent pathogenic probabilities. DeepSEA is a two stage model, the first predicting the impact of SNVs on 919 cell-type specific chromatin marks (transcription factor binding, histone marks and DNAse I hypersensitivity), the second leveraging the previous predictions, as well as 4 inter-species sequence conservation features to predict the pathogenicity of the SNV. The convolutional neural network was trained on 919 celltype specific chromatin marks from ENCODE [START_REF]An integrated encyclopedia of DNA elements in the human genome[END_REF] and Roadmap Epigenomic 164 projects, taking as input 1000bp sequences and their corresponding chromatin profiles. The functional impact of SNVs is computed, for each chromatin profile, as the difference between the predicted profile corresponding to the reference allele and the predicted profile corresponding to the alternative allele. Then, the predicted differences are used, along with 

ReMM

ReMM 457 is a pathogenicity score developed for the prioritization of non-coding variants causing Mendelian diseases. ReMM leverages 8 interspecies conservation features, 9 epigenetic and 9 sequence context features (e.g. overlap with known enhancers, promoters, copy number variants) and was trained on i) 453 manually curated non-coding SNVs and small insertions/deletions from the literature, with experimentally established causal roles in Mendelian diseases and ii) 14.7 million derived human variants. In order to correct for the high imbalance in the relative size of positive and negative sets, the negative variants were equally shared across 100 partitions, to which all positive variants were added. Next, in each partition, positives were oversampled and negatives undersampled to obtain a final set of 1:3 positive to negative ratio, which was used to train a random forest classifier. Then, each genomic position was scored as the average across the scores attributed by the 100 classifiers. At the date of its publication, ReMM appeared as one of the two methods specific to non-coding Mendelian disease-causing variants, and outperformed all other methods in this context.

-Integrative framework for non-coding pathogenic variants prioritization

While aggregation tests and variant scores can highlight regions and variants of potential interest, they are not sufficient to provide an accurate case-and disease-specific functional characterization of non-coding variants [START_REF] Smedley | A Whole-Genome Analysis Framework for Effective Identification of Pathogenic Regulatory Variants in Mendelian Disease[END_REF][START_REF] Gunning | Assessing performance of pathogenicity predictors using clinically-relevant variant datasets[END_REF][START_REF] Caron | NCBoost classifies pathogenic non-coding variants in Mendelian diseases through supervised learning on purifying selection signals in humans[END_REF][START_REF] Li | Cepip: Context-dependent epigenomic weighting for prioritization of regulatory variants and disease-associated genes[END_REF][START_REF] Nishizaki | Mining the Unknown: Assigning Function to Noncoding Single Nucleotide Polymorphisms[END_REF] . Several frameworks were developed to contextualize the variant prioritization process in GWAS [START_REF] Li | Cepip: Context-dependent epigenomic weighting for prioritization of regulatory variants and disease-associated genes[END_REF][START_REF] Nishizaki | Mining the Unknown: Assigning Function to Noncoding Single Nucleotide Polymorphisms[END_REF] , leveraging functionality scores as well as tissue-specific chromatin profiles and tissue-specific regulatory elements to select sentinel hits among GWAS SNPs in high linkage disequilibrium.

More complex frameworks were developed to prioritize non-coding variants in clinical diagnosis settings, by applying successive filters to the identified variants based on their allele frequencies, their associated functionality or pathogenicity scores, the inheritance model of the disease and their association to specific gene modules [START_REF] Smedley | A Whole-Genome Analysis Framework for Effective Identification of Pathogenic Regulatory Variants in Mendelian Disease[END_REF] .

Genomiser

Genomiser 457 is an integrative framework for the identification of rare pathogenic variants in Mendelian disease patients. First, it uses disease-specific Human Phenotype Ontology terms to derive disease-relevant lists of genes, which are scored depending on their phenotypic similarity with known disease or trait associated genes. Then, variants lying in the vicinity of these genes or overlapping with their known regulatory elements are extracted and further filtered to restrict the set to rare variants. Next, variants are scored using either a coding (e.g. VARGAS [START_REF] Yandell | A probabilistic disease-gene finder for personal genomes[END_REF] ) or a non-coding method (e.g. CADD [START_REF] Kircher | A general framework for estimating the relative pathogenicity of human genetic variants[END_REF] , DeepSEA [START_REF] Zhou | Predicting effects of noncoding variants with deep learningbased sequence model[END_REF] ) method, and their associated genes are scored by integrating their phenotypic similarity score [START_REF] Hemminki | The Common Disease-Common Variant Hypothesis and Familial Risks[END_REF] and the highest score among their associated variants. Genomiser provides a ranked list of genes and variants based on their likelihood to cause the associated disease.

-Databases of pathogenic non-coding variants

Several databases aggregating manually curated pathogenic variants have been created, such as the Human Gene Mutation Database (HGMD [START_REF] Stenson | The Human Gene Mutation Database: Towards a comprehensive repository of inherited mutation data for medical research, genetic diagnosis and next-generation sequencing studies[END_REF] ) and ClinVar [START_REF] Landrum | ClinVar: Public archive of relationships among sequence variation and human phenotype[END_REF] . These databases include coding as well as non-coding variants, and annotate them in function of their putative pathogenic potential.

-HGMD

HGMD [START_REF] Stenson | The Human Gene Mutation Database: Towards a comprehensive repository of inherited mutation data for medical research, genetic diagnosis and next-generation sequencing studies[END_REF] is a private database aggregating functionally characterized variants from the literature, and manually labeling them depending on their supporting evidence levels.

Several categories have been defined, and are presented hereafter from the highest level of supporting evidence to the lowest. Disease Mutations (DM) are variants for which the causal link with the disease has clearly been established and experimentally validated, while DM? correspond to DM variants for which a degree of uncertainty still remains.

Disease-associated Polymorphisms (DP) are disease-associated variants with additional evidence for potential functional relevance to the corresponding disease (e.g. a variant is located in a gene of interest or in its regulatory elements, or in a conserved region). Functional Polymorphisms (FP) are variants with experimentally validated functional effects (e.g. impact on gene expression confirmed through MPRA) but not associated with any disease, and finally, disease-associated polymorphisms with supporting functional evidence (DFP) are variants meeting both DP and FP criteria. As of the 2020/07/13, 4711 entries corresponding to non-coding variants were reported in the HGMD private database, collectively involving 2017 unique genes (Table 1). The characterized variants therein and, specifically, their pathogenic potential, are of various quality levels, with only 22% of the entries corresponding to high-quality disease causing variants. 

-ClinVar

ClinVar 411 is a public database supported by the National Center for Biotechnology Information (NCBI), which aggregates variants linked with human phenotypes. These variants are either extracted from the literature or submitted by authors, along the putatively affected gene, clinical significance and, if applicable, the corresponding trait or disease. The main goal of ClinVar is to gather clinically relevant information about variants to help with their interpretation. ClinVar separates variants across five categories: pathogenic (P) variants, likely pathogenic (LP), uncertain significance (U), likely benign (LB) and benign (B). In addition, duplicated entries with different clinical significance are labeled as conflicting. The variant classification of ClinVar is more complex than in HGMD: a decision tree based on the 28 American College of Medical Genetics and Genomics criteria classifies the variants [START_REF] Li | InterVar: Clinical Interpretation of Genetic Variants by the 2015 ACMG-AMP Guidelines[END_REF] . These criteria include the inheritance mode and frequency of the reported variant, its molecular coding or non-coding impact and its presence or the presence of neighboring variants in known databases. The quality of the variants reported in ClinVar evolves with the addition of new reports about existing variants, which can reinforce or revisit their current classification [START_REF] Harrison | Is likely pathogenic really 90% likely? Reclassification data in ClinVar[END_REF][START_REF] Xiang | Reinterpretation of common pathogenic variants in ClinVar revealed a high proportion of downgrades[END_REF] Distribution of non-coding variants (nonexonic, non-splice-site) and associated unique genes from the ClinVar database across the different categories of pathogenic evidence. These numbers correspond to variants downloaded on the 2020/07/06.

-Identification of functional common variants

Before the development of next-generation sequencing, the study of polygenic traits was mainly driven by the characterization of the contribution of common variants to trait or disease risks through GWAS 471472 . At the time, such discoveries were supporting the hypothesis that common variants were responsible for most common traits or diseases (CDCV hypothesis [START_REF] Hemminki | The Common Disease-Common Variant Hypothesis and Familial Risks[END_REF] ). With the increasing size of cohorts, GWAS detected an increasing number of variants with decreasing effect on the traits.

-Association studies

The frequency of genetic variants in the general population or in disease-cohorts impacts their functional characterization and restricts the methods used for their analysis. The identification of variants relevant to a trait can be performed through association testing, and is limited by the power of the analysis (i.e. the balance between the effect size of the associated SNP, the cohort size and the frequency of the allele) [START_REF] Wang | Statistical power in genome-wide association studies and quantitative trait locus mapping[END_REF] . This restriction, inherent to association studies, limits the identification of small effect common and rare variants [START_REF] Spencer | Designing Genome-Wide Association Studies: Sample Size, Power, Imputation, and the Choice of Genotyping Chip[END_REF] . GWASs consist in finding statistical associations between SNVs and traits, and usually consider these associations one at a time. GWAS can be performed in case-control settings for the study of qualitative traits, where it looks for variants preferentially segregating in one of the two groups, or in a "case-only" setting for the study of quantitative traits, where it looks for a correlation between the quantity of reference to alternative substitutions (i.e. the number of alternative B allele at a biallelic locus with reference allele A) and the magnitude of the trait. The contribution of a locus to a qualitative trait is represented by the Odds Ratio (OR), representing the increased (or decreased) disease risk from the cases to the controls due to the alternative allele.

For quantitative traits, the contribution of a locus is either represented in terms of its direct impact on the trait (i.e. the size effect of the variant) or of its contribution to the total variance of the trait. The variants identified through quantitative association analysis are called quantitative trait loci (QTL). Over the years, various quantitative traits have been tested for association with genetic loci, such as gene expression (eQTL [START_REF] Piasecka | Distinctive roles of age, sex, and genetics in shaping transcriptional variation of human immune responses to microbial challenges[END_REF] ), DNA methylation (meQTL [START_REF] Gopalan | Trends in DNA Methylation with Age Replicate Across Diverse Human Populations[END_REF] ), protein expression (pQTL [START_REF] Yao | Genomewide mapping of plasma protein QTLs identifies putatively causal genes and pathways for cardiovascular disease[END_REF] ) or histone modification (hQTL [START_REF] Pelikan | Enhancer histone-QTLs are enriched on autoimmune risk haplotypes and influence gene expression within chromatin networks[END_REF] ). GWAS assess the effect of genotype on phenotype, which can be mediated by various mechanisms. However, the studied phenotype might also vary independently from the genotype, due to other factors, which are called covariates. These covariates will therefore contribute to the trait, and might act as confounders of the genetic association, resulting in an overestimation of the contribution of the tested genotype to the phenotype. Correcting for such covariates results in a better estimation of the genetic effect, and also reduces the chances of false-positive associations [START_REF] Mefford | The Covariate's Dilemma[END_REF] . Methodologically, association studies can use various models, depending on the assumptions made on the architecture of the studied trait. For qualitative traits, association testing would be performed using either a chi-square test on the distribution of the risk allele between cases and controls, or logistic regression when additional covariates are considered. For quantitative traits, association is assessed using either a t test or linear models, depending on the presence of covariates for which to account [START_REF] Marees | A tutorial on conducting genome-wide association studies: Quality control and statistical analysis[END_REF] . In addition, rather than considering a linear (or additive) effect of the risk allele on the trait, other scenarii representing intraallelic interactions (dominance, recessivity) [START_REF] Bush | Chapter 11: Genome-Wide Association Studies[END_REF][START_REF] Fang | Discovering genetic interactions bridging pathways in genome-wide association studies[END_REF] , inter-allelic interactions (epistasis) [START_REF] Ritchie | The search for gene-gene interactions in genome-wide association studies: Challenges in abundance of methods, practical considerations, and biological interpretation[END_REF] or genotype-environment interactions 483 can be considered. The evolution of GWAS methods development is due to the continuous detection of biases and their handling through different modeling strategies. For example, the demographic and geographic history of different human populations led to the appearance of different genetic backgrounds, where specific rare or common variants can be observed [START_REF] Wills | Principles of Population Genetics, 4th edition[END_REF] . This phenomenon is called population stratification, and has been shown to explain a substantial amount of false positive associations [START_REF] Lee | Rare-Variant Association Analysis: Study Designs and Statistical Tests[END_REF][START_REF] Hellwege | Population Stratification in Genetic Association Studies[END_REF][START_REF] Sohail | Polygenic adaptation on height is overestimated due to uncorrected stratification in genome-wide association studies[END_REF] . Various methodologies, such as principal component analysis or multidimensional scaling, are currently used to assess the intensity of the stratification, which is further corrected during the GWAS by adding either the leading principal components or leading dimensions as covariates in the model [START_REF] Miclaus | SNP selection and multidimensional scaling to quantify population structure[END_REF][START_REF] Price | Principal components analysis corrects for stratification in genome-wide association studies[END_REF] . Another example is the presence of cryptic relatedness between individuals. Genetic relatedness violates the requirement of independence between individuals, one of the underlying assumptions of association testing [START_REF] Korte | A mixed-model approach for genome-wide association studies of correlated traits in structured populations[END_REF][START_REF] Voight | Confounding from Cryptic Relatedness in Case-Control Association Studies[END_REF] . The subsequent phenotypic covariance can be translated into random effects and further integrated in the GWAS through mixed effect models [START_REF] Chen | Control for Population Structure and Relatedness for Binary Traits in Genetic Association Studies via Logistic Mixed Models[END_REF][START_REF] Dodds | Construction of relatedness matrices using genotyping-by-sequencing data[END_REF][START_REF] Kang | Variance component model to account for sample structure in genome-wide association studies[END_REF][START_REF] Sul | Population structure in genetic studies: Confounding factors and mixed models[END_REF] . In addition to within-trait variance components, mixed effect models can also be used to handle between-traits covariance to gain power in the study of known pleiotropic traits [START_REF] Korte | A mixed-model approach for genome-wide association studies of correlated traits in structured populations[END_REF] . Other types of models were used to handle further specific cases that violate the assumptions of traditional association testing. For example, generalized models can be used to alleviate the assumption regarding the normality of the distribution of the residuals from the regression, and are widely used for quantitative traits [START_REF] Bush | Chapter 11: Genome-Wide Association Studies[END_REF] , and can be further combined with mixed effect models to handle variance components [START_REF] Runcie | Fast and flexible linear mixed models for genome-wide genetics[END_REF] .

-15 years of association studies

Throughout the years, GWAS appeared as an efficient tool to identify novel variant-or gene-trait associations. As of the 2020/07/06, 4603 GWASs involving 188'633 genomewide significant associations have been reported in the NHGRI-EBI GWAS Catalog 496 .

These results have been leveraged in various manners by biologists, clinicians and geneticists. For example, the role of autophagy in Crohn's disease was discovered through the identification of SNPs in autophagy genes [START_REF] Hampe | A genome-wide association scan of nonsynonymous SNPs identifies a susceptibility variant for Crohn disease in ATG16L1[END_REF][START_REF] Murthy | A Crohns disease variant in Atg16l1 enhances its degradation by caspase 3[END_REF][START_REF]Genome-wide association study of 14,000 cases of seven common diseases and 3,000 shared controls[END_REF] , while other studies allowed the discovery of causal genes of previously undiagnosed monogenic or oligogenic diseases [START_REF] Hirschhorn | Genomewide Association Studies Illuminating Biologic Pathways[END_REF] .

In addition, clinically relevant associations were identified, informing us, for example, about the disease risk, such as the missense variants in the ARMD1 gene that are associated with age-related macular degeneration (AMD) explaining ~50% of the AMD disease risk [START_REF] Edwards | Complement Factor h Polymorphism and Age-Related Macular Degeneration[END_REF] , the response to treatment, such as variants nearby the IL28B gene predicting the response to antiviral treatments against chronic hepatitis C 502 , or about the population-specific disease susceptibility, as is the main type 2 diabetes mellitusassociated risk factor which has been shown to be located in four different genes in four different populations [START_REF] Tam | Benefits and limitations of genomewide association studies[END_REF] . Diseases-associated loci can also be further integrated into polygenic risk scores to improve the predictions of an individual's disease susceptibility [START_REF] Lewis | Polygenic risk scores: From research tools to clinical instruments[END_REF] .

-Trait heritability

Trait-associated variants have also been used to estimate the heritability of the corresponding traits. For example, the genetic basis of human height has been studied for years, and several thousands of independent SNPs have been found to associate with the trait, explaining from 24% to 27% of its variability in the population [START_REF] Magic Investigators | T2D-Genes Consortium, GoT2D Genes Consortium[END_REF][START_REF] Lello | Accurate Genomic Prediction of Human Height[END_REF][START_REF] Mcevoy | Genetics of human height[END_REF][START_REF] Yengo | Meta-analysis of genome-wide association studies for height and body mass index in 700000 individuals of European ancestry[END_REF] . However, the total heritability of height assessed in twin studies was estimated to range from 60% to 80% [START_REF] Guo | Insights and Implications of Genome-Wide Association Studies of Height[END_REF][START_REF] Perola | Genome-wide association approaches for identifying loci for human height genes[END_REF][START_REF] Lifelines | Genetic variance estimation with imputed variants finds negligible missing heritability for human height and body mass index[END_REF] . The difference between the explained variability and the heritability estimated from twin studies is called the missing heritability, and has been studied

and debated for the past 15 years, and represents one of the biggest limits of association studies. Currently, this missing heritability is attributed to the absence of low frequency and rare variants from genotyping arrays and to the poor ability of association studies to identify low frequency and rare variants with minute effect sizes [START_REF] Tam | Benefits and limitations of genomewide association studies[END_REF][START_REF] Bomba | The impact of rare and low-frequency genetic variants in common disease[END_REF][START_REF] Young | Solving the missing heritability problem[END_REF] . Moreover, theoretical work suggested that capturing more of such variants would help closing the observed gap [START_REF] Visscher | Challenges in understanding common disease[END_REF][START_REF] Bomba | The impact of rare and low-frequency genetic variants in common disease[END_REF][START_REF] Cantor | Prioritizing GWAS Results: A Review of Statistical Methods and Recommendations for Their Application[END_REF] . As a matter of fact, the overall contribution to the variability of height estimated from ~17 millions common and rare imputed variants in more than 44'000 individuals rose as high as 57%, reducing substantially the amount of previously estimated missing heritability in height [START_REF] Lifelines | Genetic variance estimation with imputed variants finds negligible missing heritability for human height and body mass index[END_REF] , while a height predictor integrating ~20'000 common variants from the UK BioBank 514 was able to explain as much as 40% of the height heritability [START_REF] Lello | Accurate Genomic Prediction of Human Height[END_REF] . In addition, other works performed on complex traits showed that numerous loci contributed to their variation and were distributed over the whole genome 24,[START_REF] Bulik-Sullivan | Genetic Consortium for Anorexia Nervosa of the Wellcome Trust Case Control Consortium[END_REF][START_REF] Visscher | 10 Years of GWAS Discovery: Biology, Function, and Translation[END_REF] and that pleiotropy was ubiquitous among most monogenic and polygenic trait-associated variants [START_REF] Bulik-Sullivan | Genetic Consortium for Anorexia Nervosa of the Wellcome Trust Case Control Consortium[END_REF][START_REF] Denny | PheWAS: Demonstrating the feasibility of a phenomewide scan to discover gene-disease associations[END_REF][START_REF] Simons | A population genetic interpretation of GWAS findings for human quantitative traits[END_REF] . These observations led to the proposition of an "omnigenic" model of complex diseases, where the high interconnectivity of gene interaction networks within disease-sensitive cell types is enough for most genes to contribute to the variability of the disease although they remain outside of the main disease-gene modules [START_REF] Bulik-Sullivan | Genetic Consortium for Anorexia Nervosa of the Wellcome Trust Case Control Consortium[END_REF][START_REF] Boyle | An Expanded View of Complex Traits: From Polygenic to Omnigenic[END_REF] .

-Functional characterization of trait-associated variants

The identification of trait-associated variants is a challenging task. Variants present on genotyping arrays are representative of the surrounding haplotype blocks, while im-puted variants resulting from the prediction of untyped genotypes, offer a finer genetic definition and increase the likelihood of detecting a causal association [START_REF] Shi | Comprehensive Assessment of Genotype Imputation Performance[END_REF] . Thus, traitassociated variants cannot be considered as causal of the detected association, as they merely represent a group of variants in high linkage disequilibrium. In addition, most association signals fall in non-coding regions, and are especially enriched in biochemically active and regulatory regions [START_REF] Maurano | Systematic Localization of Common Disease-Associated Variation in Regulatory DNA[END_REF][START_REF] Zhang | Non-coding genetic variants in human disease: Figure 1[END_REF] . As previously described, the functional and mechanistic characterization of such regions and their causal link with diseases are complex to establish. In order to propose a functional interpretation of such associations, several fine-mapping approaches, such as signal colocalization, have been developed to further specify the variant responsible for the detected association among other co-segregating variants [START_REF] Cano-Gamez | From GWAS to Function: Using Functional Genomics to Identify the Mechanisms Underlying Complex Diseases[END_REF][START_REF] Kanduri | Colocalization analyses of genomic elements: Approaches, recommendations and challenges[END_REF] . These methods leverage large-scale tissue-specific epigenomic signals, such as histone peaks, DNA methylation, chromatin accessibility [START_REF] Hatcher | Leveraging brain cortex-derived molecular data to elucidate epigenetic and transcriptomic drivers of complex traits and disease[END_REF] , various QTLs [START_REF] Deng | A powerful and versatile colocalization test[END_REF][START_REF] Hormozdiari | Colocalization of GWAS and eQTL Signals Detects Target Genes[END_REF][START_REF] Keele | Integrative QTL analysis of gene expression and chromatin accessibility identifies multi-tissue patterns of genetic regulation[END_REF][START_REF] Wu | Colocalization of GWAS and eQTL signals at loci with multiple signals identifies additional candidate genes for body fat distribution[END_REF] and/or evolutionary conservation [START_REF] Xu | Co-localization between Sequence Constraint and Epigenomic Information Improves Interpretation of Whole-Genome Sequencing Data[END_REF] to pinpoint variants statistically accumulating functional annotations and help in the identification of the causal variants. Eventually, the functional confirmation of trait-associated variants should be experimentally assayed, for example through MPRA [START_REF] Ulirsch | Systematic Functional Dissection of Common Genetic Variation Affecting Red Blood Cell Traits[END_REF] or genome editing methods 532 .

-Databases of trait-associated variants

Several databases of trait-associated variants have been created, either rising from largescale projects or aggregating numerous association-studies.

-The GWAS Catalogue

The NHGRI-EBI GWAS Catalog 496 is a database integrating the summary statistics of most published qualitative traits of GWAS and also some quantitative trait association studies. On the 2020/07/06, the GWAS Catalogue integrated 4603 GWASs involving 188'633 genome-wide significant associations (Figure 3). All the reported associations are available at the NHGRI-EBI website.

-The GTEx Portal

The eight version of the Genotype-Tissue Expression (GTEx 4. Pathogenic non-coding variants are anticipated to impact the expression of relevant genes, and therefore, the identification of such variants might profit from features informing about the importance of the affected gene. Here, we hypothesize that i) the effects of most non-coding variants are likely to be mediated through their closest gene, and ii) that the evolutionary conservation of these closest genes constitutes a relevant proxy of their importance.

5. In addition to sequence conservation, epigenetic features may be used to assess the functional relevance of variants in non-coding regions. Epigenetic profiles can thus provide predictive ability and/or mechanistic explanations regarding the pathogenic effect of variants. However, we hypothesize that, in the case of heritable Mendelian diseases, the epigenetic factors at play are in turn driven by an underlying genetic component and thus will present a concomitant purifying selection signal potentially detectable at the sequence level.

6. Pathogenic non-coding variants may impact regions with varying sequence constraints associated with different evolutionary scales (e.g. across vertebrates, mammals and/or primates, as well as within the human or in a population-specific manner). In addition, recent demographic effects may act as confounding factors in the inference of recent conservation signals within the human lineage. As a result, interspecies and intraspecies sequence-conservation features present complex patterns and their integration for the prediction of disease potential is not straightforward. We hypothesize that a supervised non-linear machine-learning approach may help leveraging the complexity of sequence conservation features to pinpoint non-coding disease-causing variants.

The second part of this thesis focuses on the identification of non-genetic factors and common genetic variants associated with the observed heterogeneity of plasma protein levels in the general population. It relies on the following working hypotheses:

1. The study of cohorts of well phenotyped healthy individuals sharing a similar genetic background may help in the identification of non-genetic and genetic factors responsible for molecular trait variations among individuals.

2. Plasma proteins are secreted into the plasma by different tissues, and immunerelated plasma proteins can be expected to be partly produced by circulatory immune cells. Genetic variants impacting circulatory cell sub-populations size [START_REF] Milieu Intérieur | Natural variation in the parameters of innate immune cells is preferentially driven by genetic factors[END_REF] could therefore translate in various levels of produced plasma proteins and act as confounders of identified pQTLs.

3. The identification of common genetic factors impacting plasma protein levels might help in the functional interpretation of trait-associated loci, proposing a molecular explanation linking the identified variants and the corresponding phenotypes.

4. pQTLs associated with genes causing Mendelian diseases, such as primary immunodeficiencies, could act as disease modifiers and, eventually, partly explain incomplete penetrance of some high effect variants, and/or contribute to the heterogeneity of clinical outcomes.
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CHAPTER 3

Objectives

From the motivation provided in the Introduction, and considering the working Hypothesis stated before, this thesis has the following Objectives:

1. Implementation of a supervised machine-learning approach for the prediction of the pathogenicity potential of cis-proximal non-coding genetic variants from whole genome sequencing studies of monogenic Mendelian disease patients. Specific aims are:

1.1 Manual curation of a reference set of highly-reliable pathogenic non-coding variants that will be used as positive training set for the supervised training of the classifier. Here, putative pathogenic variants will be mapped with the closest gene and high-confidence pathogenic variants will be selected based on i) their molecular consequences, ii) the quality of the experimental evidence supporting their disease-causing nature, iii) the monogenic nature of the associated disease, iv) the previous evidence relating the associated gene and disease, and v) the lack of evidence of presence of homozygous carriers of the variant in the general population.

1.2 Compilation of a comprehensive set of inter-species sequence conservation scores as well as signals of recent and ongoing sequence constraint within humans associated to the genomic position of non-coding variants, their flanking regions and the associated genes.

1.3 Training a bundle of gradient tree-boosting models on the manually curated set of pathogenic non-coding variants annotated with the selected conservation features, independent testing and validation on different pathogenic non-coding variant datasets.

1.4 Assessment of the ability of the selected features to identify pathogenic noncoding variants i) individually and ii) through their relative contribution to the predictive performance of combined models.

1.5 Comparative benchmark against a representative set of state-of-the-art methods under different settings in order to evaluate i) the ability to classify pathogenic variants versus common variants, ii) pathogenic variants versus random sets of rare variants, and iii) to pinpoint the pathogenic variants among all the genetic variants found in the genome of a given individual will be assessed. 

Background

To date, more than 4000 Mendelian diseases have been clinically recognized [1], collectively affecting more than 25 million people in the USA only [2]. However, around 50% of all known Mendelian diseases still lack the identification of the causal gene or variant [3]. Moreover, every year, approximately 300 new Mendelian diseases are described, whereas the pace for discovery of the causal molecular mechanisms fluctuates at around 200 yearly [3]. Despite the progress achieved through whole exome sequencing (WES)-based studies, recent reviews show highly heterogeneous diagnostic rates across disease types [4, 5], ranging from < 15% (such as congenital diaphragmatic hernia or syndromic congenital heart disease) to > 70% (e.g., ciliary dyskinesia). In those scenarios, a common working hypothesis is that noncoding variants could explain the etiology of many of the unresolved cases [5]. Whole genome sequencing (WGS) allows expanding the survey of pathogenic variants to non-coding genomic regions in an unbiased way. Such possibility generates great expectations, as most trait/disease-associated single-nucleotide variants (SNVs) identified by genome-wide association studies (GWAS) map to non-coding regions, suggesting a prominent role of regulatory elements in genetic diseases [6, 7]. Nevertheless, the large amount of rare and singleton variants in non-exonic positions shown by large-scale WGS projects in humans [8, 9] makes computational predictions a fundamental step to prioritize candidate variants for further clinical and experimental follow-up.

A number of machine learning methods have been developed in the last years to predict the regulatory consequences of non-coding SNVs [10-16]. Two complementary perspectives have been exploited: first, from an evolutionary standpoint, genomic positions under non-neutral evolution are expected to have a functional role. Consequently, position-based purifying selection scores determined at different timescales (i.e., from vertebrates, mammals, and primates sequence alignments) have been successfully used by reference methods. Second, from a mechanistic view, phenotypic consequences of genetic variants are thought to result from their impact on non-coding functional elements, defined as those having reproducible biochemical features associated with regulatory roles, such as promoters, enhancers, silencers, and repressors. Thus, computational methods have exploited diverse sets of chromatin and epigenetic characteristics (including histone marks, chromatin states, DNase I-hypersensitivity sites, and transcription factor binding sites) obtained from heterogeneous sets of cell lines, primary cell types, and tissues by Consortia such as ENCODE, FANTOM5, the Roadmap Epigenomics, and BluePrint projects [17-19]. While the ability of state-of-the-art methods to discriminate functionally relevant non-coding variants is remarkable, the value of such scores as a proxy of pathogenic potential in the context of Mendelian diseases is still unclear. This stems from the fact that functional scores of non-coding SNVs were mostly evaluated by their ability to identify trait-associated (e.g., quantitative trait loci, QTLs) and disease-associated loci from GWAS of common diseases. Yet, even in those contexts, predictive accuracy is modest and mainly driven by position-based interspecies conservation signals, with chromatin and epigenetic features providing only a marginal contribution [11, 14, 16]. More recently, Smedley et al. developed the Regulatory Mendelian Mutation Score (ReMM) [20], which-to our knowledge-is the only method specifically developed to score pathogenic non-coding variants in the context of Mendelian disease studies. Their approach trained a random forest classifier on a curated set of 406 SNVs, including long non-coding RNA SNVs. Twenty-six features were considered, including 8 interspecies conservation scores, 4 GC/CpGbased characteristics, and 8 epigenetic features. Despite the simplicity of the model, ReMM scores proved valuable to prioritize Mendelian disease variants when integrated in a more comprehensive framework considering candidate regulatory regions and the phenotypic relevance of the associated genes [20].

In this work, we hypothesized that the computational prediction of pathogenic non-coding variants in Mendelian diseases would benefit from a more comprehensive set of natural selection signals, notably regarding recent and ongoing selective constraints in humans. In this regard, evolutionary and functional evidence support a rapid turnover of functional non-coding elements across species that would limit the capacity of interspecies conservation to pinpoint recently acquired regulatory sequences in the human lineage [21-24]. Moreover, it has been suggested that lineage-specific and ongoing natural selection in humans could help further understanding the partial overlap observed among the fraction of the genome inferred to be functional from evolutionary, biochemical, and genetic evidences [25, 26]. The use of recent and ongoing purifying selection signals to prioritize pathogenic variants has been historically challenged by a number of confounding factors shaping patterns of human genomic variation. Thus, random genetic drift, population structure, and demographic processes, such as rapid expansions, migrations, and population bottlenecks, have played a major role in governing changes in allele frequency within and between populations [26-28]. In addition, uneven recombination rates across the genome and heterogeneous neutral mutation rates [29, 30] associated with sequence context [31, 32] or to different types of non-coding elements [33] further complicate the distinction of neutral versus non-neutral evolution.

Notwithstanding, the increasing sample size of current large-scale whole genome sequencing projects of the general population is providing a better resolution of recent and ongoing purifying selection signals in humans [9, 34-36], which could improve their utility in scoring systems of pathogenic variants. In addition, machine learning methods have shown ability to detect complex patterns associated with functional variants combining different types of selective constraints that would otherwise be missed by classical approaches [11-16]. A supervised learning approach could thus help in better exploiting recent natural selection features in spite of the confounding factors. To test both previous possibilities, we first extracted a comprehensive set of recent and ongoing natural selection features determined from recent large-scale WGS projects in humans, together with interspecies conservation scores assessed on different evolutionary timescales. We then trained NCBoost, a classifier of non-coding SNVs based on gradient tree boosting, on a curated set of high-confidence pathogenic non-coding SNVs associated with monogenic Mendelian disease genes and on common non-coding SNVs without clinical assertions. The approach outperformed reference state-of-the-art methods under multiple training and testing scenarios, while overcoming gene and positional bias.

Results

Curation of a high-confidence set of pathogenic non-coding variants associated with monogenic Mendelian disease genes Pathogenic non-coding variants from the Human Gene Mutation Database [37] (HGMD-DM), ClinVar [38], and Smedley'2016 [20] were manually curated to obtain a high-confidence set of pathogenic variants associated to monogenic Mendelian diseases. The number of high-confidence pathogenic non-coding variants obtained from each resource is represented in Fig. 1 ("Methods" section). The majority of causal variants were assigned to the closest protein-coding gene in the reference source (94%, 98%, and 89%, respectively). Thus, the available set is mostly constituted of proximal cis-regulatory variants (Fig. 1a), with distal cis-regulatory and trans-acting variants scarcely represented. Our curation effort allowed further refining this set to retain the fraction of pathogenic variants confidently associated with monogenic Mendelian diseases genes (84%, 87%, and 98%, respectively; Fig. 1b). In addition, a small though non-negligible fraction of variants for which homozygous individuals were detected in recent large-scale whole exome and genome sequencing (GnomAD) were excluded for downstream analysis (5%, 7%, and 4% respectively, Fig. 1b). After all filtering steps, a total of 737 pathogenic non-coding SNVs collectively associated with 283 genes were retained (Fig. 1c; Additional file 1: Table S1). Variants were distributed in intronic (23%), 5′UTR (36%) and 3′UTR (12%), and 1 kb upstream TSS (26%), with a minority of them in 1 kb downstream TSE (< 1%) and in intergenic regions (1%). The three resources mined in this work (HGMD-DM, ClinVar and Smedley'2016) showed varying degrees of overlap regarding causal SNVs (Fig. 1d) and their associated genes (Fig. 1e). Notably, the set of 283 monogenic Mendelian disease genes collectively affected by pathogenic non-coding SNVs is enriched in haploinsufficient genes (odds ratio OR = 2.93, one-sided Fisher test p value = 1.279e-09) and in genes intolerant to heterozygous truncation (OR = 1.21; p value = 0.041) as compared to a background set of 3354 monogenic Mendelian disease genes (Additional file 2: Figure S1; "Methods" section).

Distribution of state-of-the-art pathogenicity scores across pathogenic and non-pathogenic SNVs

We explored the distribution of six state-of-the-art pathogenicity scores (CADD, DeepSEA, Eigen, Eigen-PC,
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Fig. 1 Curation of high-confidence pathogenic non-coding SNVs associated with monogenic Mendelian disease genes. a Number of high-confidence pathogenic non-coding SNVs obtained from the Human Gene Mutation Database [37] (HGMD-DM), ClinVar [38], and Smedley'2016 [20], after filtering out SNVs overlapping exonic and splice sites of protein-coding genes and SNVs associated with non-coding RNAs ("Methods" section). Only highconfidence pathogenic non-coding variants associated with the same protein-coding gene by both the original resource and the annotation process done in this work (depicted in orange) were retained for downstream analysis. b Retained variants in a were further classified according the OMIM category of the associated gene, i.e., non-Mendelian disease gene, Mendelian disease gene associated with a disease phenotype differing from the one reported in the original resource (i.e., presenting a conflicting disease description), complex Mendelian disease genes, and monogenic Mendelian disease genes. Only high-confidence pathogenic non-coding SNVs associated with monogenic Mendelian diseases with no homozygous individuals in GnomAD database [35] (depicted in green) were finally retained for downstream analyses. c Distribution of the high-confidence pathogenic noncoding SNVs associated with monogenic Mendelian disease genes according to the type of gene region they overlap: intronic, 5′UTR, 3′UTR, upstream, downstream, and intergenic regions. d Distribution of the high-confidence pathogenic non-coding SNVs associated with monogenic Mendelian disease genes according to the original annotation source, i.e., HGMD-DM, ClinVar, and Smedley'2016. e Corresponding number of monogenic Mendelian disease genes collectively involved by SNVs in d. The number of SNVs in each category is indicated inside the barplots and Venn diagrams together with the number of genes collectively involved (in parenthesis in a-c; totals are reported above each barplot) FunSeq2, and ReMM; "Methods" section) across the 737 high-confidence non-coding pathogenic variants and 4,960,178 common SNVs without clinical assertions. All evaluated scores showed marked differences depending on the type of gene region involved (i.e., intergenic, intronic, 3′UTR, 5′UTR, upstream, and downstream regions of associated genes; Additional file 2: Figure S2). Thus, the distributions of median scores per gene for pathogenic SNVs in 5′UTR and for SNVs within 1 kb upstream TSS were shifted towards more severe values than those of pathogenic SNVs in 3′UTR, intronic, and intergenic regions. Bias per gene region was also observed across common SNVs without clinical assertions, suggesting that the regulatory region where a variant maps systematically biases the scores (Additional file 2: Figure S2). More strikingly, the distributions of median scores per gene for common SNVs in 5′UTR were not significantly different than those of pathogenic SNVs in 3′UTR and were significantly different (with more severe scores) than those of pathogenic SNVs in intronic regions for the six scores evaluated (two-sided Wilcoxon test p values for all pair-wise comparisons are reported in Additional file 3: Table S2). As a corollary, the previous observations warn about (1) the need of matching the relative composition of pathogenic and non-pathogenic SNVs across different gene regions in predictive benchmarks and (2) the relative differences in region distribution across data sets (Fig. 1c) which could compromise the generality of data set-specific benchmarks.

Ability of natural selection signals to predict pathogenic non-coding SNVs when considered independently

Table 1 summarizes the set of natural selection features extracted for both pathogenic non-coding SNVs and common SNVs without clinical assertions. First, gathered features covered different evolutionary scales and were classified as interspecies natural selection (considering vertebrates, mammals, and primates, excluding human), or recent and ongoing natural selection in humans. Second, features were categorized either as "position-based" when they refer to the specific genomic position where the variant occurred, "window-level" when they refer to a given sequence interval centered in the SNV, or "gene-level" when they refer to the global characteristics of the closest protein-coding gene.

For the purpose of this work, features were grouped under three main sets (Table 1): (A) interspecies sequence conservation features at position and window level, (B) recent and ongoing natural selection signals in humans at position and window level, and (C) gene-based features. Furthermore, we included two additional sets of features: (D) the sequence context, i.e., GC and CpG content as well as information of the type of gene region where SNVs overlap (intronic, 5′UTR, 3′ UTR, upstream, downstream, and intergenic region); and (E) epigenetic features such as histone modification marks, nucleosome position, open chromatin profiles, and transcription factor binding site (TFBS) profiles generated by the ENCODE project [17].

We first investigated the predictive ability of each individual feature to classify the high-confidence set of 737 pathogenic non-coding SNVs associated with monogenic Mendelian disease genes from a "negative set" of 7370 randomly sampled common SNVs without clinical assertions and matched by region (Additional file 4: Table S3; "Methods" section). Figure 2 shows the area under the receiver operating characteristic curve (AUROC) and the area under the precision-recall curve (AUPRC) obtained for each feature. A random classification would be characterized by AUROC values close to 0.5 and by AUPRC values close to 0.1 (corresponding to the fraction of "positive" SNVs among the total SNVs considered). On the other extreme, a perfect classification would show an AUROC = 1 and an AUPRC = 1. The ranking of features according to both AUROC and AUPRC showed that predictive ability was dominated by interspecies sequence conservation features at position and window level (category A), while only poor performances were observed for the rest of the features when considered independently (AUROC < 0.6 and AUPRC < 0.2).

Supervised learning based on a comprehensive set of ancient, recent, and ongoing purifying selection signals in humans: the NCBoost method Supervised learning was performed in this work using XGBoost [39, 40], a machine learning approach based on gradient tree boosting (GTB; "Methods" section). GTB performs predictions based on an ensemble of regression trees. Unlike random forest, where the component trees are trained independently, in GTB, trees are built in a stepwise manner, where each successive tree is optimized on the residuals of the prediction of the preceding tree. XGBoost was trained on a "positive set" of 283 high-confident set of pathogenic non-coding SNVs associated with monogenic Mendelian disease genes (randomly selecting one variant per gene out of the total 737 initially obtained to avoid gene-level contamination of the training/testing sets; Fig. 1c) and a negative set of 2830 randomly sampled common SNVs without clinical assertions, matched by region and allowing a maximum of one negative variant per gene ("Methods" section).

The method implemented in this work, called NCBoost, is thus a bundle of 10 independently trained XGBoost models, consecutively excluding in each of them 1 out of 10 genome partitions where "positive" and "negative" variants are evenly distributed. In such a way, each non-coding variant in a putative cis-regulatory region of a protein-coding gene can be scored in NCBoost by the model that excluded from its training all variants-either pathogenic or non-pathogenic-associated with the same gene. This strategy permits to reduce overfitting as well as to avoid biasing the score of newly seen variants by the fact that they mapped in the vicinity of variants and genes initially presented to the classifier. Therefore, NCBoost may be applied to score any set of non-coding variants in cis-regulatory regions with no contamination with the training set. Interestingly, the 10 models proved to be largely equivalent among them, as shown by the high correlation of their scores when applied to an independent set of variants excluded from their training (average Spearman correlation 0.96 ± 0.0111 of all pair-wise comparisons among the 10 models; "Methods" section). Six feature configurations were evaluated, including the following combinations of feature categories: A, B, A+B, A+B+C, A+B+C+D, and A+B+C+D+E (Table 1; "Methods" section). The different NCBoost configurations were first tested mimicking a tenfold cross-validation on the same 283 high-confidence pathogenic non-coding SNVs and 2830 common variants. Figure 3 shows the receiver operating characteristic curve (ROC) and the precision-recall curve (PRC) obtained for each of the six feature configurations. In these figures, a perfect prediction would be represented by the (0,1) corner in ROC space (AUROC = 1) and the (1,1) corner in PRC space (AUPRC = 1). In our case, best performance was reached by the model including ABCD features: AUROC ABCD = 0.84 and AUPRC ABCD = 0.47. The figures represent a relative improvement of 9% (AUROC) and 42% (AUPRC) over a model based purely in interspecies sequence conservation features at position and window level. Results were consistent when NCBoost was trained and tested on positive variants from each of the three resources taken independently, i.e., HGMD-DM, ClinVar, and Smedley'2016 (Additional file 2: Figure S3A, S3B and S3C, respectively). Of note, ABCD and ABCDE models showed a similar performance in terms of AUROC and AUPRC across the different settings evaluated (Fig. 3 and Additional file 2: Figure S3A, S3B and S3C).

The feature importance analysis of NCBoost revealed a balanced contribution of interspecies sequence conservation features at position and window level (feature category A, cumulative importance CI A|ABCD = 42% in the ABCD configuration) and recent and ongoing natural selection signals in humans at position and window level collectively considered (category B, CI B|ABCD = 33%; Additional file 2: Figure S4A andS4B). Such balance is observed in spite of the sharp differences in predictive ability observed across features when considered independently (Fig. 2). The collective feature importance of recent and ongoing natural selection signals in humans is in turn much higher than what could be expected from the observed incremental performance obtained in the joint model AB (interspecies and intraspecies selection) as compared to A (interspecies selection; Fig. 3).

Table 1 Natural selection features associated with non-coding single-nucleotide variants mined in this work. Features are classified under different categories depending on the sequence context (i.e., position level, window level, and gene level) and evolutionary scale: interspecies (vertebrates, mammals, and primates, excluding humans), or recent and ongoing natural selection in humans. We note here that the query variant was excluded from the calculations involving mean allele frequencies and mean heterozygosity of a given region and that the variant allele frequency itself was not used as a feature in any training or pathogenicity prediction throughout the study (Continued) Both previous observations, however, are not merely a straightforward consequence of the correlation structure across features (Additional file 2: Figure S5). These results show the capacity of a supervised learning approach using regression trees to extract complex patterns of natural selection signals distinguishing pathogenic versus non-pathogenic non-coding variants.

Notably, in contrast with the state-of-the-art methods evaluated (Additional file 2: Figure S2), the per-region distribution of NCBoost scores showed a clearer separation between high-confidence non-coding pathogenic variants and common SNVs for all types of regions evaluated (Additional file 2: Figure S6). Thus, the distribution of median scores per gene for common SNVs in 2 Performance of individual features mined in this work to classify high-confident set of n = 737 pathogenic non-coding SNVs associated with monogenic Mendelian disease genes from a negative set of n = 7370 randomly sampled common SNVs without clinical assertions matched by region. The area under the receiver operating characteristic curve (AUROC; left panel) and the area under the precision-recall curve (AUPRC; right panel) obtained for each feature is represented. Features are gathered according to five categories (A-E; "Methods" section) and ranked within category by decreasing AUROC and AUPRC. AUROC values < 0.5 (anti-classifiers) were transformed in 1-AUROC values for the purpose of this figure and are indicated with an asterisk (*). Accordingly, AUPRC values for anti-classifiers were assessed on the basis of the -1 product transformation. Of note, population-specific GnomAD MAFs ("Methods" section) are not shown for simplicity. One hot-encoded SNV region features (i.e., "intronic," "UTR5," "UTR3," "upstream," "downstream," and "intergenic") are gathered as a single feature labeled as "region" 5′UTR was significantly lower (i.e., less severe) than that of pathogenic SNVs in all evaluated regions (i.e., intronic, 3′UTR, 5′UTR, and upstream regions; two-sided Wilcoxon test p values < 1e-10; Additional file 3: Table S2), with the exception of intergenic region, where low sample size undermined statistical power (Fig. 1c).

Comparative benchmark against state-of-the-art methods

The NCBoost performance observed in Fig. 3 (configuration ABCD) was compared against the results of the six state-of-the-art methods considered in this work (CADD, DeepSEA, Eigen, Eigen-PC, FunSeq2, and ReMM) when applied on the same positive and negative set of SNVs (Fig. 4). NCBoost outperformed all evaluated methods both regarding AUROC and AUPRC, with a relative improvement of 10% and 34% respectively over the second ranked method (ReMM) and of 13% and 104% over the third ranked method (Eigen). Figures were consistent when the benchmarking was performed on positive variants from each of the three resources taken independently, i.e., HGMD-DM, ClinVar, and Smedley'2016 (Additional file 2: Figure S7A, S7B and S7C, respectively).

The comparative benchmark was then focused on scoring methods that-like NCBoost-are based on supervised learning on non-coding pathogenic variants that are highly enriched in Mendelian diseases. To that aim, we considered (i) GWAVA, trained on HGMD variants [11]; (ii) the more recent ncER score, trained both on HGMD-DM and ClinVar variants [41]; and (iii) ReMM, trained on Smedley'2016 variants [20]. Contrary to NCBoost and ReMM scores, in which a given SNV is never scored by a model that used it for learning, GWAVA and ncER methods could not be included in the benchmark represented in Fig. 4 because of the large overlap of their training set with the pathogenic variants evaluated therein. To overcome this issue, we performed a dedicated comparative benchmark for GWAVA and ncER on the non-overlapping part of their training set with the high-confidence pathogenic SNVs curated in this work. NCBoost outperformed reference methods in both settings (Additional file 2: Figure S8).

We then assessed the ability of the different methods to discriminate pathogenic variants seemingly unconstrained across mammalian evolution. Thus, we selected 234 of the 737 high-confidence pathogenic variants from the initial set that presented PhastCons [42, 43] and PhyloP [44] scores for mammals which were below the median value of the 7370 common variants sampled for training (0.001 and -0.014, respectively). As expected, the performance of all evaluated methods decreased for this subset of pathogenic variants (Additional file 2: Figure S9). Despite the more challenging scenario, NCBoost still remained as the best performing method, with relative improvements of 17% and 57% in AUROC and AUPC over the second best ranked method (Eigen PC). NCBoost's superior performance to discriminate pathogenic variants that are seemingly unconstrained across mammalian evolution highlights its ability to exploit more recent signals of purifying selection, both in primates and in humans.

The outperformance of NCBoost over reference methods was also observed when testing on the same positive set of 283 high-confident set of pathogenic non-coding SNVs as in Fig. 4 and on a negative set that-rather than of common variants-is composed of
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Fig. 3 Comparative performance of NCBoost models trained upon different sets of features. The figure represents the area under the receiver operating characteristic curve (AUROC; a) and the area under the precision-recall curve (AUPRC; b) obtained for each of the six feature configurations evaluated (feature categories A, B, A+B, A+B+C, A+B+C+D, and A+B+C+D+E) when tested mimicking a tenfold cross-validation on n = 283 highconfidence pathogenic non-coding SNVs and n = 2830 common variants without clinical assertions 2830 randomly selected rare variants (allele frequency < 1%) matched by region (Additional file 2: Figure S10; "Methods" section). This test allows ruling out the possibility that figures obtained in Fig. 4 are merely explained by the capacity to discriminate rare from common variants, rather than to discriminate pathogenic from non-pathogenic variants.

In a more stringent setup, we further explored the capacity of the different methods to discriminate pathogenic and non-pathogenic variants within the same non-coding region of a given gene. For this purpose, we restricted the previous test to a set of 149 region-matched pairs of pathogenic and random common variants associated with 54 unique genes (Additional file 2: Figure S11). Results obtained were consistent with those previously observed in Fig. 4 and in Additional file 2: Figure S10, further supporting the superior ability of NCBoost to discriminate pathogenic variants as compared to reference methods. We note that in Additional file 2: Figures S8,S9, S10, S11 no re-training of NCBoost was done, but the same NCBoost ABCD bundle trained as described in the previous section was applied.

Independent training and testing across all possible configurations of the three sources of high-confidence non-coding pathogenic SNVs

To characterize the performance of the NCBoost approach upon different training and testing scenarios, we evaluated all possible configurations of the training and testing sets upon the three sources of high-confidence non-coding pathogenic SNVs, i.e., HGMD-DM, ClinVar, and Smedley'2016. Thus, the positive set of 283 high-confident set of pathogenic non-coding SNVs and the associated negative set of 2830 common SNVs matched by region ("Methods" section) were each split in two non-overlapping sets in three different ways according to the annotation source (Table 2). Accordingly, we trained on the pathogenic variants reported in one source and tested on those in the other two sources not overlapping with the first one. In addition, we explored two additional configurations: training on variants reported in at least two sources and testing on those reported only in one single source, and vice versa. For each different training set, we retrained NCBoost as a bundle of 10 independently trained models, consecutively excluding in each of them 1 out of 10 genome partitions as previously done for
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Fig. 4 Comparative performance of NCBoost against state-of-the-art methods. The figure shows the area under AUROC (a) and the AUPRC (b) obtained for NCBoost (configuration of features ABCD) together with the six state-of-the-art methods (CADD, DeepSEA, Eigen, Eigen-PC, FunSeq2, and ReMM; "Methods" section) when tested on the same set of positive and negative variants described for Fig. 3 Table the entire sets. We note again that a maximum of one positive and one negative variant per gene was allowed within the positive and negative sets used for training. In addition, in all previous training/testing configurations, we further required that there was no overlap between the genes associated with SNV variants in the training set and those of the independent testing set, regardless of their positive and negative classification. Table 2 shows the AUROC and AUPRC values obtained on each of the independent testing sets when applying the corresponding NCBoost model. Consistent with previous results, NCBoost outperformed the reference state-of-the-art methods under all training and testing evaluated scenario.

Validation on a set of recently discovered non-coding pathogenic variants

We evaluated NCBoost's performance in a fully independent validation set of non-coding pathogenic variants. For this, we retrieved 70 SNVs in non-coding regions of protein-coding genes newly reported in recent updates of the HGMD and ClinVar databases. The new pathogenic SNVs collectively associated with 47 genes and involve a total of 45 human diseases (details provided in Additional file 5: Table S4; "Methods" section).

For the purpose of this analysis, each pathogenic SNV was associated with a unique set of ten randomly sampled negative common human variants, matched to the positive set to maintain the same fraction of variants per type of region (Additional file 5: Table S4). Figure 5 shows the predictive ability of NCBoost in such validation test in terms of AUROC and AUPRC values. As in previous settings, NCBoost outperformed reference methods, including GWAVA and ncER. Importantly, NCBoost values on the validation set (AUROC = 0.90 and AUPRC = 0.53; Fig. 5) were similar to those observed in the independent test performed by mimicking a tenfold cross-validation (AUROC = 0.84 and AUPR = 0.47; Fig. 4). The consistency of values observed between the test and validation datasets supports the lack of overfitting in the training process.

Prioritization of non-coding pathogenic variants within individual genomes

In a more realistic setting for the study of monogenic Mendelian diseases, the efficacy of scoring methods should be given by their ability to prioritize the causal pathogenic non-coding variant among the variants found in a patient's genome. To mimic such scenario, we simulated disease genomes by adding a specific pathogenic variant to the variants found in healthy individuals from the 1000 Genomes Project [8]. For this purpose, we restricted the analysis to the 37 pathogenic variants in the validation set that mapped to autosomal chromosomes (to avoid a gender effect of the background genomes) and that could be associated with a randomly sampled negative common SNV mapping within the same non-coding region of the affected gene. Such negative variants are
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Fig. 5 Testing of NCBoost against a fully independent set of recently reported pathogenic variants. The figure shows the area under AUROC (a) and the AUPRC (b) obtained for NCBoost (configuration of features ABCD) together with the eight reference methods (CADD, DeepSEA, Eigen, Eigen-PC, FunSeq2, ReMM, GWAVA, and ncER; "Methods" section) tested on a fully independent set of 70 positive and 700 negative variants matched per genomic region ("Methods" section). Only the GWAVA Region version is depicted for the sake of visualization. GWAVA Unmatched and TSS versions led to AUROC of 0.59 and 0.58 and to AUPRC of 0.02 and 0.02, respectively. Notice that GWAVA and ncEM methods were considered here assuming no overlap of their training sets with the recently reported pathogenic non-coding variants evaluated in these figures.

There was no re-training of NCBoost, but the same NCBoost ABCD bundle used in Figs. 3 and4 was applied intended to serve here as internal negative controls, accounting thus for eventual biases both at the level of the region type (Additional file 2: Figure S2) and of the affected gene. Each pathogenic variant and its associated "negative variant" were independently spiked in 100 randomly sampled individual genomes. Their scores were ranked against those of non-coding variants in proximal cis-regulatory regions per individual (median per individual of 1,031,931 SNVs, collectively affecting a median of 16′378 protein-coding genes per individual; "Methods" section). Median values across the 100 simulated disease genomes of the within-individual rank percentile are indicated in Fig. 6 and Additional file 2: Figure S12 for each of the 37 pathogenic variants independently evaluated and for their corresponding 37 negative variants used as internal controls. NCBoost scores provided the highest within-individual rank percentiles of pathogenic variants (median 97.04%), with a statistical significant difference as compared to all reference methods evaluated (one-sided paired Wilcoxon test p value < 0.05), with the exception of Eigen for which a p value = 0.095 was obtained. No statistical differences were observed among the NCBoost scores of the negative control variants and those of the evaluated methods (one-sided paired Wilcoxon test p value > 0.05 in all cases), permitting to exclude systematic biases. Notably, all scores showed a statistically significant difference between the median rank percentile distribution of pathogenic and their corresponding internal control negative variants. However, NCBoost's score leads to the strongest separation of pathogenic and internal control variants, as reflected by the one-sided paired Wilcoxon test with p value = 8.04e-7. Exact p values of the previous tests are reported in Fig. 6 legend, and complete details per variant are provided in Additional file 6: Table S5. GWAVA and ncER scores were not evaluated in this section because of the intrinsic bias of their publicly available genome-wide scores as a consequence of the contamination with the corresponding training set. Thus, the class labels presented for training the classifier will bias the genome-wide scoring of variants in the vicinity of such training set.

Case study: NCAPD3 intron variant NC_000011.9:g.134086816T>C associated with autosomal recessive primary microcephaly-22

Here, we present the variant NC_000011.9:g.134086816T>C, a recently reported pathogenic SNV to illustrate the added value of assessing recent and ongoing purifying selection signals in humans through a supervised machine learning approach. This is an intronic variant of the NCAPD3 gene (non-SMC condensin II complex subunit D3) and was found in compound heterozygous state in combination with the frameshift mutation NC_000011.9:g.134063 S5. An alternative graphical representation pairing each pathogenic variant with is provided in Additional file 2: Figure S12 952del in a patient with autosomal recessive primary microcephaly-22 (MCPH22 [45]). Mutations were detected by whole exome sequencing, confirmed by Sanger sequencing, and segregated with the disease in the family. In the patient's fibroblasts, the NC_00001 1.9:g.134086816T>C mutation leads to skipping exon 3 which, in combination with the frameshift variant in trans, resulted in markedly reduced NCAPD3 protein expression. Low levels of normally spliced transcript and wild-type protein were nevertheless detected. Thus, the mutation caused a decrease in NCAPD3 function but was not considered functionally null [1, 45]. This variant was poorly scored by all reference methods evaluated, with a median of within-individual rank percentiles ranging between 90.69% (ReMM) and 35.11% (FunSeq2) (Additional file 2: Figure S12). In contrast, NCBoost scored the g.134086816T>C variant as highly pathogenic, i.e., in the top 99.26% percentile (Additional file 7: Table S6). Detailed inspection of the purifying selection features associated to this SNV showed that the affected genomic position is weakly conserved across vertebrates and mammals and mildly conserved across primates (Additional file 7: Table S6). When considered globally, however, the non-coding sequence of the NCAPD3 gene is constrained, as reflected by high non-coding GERP values [46].

Interestingly, complementary genomic position features suggest high levels of recent and ongoing purifying selection in humans, as reflected by low mean derived allele frequency, mean heterozygosity, Tajima's D and Fu and Li's F* and D* values (Additional file 7: Table S6). Despite the fact that none of the features are conclusive when considered independently, NCBoost's model managed to incorporate the complex pattern they convey and assign a high pathogenicity score.

Scoring of non-coding genomic regions associated with monogenic Mendelian disease genes

We applied NCBoost to 189,829,714 genomic positions overlapping intronic, 5′UTR or 3′UTR, upstream and downstream regions associated with 3223 monogenic Mendelian disease protein-coding genes (MMDGs) for which annotations were retrieved ("Methods" section). Among them, a total of 261,507 and 980,219 genomic positions presented an NCBoost score higher than the top 5% and the top 10%, respectively, of the high-confidence pathogenic variants curated in this work. These values translate in a total of 1715 and 2699 MMDGs having at least one potentially pathogenic non-coding variant per gene with an NCBoost score higher than the top 5% and the top 10% of the high-confidence pathogenic variants, respectively (Fig. 7). These results represent a significant enrichment of MMDGs Fig. 7 The figure represents the number of monogenic Mendelian disease genes (MMDGs, in blue, y-axis) bearing at least one (solid curves) or ten (dashed curves) potentially pathogenic non-coding variants as a function of the top NCBoost scoring positions considered (x-axis), ranked from left (more pathogenic) to right (less pathogenic). A total of 857,825,085 positions overlapping intronic, 5′UTR or 3′UTR, and upstream and downstream regions collectively associated with 18,404 protein-coding genes was used as a reference background. For the sake of visualization, the x-axis was cut at 10 Million top-scoring genomic positions. Vertical bars represent the thresholds at which left positions display NCBoost scores higher than the corresponding top percentage of the high-confidence pathogenic variants curated in this work. Top 5%, 10%, 15%, and 20% thresholds are represented. The horizontal dotted lines represent the total of 3223 MMDGs (in blue) and 18,404 protein-coding genes (in black) for which NCBoost scores were obtained. Genes bearing potentially pathogenic non-coding variant per gene within the top 5% and the top 10% are highly enriched in MMDGs as compared to the background of protein-coding genes used (see text)

among the protein-coding genes bearing at least one highly pathogenic variants, with gene-based odds ratio OR Top_5% = 1.27, Fisher's test p value Top_5% = 3.78e-13; and OR Top_10% = 1.18, p value Top_10% = 8.81e-09, respectively, based on a reference background of 18,404 protein-coding genes collectively associated with 857,825,085 non-coding positions.

In a more stringent setting, a total of 1146 and 2199 MMDGs were found with at least ten potentially pathogenic non-coding variants per gene with an NCBoost score higher than the top 5% and the top 10%, respectively, of the reference set of high-confidence pathogenic variants. Here, the corresponding gene-based enrichments increase with OR Top_5% = 1.4 and Fisher's test p value Top_5% = 6.2e-18 and OR Top_10% = 1.23 and p value Top_10% = 6.48e-12. Besides the 283 MMDG currently showing high-confidence pathogenic non-coding variants (as curated in this work, Fig. 1), our estimates suggest that an additional number of 1040 MMDGs have the potential to cause a disease on the basis of highly pathogenic SNVs in proximal cis-regulatory regions.

Discussion

In this study, we implemented a supervised learning approach, called NCBoost, to classify pathogenic SNVs based on a comprehensive set of features at the position, flanking region, and gene level, associated with interspecies, recent and ongoing selection in humans. When trained and tested on multiple configurations of high-confidence sets of pathogenic non-coding SNVs associated with monogenic Mendelian disease genes, this approach showed superior performance than the reference methods. Notable improvements were observed on precision-recall rates. The context-specific assessment of natural selection signals permitted to overcome the pervasive regional bias observed in all evaluated reference methods, which, e.g., tend to provide scores to non-pathogenic common SNVs in 5′UTR not significantly different from the scores assigned to high-confident pathogenic SNVs in 3′UTR and significantly different (with more severe scores) than those of pathogenic SNVs in intronic regions.

The rigorous curation process showed that current sets of high-confidence large-effect pathogenic non-coding SNVs associated with monogenic Mendelian diseases are mostly constituted of proximal cis-regulatory variants associated with the closest protein-coding gene, in line with previous reports [20]. Such distribution most probably reflects a historical ascertainment bias towards such regions in previously described Mendelian genes, which is expected to be steadily overcome by unbiased WGS approaches [5]. However, for the time being, the current status poses limits to the supervised learning and benchmarking on distal cisand trans-acting pathogenic regulatory variants with clinical implications in Mendelian diseases. Additionally, it warns about the applicability and expected performance of our approach and reference state-of-the-art methods for such scope. On the other extreme, the use of common variants as a surrogate of non-pathogenic variants for the supervised training process cannot rule out their potential contribution to disease susceptibility and modifier effects, mostly in the context of polygenic diseases and complex traits. In the scope of monogenic Mendelian diseases addressed by this work, however, such limitation is expected to have a minor impact.

The implementation of NCBoost allowed us to evaluate the ability to prioritize pathogenic non-coding SNVs of recent and ongoing natural selection features in humans when considered independently, collectively, and in combination with interspecies conservation. While none of the evaluated features showed individual predictive strength (Fig. 2), supervised learning performed through gradient tree boosting found complex patterns associated with pathogenic SNVs, reaching a significant performance combining multiple features (Fig. 3). Detailed feature importance analysis showed a prominent contribution of recent and ongoing natural selection signals under all evaluated feature configurations. However, their final impact in the global performance of the classifier, while remarkable, is attenuated by the fact that some signals may be redundant with selective constrains already accounted for by interspecies conservation. The best results were, nonetheless, obtained when the collective assessment of interspecies and intraspecies natural selection features was performed taking into consideration the sequence context where SNVs occurred, as informed by the selective signals accumulated by the associated gene and by the type of non-coding element involved.

This work represents a proof-of-concept of the added value of incorporating a large and heterogeneous set of recent and ongoing natural selection features in humans under a supervised machine learning approach for the detection of pathogenic non-coding SNVs associated with Mendelian diseases. The rapidly increasing sample size of current large-scale WGS projects in the general population is expected to have a major impact in the capacity to detect additional and more accurate recent and ongoing natural selection signals in humans, with a consequent repercussion in their use to identify pathogenic non-coding variants, as recently illustrated [36, 47, 48].

In the last years, different large-scale projects have identified an important fraction of regulatory elements of the human genome, and the epigenetic insights are proving valuable to understand the functional consequences of disease-associated variants in those regions [17-19]. However, in the setting of this work, the small set of evaluated epigenetic features had only a minor contribution to the classification of pathogenic SNVs associated with Mendelian diseases, in line with the results of previous analyses [11, 14, 16]. On the one hand, this may suggest that the epigenetic signals evaluated here are partially redundant with natural selection features; a more exhaustive extraction of epigenetic features was however beyond the scope of this work. On the other hand, it may reflect a lack of specificity in regard to the cell types and tissues relevant for the heterogeneous set of Mendelian diseases considered here. In this line, recent studies are consolidating a view of regulatory mechanisms that is highly cell type-specific, where gene expression, DNA methylation, histone modifications, promoter interaction networks, and transcription factor binding sites may substantially vary across tissues and developmental stages [49-52]. Thus, the assessment of non-coding variants in the context of Mendelian diseases may largely benefit from the integration of purifying selection signals with the epigenetic information derived on the particular cell types, tissues, and/or developmental time relevant for the onset and progression of a disease, as illustrated by recent successful examples [48, 53]. Recently, a computational approach based on a latent Dirichlet allocation model modeling data from multiple cell types and tissues (FUN-LDA) was shown to predict functional impact of non-coding variants in a cell type-and tissue-specific manner [54]. Notwithstanding, the identification of the specific cell type and tissue to be considered may be a challenging task, especially in the case of largely uncharacterized rare Mendelian diseases and syndromes with pleiotropic clinical signs.

Recently, it was shown that the number of singleton variants found on each newly sequenced genome stabilizes on average at ~8,500, with regulatory elements highly enriched in the relative amount of SNVs found per kilobase of sequence [9]. The large amount of rare variants in each individual genome, together with the typically low number of participants in the study of specific rare diseases, challenges the statistical power of downstream statistical association and/or linkage studies to relate a genotype with a phenotype. The scoring approaches evaluated in this work may help filtering variants to increase power, although they often need to be integrated within more comprehensive frameworks in order to reach the necessary sensitivity and specificity to identify causal variants in disease cohorts [20]. In addition to the use of epigenetic information previously discussed, variant filtering strategies include focusing on SNVs associated with genes of phenotypic relevance for the disease under consideration [20, 55]. From a complementary perspective, gene-based or region-based aggregation tests of multiple variants (a class of rare variant association tests) have been developed to evaluate cumulative effects of multiple genetic variants in a gene or region. The aim of such aggregation strategies is to increase the statistical power when multiple variants may be associated with a disease [56], e.g., in the case of burden tests and variance component tests implemented in popular software such as PLINK/SEQ, SEQSpark, and SKAT. In these approaches, a continuous weight function can be used in the aggregation of rare variants in order to up-weight those predicted to have more damaging consequences. A similar weighting strategy can be proposed for rare variant extensions of the transmission disequilibrium test in the analysis of parent-child trio data [57]. In both previous families of statistical tests for rare variant analysis of WGS from Mendelian disease studies, the pathogenic scores led by the supervised learning approach implemented in this work, NCBoost, may be used to weight the aggregation of candidate pathogenic SNVs across heterogeneous cis-regulatory elements in a consistent way overcoming position and region biases.

Conclusions

Current large-scale WGS projects on the general population are increasingly providing the necessary sample size to detect recent and ongoing purifying selection signals in humans. The results obtained in this work shows that, when integrated in a supervised learning framework, the assessment of a comprehensive set of such signals improves the prediction of large-effect pathogenic non-coding variants associated to Mendelian diseases. Through the evaluation of interspecies and human-specific natural selection features at the affected position, the flanking region, and the associated gene, the NCBoost method outperformed reference methods under multiple scenarios. Notably, the scores produced by this supervised approach overcome positional bias, thus permitting a consistent weighting and aggregation of candidate variants across diverse non-coding regions for downstream statistical analyses.

Methods

High-confidence pathogenic variants

Three sets of high-confidence pathogenic variants in non-coding regions were obtained: (1) regulatory disease-causing mutations ("DM" set) from the Human Gene Mutation Database (HGMD, professional version, accessed on 2018/01/03 [37]), manually annotated as involved in conferring the associated clinical phenotype;

(2) pathogenic SNVs from ClinVar [38] manually annotated as "pathogenic" with no conflicting assertions (GrCh37 release from [58]); and (3) a manually curated set compiled from the medical literature of non-coding SNVs associated with Mendelian diseases and validated by experimentation or co-segregation studies, or for which other convincing evidence of pathogenicity was available.

Variant mapping and annotation of non-coding SNVs

Only single-nucleotide variants (SNVs) where considered through the study. Variants were annotated using ANNOVAR software [59] (downloaded from [60]) using the gene-based annotation option based on RefSeq (assembly version hg19) in order to obtain (i) the gene region affected by intragenic variants or (ii) the nearest flanking gene in the case of intergenic variants. Exonic variants and variants within 10 base pairs (bp) of a splicing junction of protein-coding genes were removed (ANNOVAR splicing_threshold = 10). At this stage, variants from HGMD-DM, ClinVar, and Smedley'2016 overlapping non-coding RNAs within an exon (n = 143, 2, and 68, respectively), intron (n = 24, 3, and 13, respectively), or 10 bp from a splicing junction (n = 1, 0, and 0, respectively) were filtered out. In the case of SNVs overlapping several types of regions associated with different genes or transcripts, the following three criteria were consecutively adopted: (A) the default ANNOVAR precedence rule for gene-based annotation was applied, i.e., exonic = splicing > ncRNA > UTR5 = UTR3 > intronic > upstream = downstream > intergenic. (B) if after the previous step a SNV could still be associated with several neighbor/overlapping genes (e.g., in the intergenic region between two genes, or in the intronic region of two overlapping genes, etc.), the SNV's nearest protein-coding gene was kept as a reference for the annotation of the variant. The SNV's nearest gene was determined by the shortest distance to either the TSS or TSE. (C) Pathogenic SNVs with two or more genes with identical shortest distance to TSS/TSE were tagged as "conflicting" and filtered out from the analysis. After all previous filtering steps, a total of 18 disease-causing SNVs overlapping upstream (n = 9), 3′UTR (n = 7), and downstream regions (n = 2) of non-coding RNAs were filtered out. Thus, for the purpose of this study, the set of non-coding variants was constituted of SNVs associated with protein-coding genes and overlapping intronic, 5′UTR or 3′UTR, upstream and downstream regions-i.e., closer than 1 kb from the transcription start site (TSS) and the transcription end site (TSE) respectively-and intergenic regions.

Curation of high-confidence pathogenic non-coding SNVs associated with monogenic Mendelian disease genes

Among the set of high-confidence pathogenic SNVs, we manually supervised a total of 71 cases showing a disagreement between the gene associated with the variant in the original resource (i.e., HGMD-DM, ClinVar, and Smedley'2016) and the gene associated by the previously described annotation procedure. The original gene assignment was kept for 17 SNVs where conflict originated due to straightforward exceptions of the ANNOVAR's precedence rule or the assignment to the nearest upstream or downstream gene (criteria A and B described in the previous section). The number of variants retained at this stage is represented in Fig. 1a. Only high-confidence pathogenic non-coding variants associated with the same gene by both the original resource and the annotation process done in this work were retained for downstream analyses.

We then evaluated whether the genes associated with high-confidence pathogenic non-coding SNVs were reported as Mendelian disease genes in OMIM [1]. A list of 3695 Mendelian disease genes was obtained following Chong et al. [3]: OMIM raw data files were downloaded from [61]. Phenotype descriptions containing the word "somatic" were flagged as "somatic," and those containing "risk," "quantitative trait locus," "QTL," "{," "[," or "susceptibility to" were flagged as "complex." Mendelian genes were then defined as those having a supporting evidence level of 3 (i.e., the molecular basis of the disease is known) and not having a "somatic" flag. Two main categories of Mendelian disease genes were defined: monogenic Mendelian disease genes (n = 3354) and complex Mendelian disease genes (n = 596), i.e., those presenting mutation risk factors and quantitative trait loci (QTL) or contributing to susceptibility to multifactorial disorders or to susceptibility to infection [3]. Two hundred fifty-five genes were associated with both monogenic and complex Mendelian disease genes.

High-confidence pathogenic non-coding SNVs associated with monogenic Mendelian disease genes were further inspected manually to check consistency between the disease phenotype reported in the original source (i.e., HGMD-DM, ClinVar, and Smedley'2016) and the ones described in OMIM database for the same gene. A total number of 138 variants for which the agreement was unclear or non-existent were filtered out for downstream analyses. In the remaining set of pathogenic non-coding SNVs, we then inspected whether variants were detected as heterozygous or homozygous among the individuals included in the GnomAD database [35] (version r2.0.2), using both WES and WGS data. Variants present as homozygous in at least one carrier were filtered out for downstream analysis. Thus, only high-confidence pathogenic non-coding SNVs associated with monogenic Mendelian diseases, with no homozygous individuals in GnomAD and overlapping intronic, 5′UTR, 3′UTR, upstream, downstream, and intergenic regions, were finally retained for downstream analysis (Additional file 1: Table S1).

Common and rare human variants without clinical assertions

Common and rare human variants without clinical assertions where obtained from dbSNP [62]. Variants labeled as common ("COMMON = 1") and with minor allele frequency (MAF) > 0.05 were considered as "common variants," while those labeled as non-common ("COMMON = 0") and with MAF < 0.01 were annotated as "rare variants." Variants with no MAF information (no "CAF" field reported in the "INFO" field of the variant) as well as multi-allelic variants were filtered out. Common and rare human variants without clinical assertions were first annotated by ANNOVAR and filtered as described above. For consistency in the comparison against the pathogenic set of SNVs, the set of common and rare human variants without clinical assertions was restricted to SNVs associated with protein-coding genes and overlapping intronic, 5′UTR, 3′UTR, upstream, downstream, and intergenic regions. The list of protein-coding genes was extracted from Ensembl Biomart [63] (human genome assembly version GrCh37.p13).

Pathogenicity scores of non-coding SNVs

Pre-computed pathogenicity scores of non-coding SNVs were extracted from the following state-of-the-art methods: CADD non-coding score (version v1.3 [10]), DeepSEA functional significance score (version v0.94 [14], a -log10 transformation was used throughout this work), Eigen and Eigen-PC scores (version v1.1 [16]), FunSeq2 score (version v1.2 [12]), ReMM scores (version v0.3.1 [20]), GWAVA scores (version 1,0 [11]), and ncER scores (ncER_10bpBins_percentile_version1 created on August 13, 2018 [41]).

Feature extraction of non-coding SNVs

Extracted features are summarized in Table 1 and can be classified in five main categories.

Interspecies sequence conservation features at position and window level

To evaluate evolutionary conservation at a given site, the following scores evaluating non-neutral rates of substitution from multiple species alignments (excluding humans) were used: PhastCons [42, 43] and PhyloP [44] scores for three multi-species alignment (vertebrates, mammals, and primates) and GerpN and GerpS single-nucleotide scores from mammalian alignments [64], all of them obtained from CADD (version v1.3 [10]). PhyloP scores measure neutral evolution at individual sites. The score corresponds to the -log p value of the null hypothesis of neutral evolution. Positive values (up to 3) represent purifying selection, while negative values (up to -14) represent acceleration. PhastCons scores estimate the probability that the locus is contained in a conserved element. GerpN and GerpS single-nucleotide scores assess respectively the neutral substitution rate and the rejected substitution rate of the locus. A high GerpN value indicates high homology of the locus across species. Positive values of GerpS indicate a deficit in substitutions, while negative values convey a substitution surplus.

Recent and ongoing natural selection signals in humans at position and window level

Three human population-specific natural selection scores based on the allele frequency spectrum on a 30-kb sequence window region centered around the SNV were obtained from The 1000 Genomes Selection Browser 1.0 [65]: Tajima's D [66], Fu and Li's D*, and Fu and Li's F* [67]. Tajima's D is a neutrality test comparing estimates of the number of segregating sites and the mean pair-wise difference between sequences. Fu and Li's D* is a neutrality test comparing the number of singletons with the total number of nucleotide variants within a region. Fu and Li's F* is a neutrality test comparing the number of singletons with the average number of nucleotide differences between pairs of sequences. The three tests were performed within three populations of the 1000 Genome Project phase 1 data, producing population-specific scores [65]: Yoruba in Ibadan, Nigeria (YRI); Han Chinese in Beijing, China (CHB); and Utah Residents with Northern and Western European Ancestry (CEU). Negative logarithmic percentiles associated with each of these scores were used with values ranging from 0 (indicating positive selection) to 6 (indicating purifying selection).

The background selection score (B statistic [68]), assessing the expected fraction of neutral diversity that is present at a site, was obtained from CADD annotations (version v1.3). B statistic values close to 0 represent nearly complete removal of diversity as a result of selection whereas values near 1 indicate no conservation. The B statistic is based on human single-nucleotide polymorphisms from Perlegen Sciences, HapMap phase II, the SeattleSNPs NHLBI Program for Genomic Applications, and the NIEHS Environmental Genome Project.

Context-dependent tolerance score (CDTS) for 10-bp bins of the human genome computed on 11,257 unrelated individuals was obtained from [36]. CDTS represents the difference between observed and expected variations in humans. The expected variation is computed genome-wide for each nucleotide as the probability of variation of each nucleotide based on its heptanucleotide context. Low CDTS indicates loci that are intolerant to variation.

Mean heterozygosity and mean derived allele frequency of variants in a 1-kb window region centered on the SNV and calculated from the 1000 Genomes Project (excluding the query variant) were obtained from GWAVA v1.0 source data [69]. Mean minor allele frequency (MAF) of variants in a 1-kb window were calculated from GnomAD genome data [35], excluding the query variant from the calculation. Mean MAF was assessed for the global population and for population-specific frequencies: Africans and African Americans (AFR), Admixed Americans (AMR), East Asians (EAS), Finnish (FIN), non-Finnish Europeans (NFE), Ashkenazi Jewish (ASJ), and other populations (OTH). Additionally, we extracted mean MAF of variants in a 1-kb window calculated from the 1000 Genomes Project (excluding the query variant). MAFs both from GnomAD and the 1000 Genomes Project were extracted from GnomAD release r2.0.2.

Gene-based features

The following gene-level features associated with natural selection were obtained:

Primate dn/ds ratios (i.e., the ratio between the number of nonsynonymous substitutions and the number of synonymous substitutions) were taken from [70]. Low dn/ds values reflect purifying selection, while high dn/ds values are indicative of positive selection.

The gene probability of loss-of-function intolerance (pLI [35]), estimating the depletion of rare and de novo protein-truncating variants as compared to the expectations drawn from a neutral model of de novo variation on ExAC exomes data, was obtained from the ExAC Browser (release 0.3.1 [71]). pLI values close to 1 represent gene intolerance to heterozygous and homozygous loss-of-function mutations.

Gene damage index (GDI), a gene-level metric of the mutational damage that has accumulated in the general population, based on CADD scores, was taken from [72]. High GDI values reflect highly damaged genes.

The Residual Variation Intolerance Score (RVIS percentile, provided in [73]) assesses the gene departure from the average number of common functional mutations in genes with a similar amount of mutational burden in humans. High RVIS percentiles reflect genes which are highly tolerant to variation.

The non-coding version of the RVIS score (ncRVIS, as calculated in [46]) measures the departure from the genome-wide average of the number of common variants found in the non-coding sequence of genes with a similar amount of non-coding mutational burden in humans. Negative values of ncRVIS indicate a conserved proximal non-coding region, while positive values indicate a higher burden of SNVs than expected under neutrality.

The average non-coding GERP (ncGERP) is the average GERP score [64] across a gene's non-coding sequence [46]. Both in the case of ncRVIS and ncGERP, the non-coding sequence was defined in the original publication as the collection of 5′UTR, 3′UTR, and an additional non-exonic 250 bp upstream of the transcription start site (TSS).

Gene age, estimating the gene time of origin based on the presence/absence of orthologs in the vertebrate phylogeny, was taken from [74]. It varies from 0 (oldest) to 12 (youngest, corresponding to human-specific genes). The number of human paralogs for each gene was collected from the OGEE database [75].

For all scores, gene names were mapped to approved gene symbols from HUGO Gene Nomenclature Committee (HGNC [76]). Missing values were imputed through the median value computed over all protein-coding genes.

Sequence context

The percentage of GC and CpG in a window of 150 bp around the variant of interest was taken from CADD v1.3 annotations. In addition, we obtained the non-coding genomic region overlapping the SNV using ANNOVAR and encode it as binary features: intronic, 5′UTR, 3′UTR, upstream, downstream, and intergenic regions.

Epigenetic features

Epigenetic features such as histone modification marks, nucleosome position, open chromatin profiles, and transcription factor binding site (TFBS) profiles generated by the ENCODE project [17] were extracted from CADD v1.3 annotations.

DNA accessibility was assessed using the following sets of features: Potential transcription factor activity was assessed using (i) the number of different overlapping TFBS (TFBS), (ii) the number of overlapping TFBS peaks summed over cell types (TFBSPeaks), and (iii) the highest value of the overlapping TFBS peaks across cell types from ChIP-seq (TFBSPeaksMax). In addition, the following histone modification marks were used: the maximum methylation peak at H3K4 (EncH3K4Me1, enhancers-associated), maximum trimethylation peak at H3K4 (EncH3K4Me3, promoter-associated), and maximum acetylation peak at H3K27 (EncH3K27Ac, associated with active enhancers).

NCBoost training strategy

NCBoost training was performed with XGBoost, a machine learning technique based on gradient tree boosting (also known as gradient boosted regression tree [39, 40]). XGBoost R implementation (version 0.71.1) from [39] was used with parameters: eta = 0.01, max_depth = 25, and gamma = 10, selected to avoid overfitting and after parameter optimization through a prior tenfold cross-validation step. All features evaluated (Table 1) are quantitative or binary and were presented to XGBoost without normalization or standardization. To train NCBoost, we first randomly split the complete list of protein-coding genes in 10 genome partitions of equal size, with the same distribution across all chromosomes and keeping in each of them the same proportion of monogenic Mendelian disease genes presenting highconfidence pathogenic non-coding variants (see above). Throughout the work, each pathogenic SNV (that is, a positive variant) was associated with a unique set of 10 negative variants, randomly sampled from the set of common human variants without clinical assertion described above and associated with genes within the same genome partition. Random sampling of common variants was matched to the positive set to keep the same fraction of variants per type of region: intronic, 5′ UTR, 3′UTR, upstream, downstream, and intergenic regions. A maximum of one positive and one negative variant associated with the same gene was allowed, although no minimum per gene was required. For the training step, a maximum of one pathogenic non-coding variant was randomly sampled per gene (Additional file 4: Table S3). We then trained NCBoost as a bundle of 10 independently trained XGBoost models, consecutively excluding in each of them 1 of the 10 genome partitions described above. We note here that each SNV received one single score-and not 10 different scores-which was provided by the model that did not contain the genome partition where the SNV overlapped.

Correlation between independently trained 10 XGBoost models within the NCBoost bundle

To assess the correlation among the scores led by the independently trained 10 XGBoost models, we established 11 genome partitions in order to create 11 independent sets of positive and negative variants, randomly sampled in an analogous way as described above. One partition was randomly selected and reserved for validation while the other 10 were used for training. Ten XGBoost models were then independently trained using the set of features A+B+C+D described above, by consecutively excluding in each of them 1 of the 10 genome partitions. Then, each model was used to score variants in the 11th partition. In this specific context and only for the purpose of this evaluation, each SNVs overlapping with the 11th partition received 10 different scores generated by the 10 models, respectively. Correlation among the scores of the 10 models was assessed through Spearman rank correlation.

Random sampling of rare human variants without clinical assertion

Each disease-causing variant was associated with a unique set of 10 rare variants, randomly sampled from the set of rare human variants without clinical assertion described above. Random sampling of rare variants was matched to the positive set to keep the same fraction of variants per type of region: intronic, 5′UTR, 3′UTR, upstream, downstream, and intergenic regions. A maximum of one positive and one rare variant associated with the same gene was allowed, although no minimum per gene was required.

Region-based random sampling of common variants

To constitute a "region-context" matched set of positive and negative variants, each disease-causing variant was associated-when available-with one common variant, randomly sampled from the set of common human variants without clinical assertion associated with the same gene and mapping to the same region (intronic, 5′UTR, 3′UTR, upstream, downstream, and intergenic regions). Disease-causing variants with no matching common variants in the same region of the same gene were excluded from the region-context matched set of positive and negative variants. Multiple positive-negative variant pairs per gene were allowed in this setting. A total of 149 region-matched pairs of pathogenic and random common variants, collectively, associated with 54 unique genes, were sampled.

Independent set of newly discovered non-coding pathogenic variants

Recently reported pathogenic variants in non-coding regions were obtained from (1) Regulatory disease-causing mutations ("DM" set) from the Human Gene Mutation Database (HGMD, professional version, accessed on 2018/10/08 and not previously reported on 2018/01/03 [37]) and ( 2) pathogenic SNVs from ClinVar [38] manually annotated as "pathogenic" with no conflicting assertions (GrCh37 release from 2018/09/30 not previously reported in [58]). Variant mapping and annotation of non-coding SNVs was performed as described above.

No further curation was performed on this set.

Simulated disease genomes

One hundred individuals with population code EUR were randomly sampled from the 1000 Genome Project Phase 3 (2013/05/02 release [8]). Individual codes were HG01708, HG00311, HG01524, HG01509, HG01784, This work was supported by the French National Research Agency (Agence Nationale de la Recherche, ANR) "Investissements d'Avenir" program, ANR-10-IAHU-01 and ANR-17-RHUS-0002 -C'IL-LICO project and by the MSDAvenir fund, Devo-Decode project.

Availability of data and materials

NCBoost pre-computed scores, scripts to annotate SNVs with all features used in this study and software to score pathogenicity with NCBoost v1.0.0 (ABCD model) are available online at GitHub: https://github.com/RausellLab/NCBoost [78] and Zenodo: https://doi.org/10.5281/zenodo.2537087 [79], licensed under the Apache License 2.0. The curated set of DM-HGMD public non-coding variants, ClinVar non-coding pathogenic variants and Smedley'2016 non-coding disease variants reported in Methods is provided in Additional file 1: Table S1. The corresponding set of region-matched random common variants from dbSNP used for learning, as reported in Methods, is provided in Additional file 4: Table S3. The fully independent validation set is provided in Additional file 5: Table S4. The positive and negative internal control variants spiked in within 100 individual genomes are provided in Additional file 6: Table S5. The complete set of dbSNP common and rare variants are available from [61]. HGMD public version is freely available only to registered users from academic institutions/non-profit organizations. All commercial users are required to purchase a license from QIAGEN®. HGMD Professional version is protected under Copyright© Cardiff University 2017, all rights reserved. A license agreement to access HGMD Professional is required to both commercial and academic/non-profit (a free trial of HGMD Professional might be requested to QIAGEN®): http://www.hgmd.cf.ac.uk/ac/index.php. All additional data analyzed in this study were provided as part of previous published studies or are available from the public domain as detailed in Methods.

CHAPTER 5 Mapping of plasma protein quantitative trait loci Diffusion

The work presented in this section is currently a work in progress. It was presented orally at the Milieu Interieur annual meetings in 2018 and 2019; and as a poster at ASHG 2020. This work was performed in the context of the Milieu Intérieur Consortium.

Human plasma protein levels associate with genetic and heterogeneous non-genetic factors including blood cell fractions

Barthelemy Caron, Etienne Patin, Bruno Charbit, Matthew L Albert, Lluis Quintana-Murci, Darragh Duffy, Antonio Rausell, and the Milieu Interieur Consortium

Abstract

Blood plasma proteins play an important role in immune defense against pathogens, including cytokine signaling, the complement system and the acute-phase response. Recent large-scale studies have reported both genetic (i.e. quantitative trait loci, pQTLs) and non-genetic factors such as age and sex as major determinants to inter-individual variability. However, the contribution of blood cell composition to plasma protein heterogeneity has not been systematically characterized and may act as a confounding factor in the study of genetic associations. Here we evaluated plasma protein levels across 400 unrelated healthy individuals of Western European ancestry stratified by sex and two decades of life (20-29 and 60-69 years), from the Milieu Intérieur cohort. A total of 297 proteins were quantified by antibody-based multi-analyte profiling using Luminex technology in a clinically certified laboratory. More than 5.2M single-nucleotide polymorphisms were assessed following genome-wide DNA genotyping and imputation. Nongenetic variables analyzed included more than 700 lifestyle and biochemical factors, as well as cell counts of major blood-cell types measured by hemogram and standardized flow cytometry. A total of 152 significant associations collectively involving 49 proteins and 20 non-genetic variables were identified. Consistent with previous studies, age and sex showed a global impact on plasma protein heterogeneity, while body mass index and other global health status variables were among the non-genetic factors with the highest number of associations. After controlling for these covariates, we identified 100 cis-and 12 trans-pQTLs acting in cis and trans respectively, collectively associated with 87 plasma proteins and including 37 novel genetic associations. Genetic factors explained the largest fraction of the variability of plasma protein levels, as compared to the non-genetic factors evaluated. In addition, blood cell fractions, including leukocytes, lymphocytes and three types of polymorphonuclear cells, had a larger contribution to inter-individual variability than age and sex, and appeared as important confounders of specific genetic associations. Finally, we identified genetic associations with the plasma protein levels of 8 monogenic Mendelian disease genes and 3 primary immunodeficiency genes (Ficolin-3, Interleukine-2 Receptor alpha and FAS) for which pQTLs had not been previously reported. Our study identified novel genetic and non-genetic factors associated to plasma protein levels which may inform health status and disease management.

Background

Plasma proteins play important physiological roles in human health and disease. They participate in immune responses against pathogens (e.g. interferons, chemokines and complement factors 1,2 ), blood clotting 3 , hormone transport 4,5 , and energy metabolism regulation 6 . Plasma protein levels reflect the balance of diverse biological processes including active cellular secretion [7][8][9] , tissue leakage 10,11 , protein degradation 12 and protein excretion in urine 13 . Plasma proteins, which are widely used as markers of the physiological state of an individual, represent ~42% of all requested blood-based laboratory tests 10 . As of today, the US Food and Drug Agency (FDA) approved 235 plasma proteins as diagnostic, prognostic, risk predictive or treatment response biomarkers (http://mrmassaydb.proteincentre.com/fdaassay/ 14 ) for a broad range of diseases such as cancer [15][16][17] , pulmonary defects 18 , autoimmune 19 and metabolic diseases 20 . In addition to their association with clinical outcomes, natural heterogeneity of plasma protein levels among the general population has been widely reported but is not considered in clinical applications. Recent large-scale studies performed both in healthy and disease cohorts have identified both non-genetic (e.g. age and sex) and genetic factors (i.e. quantitative trait loci, pQTLs) that determine variable plasma protein levels [21][22][23] . pQTLs were enriched in disease-susceptibility loci identified from GWAS studies 23,24 , and could have protective or modifying effects, potentially in conjunction with pathogenic mutations lead-ing to disease due to altered expression levels, e.g. loss of homeostasis, proteotoxic stress or insufficiency 25 . Yet, the assessment of the genetic associations reported by previous studies did not characterize the specific cell types accounting for the observed variation in plasma proteins. Thus, it remains unclear whether a fraction of the plasma protein variability initially associated with a pQTL could have been confounded by concomitant heterogeneity in their cellular sources. This may be especially relevant for plasma proteins displaying immune-related functions, since significant variability in immune cell fractions is observed across individuals driven by both genetic and non-genetic factors 26,27 . Here we present an in-depth characterization of heterogeneity in plasma protein levels in healthy individuals from the Milieu Intérieur study 28 , with a focus on immune-related proteins. The Milieu Intérieur consortium aims at characterizing the genetic and environmental factors underlying the observed variability of the immune response in a healthy population 28 . This study was performed on 400 individuals equally distributed across two decades of life (aged 30-39, and 60-69), and gender balanced at 50%. We evaluated the association of 229 plasma protein levels with a total of 754 nongenetic factors including lifestyle, environmental, physiological and blood biochemical variables as well as with 5,201,100 common single nucleotide polymorphisms (SNPs). To control for the natural variation in blood cell populations, we systematically accounted for the levels of seven major blood-cell fractions, including leukocytes, lymphocytes and three types of polymorphonuclear cells. We found that together with age and sex, blood cell fractions explain an important fraction of the inter-individual plasma protein variability. After controlling for such factors, we identified 112 pQTLs associated with 87 proteins, 32 of which are reported here for the first time. Among these, 9 pQTLs were associated in cis to monogenic Mendelian disease genes (MMDGs), including 3 primary immunodeficiency (PID) genes. Such genetic variants may have potential clinical value as susceptibility or protective factors for immune-related diseases.

Results

Variation of plasma protein levels in a well-defined healthy population

We quantified the concentrations of 297 plasma proteins in 400 healthy individuals from the Milieu Intérieur (MI) study 28 using CLIA certified assays. After quality control accounting for detection limits (Methods), 229 proteins were retained for downstream analyses, including 141 immunerelated plasma proteins (i.e. proteins with previously identified immune functions or produced by immune cells, Methods). First, we evaluated the impact of host genetics on plasma protein levels. Genome-wide association tests for each of the 229 proteins were performed against a total of 5,201,100 common SNPs (minor allele frequency >= 0.05). Covariates that we systematically included in the analysis were age, sex, counts of 7 major blood-cell sub-populations (lymphocytes, leucocytes, neutrophils, basophils, eosinophils, monocytes and platelets) and the two first principal components representing population stratification (Methods). In addition, additional non-genetic factors were added as confounders in a protein-specific manner (Methods). From this analysis, the observed variability for each of the 229 proteins evaluated was characterized according to the fraction explained by non-genetic, genetic and cell fraction components (Figure 1 and Supplementary Table 1, Supplementary Table 2 and Supplementary Table 3, Methods).

Age and sex strongly affect are main factors associated with inter-individual heterogeneity of plasma protein levels

Age and sex strongly affect are main factors associated with inter-individual heterogeneity of plasma protein levels Consistent with previous studies [21][22][23][29][30][31][32] , we found that age and sex had a widespread effect on plasma protein levels, each explaining on average 2.8% of the total observed variability (Figure 1, Supplementary Table 1). Similar figures were observed for the subset of immune-related proteins, i.e. 2.3% and 2.1% for age and sex respectively. For specific proteins, however, the observed contribution of age and sex was particularly large, in line with previous findings. Thus, age explained 30.2% of growth differentiation factor 15 variability (GDF15) 29,33 , while variability attributed to sex was 42.8% for Leptin 34 , 39% for Stromelysin-1 (MMP3) 29,35 , 36.2% for FSH and 32.1% for LH 29,36 . Moreover, when accounting for potential covariation among the 229 proteins through a principal component analysis (PCA), both age and sex showed a strong association with the global represents the cumulated relative importance of lymphocytes, leukocytes, neutrophils, eosinophils, basophils, monocytes and platelets, and the "Others" category (orange) represent the sum of the relative importance all other non-represented variables. In A, the gray area represents 1 minus the sum of all nonconsidered and unknown factors. In B, the "Uncharacterized" category was computed as 1 minus the sum of all other variables or groups of variables.

heterogeneity of protein levels (univariate linear modeling against PC1 coordinates, pvalues = 1.76e-07 and 1.38e-06, respectively; and PC2, p-values = 4.24e-24 and 3.48e-05, respectively; Supplementary Figure 1 , Methods). While previous studies mostly assessed the global impact of age and sex on plasma proteins, the distributions of their effects appear highly heterogeneous across proteins.

Blood cell fractions explain a substantial part of plasma protein level heterogeneity

To assess the potential effect of circulatory cell counts on plasma protein levels, we quantified their relative contribution to the inter-individual variability of each protein (Methods). Collectively considered, bloodcell fractions explained on average 3.6% of the variability of the observed plasma protein levels. This contribution was comparatively Relative contribution (CAR score) of the 20 significantly associated factors to the variability of plasma protein levels. Variables are sorted depending on the number of significant associations with proteins. The number of proteins significantly associated with each variable is reported on the x axis. The diameter of each dot represents the median relative contribution of the corresponding factor in the variation of the associated plasma proteins higher than those of age and sex (two-sided Wilcoxon test p-value = 6.4e-11 and 2.3e-14, respectively; Figure 1, Supplementary Table 1). Furthermore, blood-cell fractions explained significantly more variability for immune-related proteins than for the rest of proteins evaluated (mean explained variability 4% and 2.9% respectively, onesided Wilcoxon test, P = 4.8e-02). Platelet counts alone explained an average of 1.6% of the variability of immune related proteins, as compared to 0.78% for the rest of proteins (one-sided Wilcoxon test, p-value = 3.9e-04), with contributions as high as 16.3% for the Neutrophil Activating Peptide 2, and 13.3% for Thrombospondin-1. These results highlight the contribution of blood-cell fractions to the variability of plasma protein levels, and support their consideration as a potential confounding factor in the assessment of genetic associations.

Body mass index and plasma lipids are important covariates of specific plasma proteins

Two other classes of non-genetic factors were found as substantially impacting specific plasma protein levels. First, anthropometric factors such as body mass index (BMI) and abdominal circumference, associated with the plasma levels of 20 proteins. Second, plasma lipids such as triglycerides, HDL, LDL and total cholesterol, associated with the expression levels of 25 proteins, includ- ing various proteins involved in lipid transport (ApoA1, ApoB, ApoC1, ApoC3, ApoD, ApoE, FABP-adipocyte, SHBG), metabolism and homeostasis (Adiponectin, Carboxypeptidase B2, C3, CFH, C-peptid, Endoglin, FGF21, IGFBP2, Leptin, Leptin Receptor, PEDF, Prostatin, PSAT, RBP4, SAP, tPA). Anthropometric factors explained on average 8.1% of the variability of the associated plasma proteins. While blood lipids explained on average 11% of the variability of the associated proteins, the highest individual contributions was 44.6% for the case of HDL and the Apoliprotein A-1 variability 37 (Figure 1, Figure 2, Supplementary Table 2). Globally, anthropometric factors and plasma lipid levels are known to be markers of physical shape and overall health. Altogether, these factors are indicators of over-weightedness and inflammation, which have been shown to promote obesity, cardiovascular diseases and increase susceptibility to infections [START_REF] Moss | A housekeeper with power of attorney: The rRNA genes in ribosome biogenesis[END_REF][START_REF] Iyer | The landscape of long noncoding RNAs in the human transcriptome[END_REF][START_REF] Nair | Regulation of long non-coding RNAs and genome dynamics by the RNA surveillance machinery[END_REF] , reflecting the roles of their associated proteins.

Contribution of host genetics on plasma protein levels

Genome wide association testing against the 229 plasma proteins identified 112 pQTLs, including 100 cis-and 12 trans-pQTLs, and collectively involving 87 proteins and 111 SNPs (Figure 3, Supplementary Figure 2, Supplementary Figure 3, and Supplementary Table 3). Among the 87 proteins, 76 were only associated with cis-SNPs, 9 with only trans-SNPs and 2 with both. Sixtytwo proteins were associated with one SNP, and 25 with two independent SNPs. Individually considered, cis-pQTLs explained a mean of 12.6% of the associated protein levels (interquartile range from 4.3% to 14.6%). For specific proteins the highest variability explained by cis-pQTLs were the rs7041 polymorphism for Vitamin D-binding protein (65.6%), rs2856448 for the Tenascin-X protein (61.5%) and rs60642321 for the Complement factor H-related protein 1 (54.4%). Trans-pQTLs explained a mean of 12.9% of the variability of the associated protein levels (interquartile range from 8.1% to 14.6%), with a maximum contribution of 32.2% in the case of the rs115094736 SNP for the Transferrin receptor protein 1. Globally considering all cis-pQTLs and all trans-pQTLs associated with a protein, they explained on average 16.2% and of 14.1% of the total variance, respectively. The per-protein global contribution of cis-QTLs to plasma level heterogeneity were lower for immune related proteins as compared to the rest of the evaluated proteins (13.8% and 19.5% on average, respectively, two-sided Wilcoxon test p-value = 0.10).

Characteristics of the pQTL summary statistics

We then evaluated the relation between the pQTL minor allele frequency, its absolute effect size, the absolute variability of the associated protein, and the fraction of such variability explained by the pQTL. Consistent with previous studies 21,27,38 , we observed a significant negative correlation between the minor allele frequency (MAF) and the absolute effect size of the SNPs (Spearmans rho = -0.30, p-value = 1e-03). In addition, we observed a mild positive correlation between the MAF and the variability explained by the pQTLs (Spearmans rho = 0.25, p-value = 7e-03), as well as a strong positive correlation between the absolute effect size and the explained variability (Spearmans rho = 0.57, pvalue < 2.2e-16). In addition, a strong correlation between the absolute effect size of the pQTLs and the inter-individual standard deviation of the associated proteins (Spearmans rho = 0.70, p-value < 2.2e-16). These results are in line with previous studies 21,27,[38][39][40] observing that the more fixed a regulatory SNP is in the population, the more it contributes to the variability of the associated protein, but with lower effect size and lower interindividual variance.

Blood cell fractions are mediators of specific genetic associations

In order to evaluate the impact of considering blood cell fractions in the evaluation of genetic associations with plasma protein levels, we repeated a genome-wide pQTL assessment as previously described, while excluding blood-cell fractions from the covariates (Methods). We found genetic associations for 94 proteins, as compared to 87 proteins initially identified, with 84 proteins in common. Thus, 3 proteins were specific to the analysis accounting for blood cell fractions as covariates, while 10 proteins were specific to the analysis not considering blood cell fractions (Methods, Supplementary Table 4). We then tested whether a linear model accounting for cell fractions would have a better fit for protein levels than a simpler model not considering cell fractions. Out of the 112 pQTLs reported in this work, the addition of cell fractions significantly improved the linear model in 43 of the cases (one-way ANOVA, F test p-values <= 0.05, 23 . For each dataset, the percentage of replication was computed as the number of significant cis-regulated proteins reported in this work at the corresponding threshold and also reported in the corresponding dataset as cis-regulated (the "replicated" proteins) divided by the total number of proteins reported as cis-regulated in a previous study and also analyzed in our work (the "replicable" proteins). The dashed vertical lines represent the p-value significance threshold corresponding to the FDR of cis-pQTLs (red) and to the nominal replication threshold (orange).

Methods).

The previous results show that cell fractions are an important factor for the study of genetic and non-genetic associations with plasma protein variability across healthy individuals.

Replication of previously reported plasma proteins presenting cis-pQTLs

We then evaluated to which extent our study replicated previously reported plasma protein associations with proximal genetic polymorphisms (i.e. cis-pQTLs) in three recent largescale studies [21][22][23] . Details about the experimental design of these studies are summarized in Supplementary Table 5. When considering a nominal p-value threshold of 0.01, we replicated 98.85% of the n=87 cisregulated plasma proteins reported by the three sets evaluated out of the n=131 proteins common with our study. Using a more stringent significance threshold based on FDR correction (Methods), the replication rate would drop to 52.2%, 63.6% and 77.3% for Sun et al., Suhre et al., and Deming et al. respectively (Figure 4). From a complementary perspective, 54 out of 78 (66.7%) and 5 out of 11 (45.5%) of the proteins with cis-and trans-pQTLs in our study, respectively, had been previously reported by at least one of 4 large scale studies [21][22][23]32 . On the contrary, we identified 29 previously unknown genetically regulated plasma proteins, collectively associated to a total of 31 cis-and 6 trans-pQTLs (Supplementary Table 3).

Clinical relevance of plasma proteins and associated genetic factors

We characterized the potential medical interest of the pQTLs identified and their associated genes. Both cis and trans pQTLs reported in our study were significantly enriched in GWAS based disease-or traitassociated SNPs, showing ~6 and ~9 times more GWAS hits, respectively, than expected (37% and 45.5% observed as compared to an expectation of 5.9% and 5%, odds ratio of 9.4 and 21 respectively, with a resampling p-value < 1e-04 (Methods, Figure 5, Supplementary Table 3). Seventeen of the 87 proteins with pQTLs are FDAapproved biomarkers, including 2 plasma proteins not previously associated with pQTLs, i.e. Cancer Antigen 15-3 and Sex Hormone-Binding Globulin. In addition, among the 87 genes collectively associated to the 112 pQTLs identified, 29 genes are known monogenic Mendelian diseases genes (MMDGs), including 6 primary immunodeficiency genes (PIDs) (Methods). Notably, the plasma protein levels of 8 out of these 29 MMDGs had not been previously associated to genetic polymorphisms (pQTLs) in the literature (Methods), including 3 PID genes i.e.: Ficolin-3, Interleukine-2 Receptor alpha and FAS (Methods). The identification of pQTLs associated to such Mendelian disease genes may contribute to the genetic characterization of the observed incomplete penetrance or severity heterogeneity across patients suffering from primary immune deficiencies.

Discussion

In this work, we characterized non-genetic and genetic factors explaining the natural heterogeneity of 229 plasma protein levels observed across healthy individuals. We replicated previous findings [21][22][23][29][30][31][32] describing that age and sex globally impact plasma protein levels, while anthropometric variables, blood lipids and metabolic markers are relevant factors for specific proteins (Supplementary Table 1 &2). We further characterized the contribution of 7 major blood-cell fractions to inter-individual heterogeneity, and found that their contribution to plasma protein variability is higher than age and sex (Supplementary Table 1). Moreover, we showed that cell blood fractions may act as important confounders of genetic associations with specific plasma protein levels. Thus, their inclusion as covariates in the assessment of genetic associations led to the identification of 3 novel proteins displaying pQTLs, while abrogated the signal for 10 proteins which would have otherwise led to positive hits (Supplementary Table 4). A relationship between specific blood cell counts and plasma levels can be proposed for most of these 13 proteins. Of those Von Willebrand Factor and Thrombospondin 1 are stored and/or produced by platelets 41,42 ; APRIL is expressed by neutrophils and macrophages 43 ; Resistin is expressed by macrophages among other cell types 44 ; Neuropilin 1 is expressed by T cells, macrophages and other cells 45 ; Prolactin is secreted by T and B cells, among other tissues, and serve as an immunoregulator for other blood cells 46,47 ; TARC (CCL17) is expressed by macrophages, dendritic cells and monocytes, and acts as chemoattractor of T-cells 48,49 ; CEACAM1 is produced on activated human T cells, NK cells and attenuate their cytolytic behavior 50,51 ; and CEA-CAM6 is expressed in granulocytes and other tissues as anti-apoptotic factor 52,53 . However, the mechanistic links between some of these proteins and blood cell fractions is less obvious to interpret, as both direct and indirect effects or co-occurring mechanisms may be at play. Transthyretin is a protein produced in the liver, and it has a main role in the transport of thyroid hormones and retinol in the plasma, but was also showed to trigger a specific apoptotic mechanism in neutrophils that prevent bacterial dissemination 54,55 . Hemopexin is a protein secreted by the liver that mainly binds free heme and transports it to the hepatocytes, where it is recycled 56 . Macrophages usually consume free heme present in the plasma to prevent heme-mediated tissue damage. Hemopexin protects macrophages from proinflammatory activation caused by the overload of free heme 57,58 . Apo-B is produced in the liver and is a component of lipoproteins, responsible for lipid transport in the plasma. LDLs containing Apo-B and rich in cholesterol are important causal factors of atherosclerosis, as they penetrate the endothelium of blood vessels. Macrophages can internalize such LDLs in unregulated quantities and turn into foam cells, losing their mobility 59 . Hepsin is a transmembrane serine proteinase expressed by many tissues, which catalyzes the activation of several growth factors and enzymes degrading the extracellular matrix 60,61 . In addition to non-genetic factors, we identified 100 and 12 pQTLs acting in cis and trans, respectively, collectively associated with 87 plasma proteins. Our study showed high replication rates of the plasma proteins reported as being under genetic control in recent large-scale studies [21][22][23]32 . In addition, we identified 32 proteins whose plasma levels had not been previously associated with genetic factors, including 8 proteins coded by MMDGs, 3 of which are PID genes, i.e.: Ficolin-3, Interleukine-2 Receptor alpha and FAS (Supplementary Table 3). Ficolins are a family of proteins responsible for the activation of the lectin pathway of the complement system together with manose-binding lectins 62 . Ficolin 3 binds to carbohydrate residuals, such as N-acetylglucosamine and N-acetyl-galactosamine 63,64 , recognizing bacterial structures 65 , Influenza A virus 66 , parasites 67,68 and late apoptotic cells 69,70 . Ficolin 3 is produced in the liver and in the lungs, and is secreted in the blood, in the intestinal tract and in the pulmonary alveoli 71 . A heterozygous frameshift mutation of FCN3, the gene coding for Ficolin-3, is found at a frequency of 1% in the healthy population, and leads to a 50% decrease in Ficolin-3 plasma levels, while homozygous state leads to complete Ficolin-3 deficiency. Ficolin-3 deficiency is an autosomal recessive primary immunodeficiency (OMIM 613860) and, as of today, only reported in males. Several cases of FCN3 deficiency were reported in the literature, associated with bacterial infections 65,[71][72][73] . It was shown that the activation of the Lectin pathway by Ficolin-3 was dose-dependent 63,64 , and that lower ac-tivation of the Ficolin-3 lectin pathway was associated with post-infection mortality 74 . Here, we report a common variant (AF = 10.7%), rs2504780 (1:27710876, T>A), associated with a diminution of Ficolin-3 levels. This variant is located 9.5kb upstream of FCN3, and explained 6.4% of the total variability of Ficolin-3 plasma levels. This variant could be a risk factor for FCN3 deficiency and might play a role in the observed etiology of both complete Ficolin-3 deficiency or Ficolin-3 lectin pathway reduced activation in the response to infection, and also in the development of autoimmune diseases caused by a reduced clearance of apoptotic cells. The interleukin 2 receptor alpha (IL2RA) is another clinically interesting example. IL2RA is a part of the Interleukin 2 receptor (CD25) and is constitutively expressed at the surface of regulatory T cells (Treg cells). The binding of IL2 to CD25 leads to the induction of growth and proliferation of T reg cells. IL2RA then undergo proteolysis, producing a soluble form of IL2RA. This soluble form is an FDA-approved biomarker widely used to inform about peripheral blood immune activation 75 . IL2RA expression follows a codominant pattern, where heterozygous missense or nonsense mutations found in healthy individuals lead to the expression of only half of IL2RA at the membrane of T reg cells 76 . However, cases of homozygous or compound heterozygous missense and nonsense variants were reported in immunodeficient patients, also affected by lymphoproliferation and autoimmunity 19,[76][77][78] . Carriers of such variants did not express CD25 at the plasma membrane, which resulted in the failure of the patients T reg cells to respond to IL2 stimulation. Family members with heterozygous mutations were healthy, although their T reg cells only presented half of CD25 at the plasma membrane, as compared with homozygous wild-type individuals. The disease was named immunodeficiency-41 with lymphoproliferation and autoimmunity (OMIM 606367). We identified two independent cis-pQTLs associated to IL2RA levels, i.e. rs12722497 (6:6095928; C>A, AF = 10%) and rs2104286 (6:6099045; T>C, AF = 24%), both located in the first intron of IL2RA. rs12722497 associated with an increased expression of IL2RA, explaining 17.8% of the total observed variability, and could be a protective variant for intermediate forms of IL2RA deficiency that could be caused by the observed molecular haploinsufficient phenotype. rs2104286 associated with a decreased expression of IL2RA, explaining a further 7% of IL2RA variability, and could play a role as a risk factor, by further amplifying the cellular impact of the decreased expression of IL2RA. In addition, rs2104286 is in partial linkage disequilibrium (R2 = 0.55) with rs12722489, a SNP previously reported as an eQTL and a pQTL for IL2RA 21,79 but also as a susceptibility factor to multiple sclerosis [START_REF] Oh | U1 snRNP telescripting regulates a sizefunction-stratified human genome[END_REF][START_REF] Zheng | Cellular stress alters 3UTR landscape through alternative polyadenylation and isoform-specific degradation[END_REF] and Crohns disease [START_REF] Chang | mRNA 3-UTR shortening is a molecular signature of mTORC1 activation[END_REF] . FAS, a member of the tumor necrosis factor receptor superfamily, is expressed at the membrane of T cells and other immune cells. In normal conditions, the binding of FAS ligand (FASL) to FAS triggers apoptosis through the caspase cascade. FAS mediated auto-apoptosis is a dose-dependent mechanism necessary to prevent the accumulation of peripheral T cells in organs [START_REF] Dower | A synthetic a tail rescues yeast nuclear accumulation of a ribozyme-terminated transcript[END_REF] . Heterozygous missense or nonsense variants in FAS extracellular domain lead to the degradation of the corresponding mRNA and result in the expression of only half of FAS receptors at the cellular membrane, reducing the sensitivity of T cells to FASL binding and allowing the proliferation and the accumulation of auto-reactive CD4-CD8-T cells in organs. Several patients affected by the autoimmune lymphoproliferative syndrome (ALPS, OMIM 601859), characterized by autoimmunity, multi-lineage cytopenia and lymphadenopathy, have been shown to carry such heterozygous FAS mutations, causing the observed symptoms. However, these haploinsufficient mutations are not fully penetrant, as healthy relative of the patients were identified [START_REF] Tudek | The multitasking polyA tail: Nuclear RNA maturation, degradation and export[END_REF][START_REF] Beta | Tales around the clock: Poly(a) tails in circadian gene expression[END_REF][START_REF] Jalkanen | Determinants and implications of mRNA poly(a) tail size Does this protein make my tail look big?[END_REF][START_REF]An integrated encyclopedia of DNA elements in the human genome[END_REF][START_REF] Palazzo | Non-coding RNA: What is functional and what is junk?[END_REF] , suggesting that epistatic factors could either prevent or promote the development of ALPS in heterozygous carriers. We identified a common variant rs687621 (9:136137065, A>G, AF = 36%), explaining 8.4% of FAS plasma protein level variability and associating with an increased expression of FAS. Our results rise the question of whether this variant could contribute to a protective role against ALPS by increasing the expression of the wild-type allele in heterozygous carriers and consequently increasing the sensitivity of peripheral T cells to FASL. However, the rs687621 polymorphism is located at the ABO locus, which is known to associate with the expression of many plasma proteins 22,24,[START_REF] Chen | The biogenesis and emerging roles of circular RNAs[END_REF][START_REF] Westermann | Dual RNA-seq of pathogen and host[END_REF] . Such association hotspot could be explained by the glycosyltransferase activity of ABO proteins [START_REF] Chan | GtRNAdb: A database of transfer RNA genes detected in genomic sequence[END_REF] , which by transferring glycosyl residuals on target proteins may potentially alter its bind-ing affinity of the associated antibody in quantification immunoassays, thus constituting a technical artifact. From the previous considerations, we the biological relevance of the FAS-associated trans-pQTL identified should be taken with caution. The genetic associations identified for the plasma protein levels of PID genes should be further characterized through genetic fine-mapping and functional characterization. Plasma protein levels can be considered as end-of-chain signal integrators, and their levels could depend on several molecular mechanisms (e.g. mRNA transcription, Kozak sequence affinity and other translation initiation mechanisms, codon usage, translation rate, posttranscriptional modifications [START_REF] Jackman | Transfer RNA modifications: Nature's combinatorial chemistry playground: Transfer RNA modifications[END_REF][START_REF] Kirchner | Emerging roles of tRNA in adaptive translation, signalling dynamics and disease[END_REF][START_REF] Phizicky | Do all modifications benefit all tRNAs?[END_REF][START_REF] Agris | tRNAs Wobble Decoding of the Genome: 40 Years of Modification[END_REF][START_REF] Goodenbour | Diversity of tRNA genes in eukaryotes[END_REF] ). A combination of targeted genome and transcriptome sequencing, ribosome occupancy assay and intracellular protein assay in the tissue of interest would allow the identification of the causal variants and the molecular mechanisms mediating the observed associations. Finally, the phenotypic consequences of pQTLs associated to plasma levels coded by PID genes should be further characterized both in healthy and PID patients, where a protective or modifier roles could eventually be at play.

Methods The Milieu Intérieur cohort

The 400 donors in this study were a subset of the 1,000 healthy donors of the Milieu Intérieur cohort recruited at BioTrial (Rennes, France). The Milieur Intérieur Cohort was approved by the Comité de Pro-tection des Personnes -Ouest 6 (Committee for the protection of persons) on June 13th, 2012 and by French Agence nationale de sécurité du médicament (ANSM) on June 22nd, 2012. The study is sponsored by Institut Pasteur (Pasteur ID-RCB Number: 2012-A00238-35), and was conducted as a single centre interventional study without an investigational product. The original protocol was registered under ClinicalTrials.gov (study# NCT01699893). The samples and data used in this study were formally established as the Milieu Interieur biocollection (NCT03905993), with approvals by the Comité de Protection des Personnes -Sud Méditerranée and the Commission nationale de l'informatique et des libertés (CNIL) on April 11, 2018. Donors included in this substudy were stratified by sex and were between the ages of 30-39 (n=200) or 60-69 (n=200) years old. Participants were selected based on stringent inclusion and exclusion criteria, as detailed elsewhere 28 . To minimize the influence of population substructure on genomic analyses, the study was restricted to individuals of self-reported Metropolitan French origin for three generations (i.e., with parents and grand-parents born in continental France). Fasting whole blood samples were collected in EDTA tubes and plasma was separated following high-speed centrifugation and stored at -80°C until analysis. Standard blood testing and complete homogram was performed on fresh aliquots, while protein immunoassays were performed on frozen aliquots.

Quantification of plasma protein levels in 400 healthy individuals

The protein immunoassays and the blood test were performed on samples taken the same day and analyzed at different times, on fresh or frozen aliquots. Blood chemical and major cell fractions were estimated through direct enumeration and standard blood panels. The concentrations of 297 plasma proteins of 400 individuals were quantified by Luminex multi-analyte immunoassays (Discovery Map v3.3 from Myriad RBM), as previously described [START_REF] Kutter | Pol III binding in six mammals shows conservation among amino acid isotypes despite divergence among tRNA genes[END_REF] . Protein expression levels were converted into pg/mL, for comparison across samples and markers. Protein levels were analysed and compared with their respective Lower Limit Of Quantification (LLOQ). Among the 297 assayed proteins, 68 proteins were reported at a concentration lower than the LLOQ in at least 20% of the individuals and were filtered out. For the 229 proteins that were kept, reported concentrations lower than the LLOQ were replaced by NAs, to prevent incorrect proteinenvironment or protein-genotype associations due to undetected or undetectable proteins. Next, for each protein, plasma level distribution across individuals were tested for normality using the Shapiro-Wilk test on the raw and log-transformed values within the 2.5% and 97.5% percentiles. Shapiro-Wilk null hypothesis was not rejected (p-value <= 0.001, after multiple testing correction) for a total of 50 (22%) and 183 (80%) proteins, depending on whether raw or log-transformed values were used. These results suggested that the majority of raw protein plasma levels followed a log-normal distribution and were thus log-transformed for downstream analysis.

Non-genetic variable cleaning, filtering and selection

For each individual from the Milieu Intérieur cohort, an extensive electronic clinical record file was filled, gathering 754 lifestyle, environmental and medical history variables as well as blood metabolites and enzymes levels from standard blood test and erythrocytes enumeration 28 . First, variables with names describing repetitive measurements over several visits after the first visit were filtered out. Second, redundant columns informative about the sex of the individual were removed. Third, mono-factorial variables, character variables, variables with missing values in 20% or more of the individuals, or varying in less than 10 individuals, variables correlated with other variables with a Spearman correlation coefficient of 1, and variables providing redundant information about the same phenotype were filtered out, for a final number of 254 variables. Then, for each of the 254 non-genetic factors, a univariate linear regression analysis was performed against the expression levels of each of the 229 plasma proteins evaluated. Age and sex were systematically included as covariates in all such regressions, consistent with their pervasive influence shown in previous studies, as well as with their association with many of the nongenetic factors evaluated 28,[START_REF] Brule | Synonymous Codons: Choose Wisely for Expression[END_REF] . Univariate linear regression was performed between each pair of proteins and non-genetic factors. In addition, to reduce the sensitivity of the linear models to outliers, the ten lowest and ten highest values of each protein were removed from the regression analysis. Significance was declared at p-value <= 0.05 after Bonferroni multiple testing correction accounting for the number of tests. A total of 152 significant associations collectively involving 49 proteins and 20 non-genetic factors were found.

Major blood cell fractions

Seven major blood-cell fractions, i.e. leukocytes, lymphocytes, monocytes, neutrophils, eosinophils, basophils and platelets, were assessed through hemogram on fresh aliquots, along the other blood chemicals and enzymes 28 .

Genotyping and imputation

Each individual from the Milieu Intérieur cohort was genotyped by the HumanOmniExpress-24 BeadChip (Illumina), covering 719665 SNPs. 245766 rare functional variants were also genotyped on a HumanExome-12 BeadChip (Illumina). After quality control, both datasets were merged, for a total of 723,341 SNPs. Next, IMPUTE v.2 was used to perform genotype imputation, on 1Mb windows buffered by an additional 1Mb. SNPs were phased using 500 conditioning haplotypes, 50 MCMC, 10 burnin and 10 pruning iterations. SNPs and allelic states were aligned to the imputation reference panel from the 1000 Genome Project Phase 1 v3 (2010/11/23). SNPs with dissimilar alleles (even after flipping) or ambiguous C/G or A/T alleles were filtered out. Imputation yielded a total of set of 37,895,612 SNPs. Removing SNPs with information metric <= 0.8, duplicated or monomorphic SNPs, and SNPs with missingness > 5% (SNPs with genotyping probability lower than 0.8 in an individual were considered as missing) reduced the set to 11,395,554 SNPs. Further removing non-SNP variants and filtering out variants with a MAF < 0.05 (with thesnps-only option of PLINK v1.9) in the 400 sampled individuals, resulted in a final set of 5,201,100 SNPs. First and second components of a Principal Component Analysis of the OmniExpress array, were performed with reference populations [START_REF] Hanson | Codon optimality, bias and usage in translation and mRNA decay[END_REF] .

Genome-wide association testing of plasma proteins

To perform the pQTL mapping of plasma proteins, we chose to use a multivariate approach by incorporating, for each protein, the associated non-genetic variables as covariates, in addition to sex, age, the 7 major blood cell fractions (leukocytes, lymphocytes, monocytes, neutrophils, eosinophils, basophils and platelets). In addition, the two first PCs of Ancestry were added to each model, in order to further reduce the variance of the residuals (both PC1 and PC2 explained more than 1% of the genetic variance, as detailed elsewhere [START_REF] Stults | Human rRNA Gene Clusters Are Recombinational Hotspots in Cancer[END_REF] ). If a non-genetic variable was a redundant measure with the corresponding protein (e.g. CRP), it was not added as a covariable in the model. We used a first linear mixed model to correct the protein expression levels for their specific covariable and for kinship, using per chromosome genetic relatedness matrix (GRM) computed using GenAbel v1.8 (leaving one chromosome out). The analysis was performed separately for cis and trans interactions, and the false discovery rate (FDR) was computed independently for cis-acting and trans-acting SNPs 100 . For each protein and each kind of interaction tested (cis or trans), the minimal raw p-value was re-ported. In addition, for each protein, 100 permutations were performed, and the minimal p-value of each of these permutations was extracted. Next, proteins were ascendingly sorted based on their raw p-values. Then, the FDR was computed, for each protein, as the mean over the N=100 permutations of the number of times its raw p-value is lower than the nth permutation from all proteins, divided by the rank of the corresponding protein. Protein-SNP pairs were considered as significant when the corresponding FDR was equal to or lower than 0.05. To investigate the potential presence of secondary pQTLs, we performed the same analysis a second time, incorporating the genotype of the most significant SNP detected in the first round of analysis as an additional covariate.

The FDR was computed independently on each analysis iteration, both considering the same number of proteins and permutations. The significance thresholds corresponding to first-round and second-round pQTLs were respectively around 2.2e-05 and 1.5e-05 for cis and respectively around 9e-10 and 2e-10 for trans (significance thresholds were computed as the mean between the last significant and the first non-significant p-values). The genome wide analysis yielded a total of 100 cis-pQTLs and 12 trans-pQTLs. Among the 12 trans-pQTLs identified, 4 (E-selectin-rs2519093; PECAM-1-rs2519093; Cadherin-1-rs635634; FASLG receptor-rs687621) were in high LD (R 2 >= 0.8) and colocalized in a 18kb region of chromosome 9, previously described as the ABO locus, and known to be associated with the expression of many plasma proteins 22,24,[START_REF] Chen | The biogenesis and emerging roles of circular RNAs[END_REF][START_REF] Westermann | Dual RNA-seq of pathogen and host[END_REF] .

Contribution of non-genetic and genetic components in the variability of plasma proteins

The relative contribution of the various environmental and genetic variables were assessed using the correlation-adjusted marginal correlation score (CAR score [START_REF] Bassler | Eukaryotic Ribosome Assembly[END_REF] ) from the care package in R. The CAR score is the shrunk estimator of the adjusted coefficient of determination (R2) of each independent variable in a linear model, which considers the marginal correlation between variables. The sum of the CAR score attributed to each variable in a model is equal to the model adjusted R2. For each protein, the relative contribution of its significantly associated nongenetic variable was assessed at once. In case only a single variable was significantly associated with a protein, we used the adjusted coefficient of determination (R2) of the variable as its relative contribution in the variability of the corresponding protein levels. Then, the relative contribution of the identified pQTLs was assessed by computing their CAR score in protein-specific models incorporating age, sex, the protein-specific covariate and the corresponding genotypes. The effect size of pQTLs was computed following a two-stage model similar to the GWAS. A first linear model was used to regress out the associated covariates (and previously identified SNP in the case of SNPs identified by the conditional analysis), and a second linear model was used to regress the residuals of the first against the tested SNP. The Beta was extracted from this model and used as the SNP effect size.

Global impact of age and sex on plasma protein levels

In order to characterize the global impact of age and sex on plasma protein heterogeneity, while accounting for the collinearity of several plasma proteins, we performed a principal component analysis (PCA) on the expression levels of the 229 proteins across the 400 individuals. When considered independently, only PC1 and PC2 explained more than 5% of the total variability (Supplementary Figure 1). Through independent univariate regression analyses, both age and sex appeared as significantly associated with protein coordinates on PC1 (P = 1.76e-07 and P = 1.38e-06, respectively) and PC2 (P = 4.24e-24 and P = 3.48e-05).

Genome-wide analysis of plasma proteins excluding blood-cell fractions

The genetic analysis was performed as previously detailed, with the exception of the 7 blood-cell fractions, which were removed from the model. This approach identified 115 protein quantitative trait loci (pQTLs) collectively involving 94 proteins and 113 SNPs (FDR<=0.05; Supplementary Figure 2, Supplementary Table 2). Among them, 103 were defined as cis-pQTLs, i.e. involving SNPs located at a maximum distance of 1MB from the transcription start or end site of the corresponding gene. In addition, 12 pQTL were identified in trans, i.e. located further than 1MB far from the tested gene extremities, or located on another chromosome. 73 proteins were associated with only one SNP, while 21 were associated with two independent SNPs. Among the 94 proteins with significant pQTLs, 83 proteins were as-sociated exclusively with cis-pQTLs, 9 exclusively with trans-pQTLs and 2 with both cis and trans pQTLs. In comparison with the first analysis, 92 pQTLs were reproduced (81 cis and 11 trans, an association was considered as reproduced when the SNP or a SNP in linkage disequilibrium with R2 >= 0.8 was significantly associated with the same protein at FDR <= 0.05), 12 cis-pQTLs were no longer associating with the same SNPs or to SNPs in high LD (R2 >= 0.8) with it, but with other cis SNPs; and 8 pQTLs (7 cis, 1 trans) were not reproduced. On the opposite, 10 new cis-and 1 new trans-pQTLs were discovered.

Contribution of blood cell fractions in protein level predictions

To quantify the relevance of blood cell fractions in the prediction of plasma protein levels, we used a one-way ANOVA to compare, for each pQTL, the predictions coming from two models. A first linear model considered the genotype of the corresponding SNP, the previously defined protein-specific covariates, as well as age, sex and the two first PC of ancestry, while a second model additionally accounted for the 7 blood-cell fractions. The models including PQTLs obtained from the conditional analysis additionally corrected for the SNP used for their identification.

Replication of previously identified plasma protein QTLs

We compared our significant SNP-protein pairs with four studies analyzing the genetic basis of plasma protein levels. Sun The replication of the reported pQTLs was performed at the protein-level rather than at the SNP-level, due to the poor overlap in term of sentinel SNPs reported in previous studies [21][22][23]32 and our imputed set of 5,201,100 SNPs. A protein previously reported as cis-regulated (i.e. reported as significantly associated with a SNP annotated as "cis" by the authors) was considered replicated when it was significantly associated with a SNP located closer than 1 Mb around the gene extremities. The same consideration was applied to trans-regulated proteins with all SNPs further than 1Mb from the corresponding gene.

Protein and gene annotations

Proteins were classified as immune-related when they were either i) annotated as adaptive immune proteins (Supplementary Table 2 from REF [START_REF] Gilbert | Functional specialization of ribosomes?[END_REF] ), innate immune proteins (Supplementary Table 1 from REF [START_REF] Gilbert | Functional specialization of ribosomes?[END_REF] , Supplementary Table 1 from REF [START_REF] Henras | An overview of pre-ribosomal RNA processing in eukaryotes: Pre-ribosomal RNA processing in eukaryotes[END_REF] ) or ii) produced in sufficient concentrations in substantial fractions of immune cells [START_REF] Klinge | Ribosome assembly coming into focus[END_REF] . The list of primary immunodeficiency genes was obtained from Supplementary Table 3 from REF [START_REF] Gilbert | Functional specialization of ribosomes?[END_REF] . Gene-disease annotations were obtained from OMIM (downloaded at https://www.omim.org/downloads/ on the 2019/06/10). Entries were parsed following REF [START_REF] Sloan | Tuning the ribosome: The influence of rRNA modification on eukaryotic ribosome biogenesis and function[END_REF] . Mendelian disease genes were selected for their level of supporting evidence equal to 3 and for not having a "so-matic" flag, and monogenic mendelian disease genes (MMDGs) were further selected for not being flagged as "complex". The list of secreted proteins was downloaded from UniProt (https://www.uniprot.org/) on the 2020/02/03, using the keywords: locations:(location:"Secreted [SL-0243]" type:component) AND organism:"Homo sapiens (Human) [9606]".

The list of FDA approved targeted proteins was downloaded on the 2020/02/05 from http://mrmassaydb.proteincentre.com/fdaassay/. The protein classes were taken from Myriad RBM Discovery Map V3.3 table. Proteins were considered enriched or depleted in a specific class when the proportion of Proteins in that class was larger than in 10,000 randomly sampled set of proteins of the same size, coming from the tested set of 229 proteins. Previous reports of pQTLs associated with monogenic Mendelian disease genes, with primary immunodeficiency genes or with genes coding for FDA approved biomarkers were identified through QTLbase (http://mulinlab.org/qtlbase) [START_REF] Buszczak | Cellular Differences in Protein Synthesis Regulate Tissue Homeostasis[END_REF] .

Disease loci enrichment

The potential association with diseases or other traits of the cis and trans pQTLs reported in this work was assessed. We used hits from the NHGRI-EBI Genome Wide Association Studies (GWAS) Catalog, downloaded on the 2019/03/22 (file name gwas catalog v1.0associations e95 r201903-22.tsv). SNPs associated with a trait or a disease with a reported p-value <= 1e-08 and mapped to autosomes were kept. SNPs associated with traits containing "blood", "plasma" or "serum" and "protein" were re-moved. A set of pQTLs was declared as enriched when the proportion of pQTLs in a set that were GWAS SNPs or in linkage disequilibrium with GWAS SNPs (r2 >= 0.8) was larger in 95% of 10,000 randomly sampled set of SNPs of the same size. Randomly sampled SNPs were drawn from 122,757 and 384,897 SNPs, selected respectively from the 1,674,134 and 5,201,100 SNPs tested for cis and trans associations respectively (with the -indep-pairwise 100 5 0.5 function of PLINK v1.9). When several traits or diseases were associated with one locus, the most significant one was selected.

Functional annotation of pQTLs

The cis-pQTL molecular consequences were assessed using VEP v97. Each cis-pQTL was annotated based on the canonical transcript of the gene coding for the regulated protein. 

Author: The Milieu Intérieur Consortium

CHAPTER 6 Discussion

In this thesis, I present two computational approaches for the assessment of the clinical relevance of rare and common non-coding variants with a potential regulatory role.

The first part describes the development of a computational method focusing on rare pathogenic SNVs causing monogenic Mendelian diseases, and the second describes a data-driven approach to identify common SNVs impacting plasma protein levels and having a potential role in human diseases. In both cases, the main aim is to identify functional variants. When discussing about functional variants, it is important to accurately define the word function. In biology, two main definitions of function are used: the selected effect and the causal role. The selected effect function of a sequence is the effect for which the sequence was evolutionary selected or maintained [START_REF] Millikan | IN DEFENSE OF PROPER FUNCTIONS[END_REF][START_REF] Neander | Functions as Selected Effects: The Conceptual Analyst's Defense[END_REF] . The causal role function of a sequence is its involvement in the mechanism by which a function is performed [START_REF] Amundson | Function without purpose: The uses of causal role function in evolutionary biology[END_REF] . The first definition was dominant during the 20th century, giving rise to the forward genetic approach (i.e. finding the genetic basis of an observed phenotype) [START_REF] Graur | On the Immortality of Television Sets: "Function"in the Human Genome According to the Evolution-Free Gospel of ENCODE[END_REF] and driving the discovery of functional genetic elements such as microRNAs [START_REF] Lee | A short history of a short RNA[END_REF] . The second definition has resurfaced recently, especially due to the ENCODE project, which aimed at identifying all functional elements of the human genome, and claimed that ~80% of the human genome is functional [START_REF]An integrated encyclopedia of DNA elements in the human genome[END_REF] . The concurrent usage of these two different definitions gave birth to heated debates 28,29,[START_REF] Palazzo | Non-coding RNA: What is functional and what is junk?[END_REF][START_REF] Doolittle | Distinguishing between "Function" and "Effect" in Genome Biology[END_REF] , especially due to the very different proportions of the human genome that they estimate functional 23,[START_REF] Graur | On the Immortality of Television Sets: "Function"in the Human Genome According to the Evolution-Free Gospel of ENCODE[END_REF] (Chapter 1: Prolegomena). Accordingly, the method presented in the first part of this thesis aims at the identification of pathogenic variants by leveraging the evolutionary footprints of the selected effects at the corresponding loci (Chapter 4), while not per se assessing those selected effects. In addition, at the exception of the model integrating various epigenetic features, NCBoost do not rely on the sequence's causal role. Nevertheless, the localization of the variants detected by NCBoost at conserved loci together with their pathogenic effects indicate that they alter the selected effect of their corresponding loci. Consequently, NCBoost can be considered to identify functional pathogenic variants, while neither assessing their selected effect nor causal role on the trait, but only their corresponding evolutionary consequences. Conversely, the pQTLs identified in the second part of this thesis (assuming that the selected sentinel SNVs are causal of the detected associations) can be considered as having a causal role on plasma protein levels, but not a selected effect, as the variants tested therein are unlikely to be pathogenic on their own (due to their common presence in the population) and therefore unlikely to be under selective constraint (Chapter 5).

The first part of this thesis consisted in the implementation of NCBoost, a computational approach exploiting a comprehensive set of recent and ongoing selection signals in humans together with interspecies sequence conservation metrics (Chapter 4: Table 1) in order to identify rare non-coding variants causing monogenic Mendelian diseases. These features were used within a gradient tree boosting classifier, which was trained on a manually-curated set of high-quality pathogenic non-coding variants. The resulting classifier extracted complex combinations of interspecies, within-humans and population-specific selection metrics and provided significant performance improvements over individual features and state-of-the-art methods (Chapter 4: Figure 4, 5 & 6; Annex 1: Figure S7, S8, S10 & S11). Furthermore, the matching of the distribution of positive and negative variants across the different non-coding regions and the addition of "context-awareness" features informing the classifier about the type of overlapping non-coding element (e.g. UTRs, introns, etc.) allowed NCBoost to tackle the regional bias observed in all state-of-the-art methods and to attribute scores distributed homogeneously over the different non-coding elements (Annex 1: Figure S2 &S6).Throughout the benchmarks evaluated, NCBoost appeared as the best performing method for pinpointing pathogenic non-coding variants associated to monogenic Mendelian diseases.

The manual curation of pathogenic non-coding variants from HGMD [START_REF] Stenson | The Human Gene Mutation Database: Towards a comprehensive repository of inherited mutation data for medical research, genetic diagnosis and next-generation sequencing studies[END_REF] , ClinVar [START_REF] Landrum | ClinVar: Public archive of relationships among sequence variation and human phenotype[END_REF] and Smedley 2016 457 allowed the constitution of a high-confident set of pathogenic non-coding variants. This curation process consisted of the assessment of evidence supporting their potential pathogenicity at the variant and associated gene levels. The mapping of variants to genes can be performed following different approaches. A first approach is based on the hypothesis that genes and their regulatory elements are co-conserved throughout evolution. This hypothesis can be used to derive conserved synteny blocks (i.e. blocks of ordered genetic elements conserved across different species) and to further associate non-coding variants with co-syntenic genes or groups of genes [START_REF] Louis | Genomicus: Five genome browsers for comparative genomics in eukaryota[END_REF][START_REF] Lucas | High precision detection of conserved segments from synteny blocks[END_REF] . However, the creation of maps of conserved synteny relies on multi-species sequence alignment and on the identification of ortholog genes across different species. These requirements ultimately restrict the scope of the approach to alignable regions and to characterized orthologous genes, thus intrinsically dismissing recently acquired non-coding functional regions as well as new genes [START_REF] Liu | Inferring synteny between genome assemblies: A systematic evaluation[END_REF] . A second approach consists in identifying non-coding variants that are in linkage disequilibrium with their associated genes. However, most identified functional non-coding variants appear to be in poor LD with their target promoters and genes, which would translate in a correspondingly poor gene mapping [START_REF] Corradin | Modeling disease risk through analysis of physical interactions between genetic variants within chromatin regulatory circuitry[END_REF] .

Moreover, the short length of LD blocks (median length ~1-2kb) would greatly restrict the mapping of variants to genes in their direct vicinity [START_REF] Whalen | Most chromatin interactions are not in linkage disequilibrium[END_REF] . Due to the populationspecific patterns of recombination [START_REF] Park | Population-specific long-range linkage disequilibrium in the human genome and its influence on identifying common disease variants[END_REF] , the mapping process would be also affected by the genetic origins of the population used for the creation of the map. A third approach leverages chromatin contact maps to associate non-coding variants with genes with which they frequently interact [START_REF] Whalen | Most chromatin interactions are not in linkage disequilibrium[END_REF] . However, chromatin contact maps have been shown to present varying interaction patterns across tissues and conditions, reflecting different regulatory states [START_REF] Chapski | Spatial Principles of Chromatin Architecture Associated With Organ-Specific Gene Regulation[END_REF][START_REF] Schmitt | A Compendium of Chromatin Contact Maps Reveals Spatially Active Regions in the Human Genome[END_REF] . Therefore, non-coding variants would be mapped to genes in a tissue-and context-specific manner, which might or might not be representative of the interactions present in the disease-sensitive tissue or developmental stage.

Eventually, the last approach used in this work, consists of mapping of variants to their closest gene, based on their genomic physical distances [START_REF] Wang | ANNOVAR: Functional annotation of genetic variants from high-throughput sequencing data[END_REF] . Mapping non-coding variants to genes based on their sole physical distance has drawbacks, as regulatory elements can be located far from their target genes [START_REF] Mumbach | Enhancer connectome in primary human cells identifies target genes of disease-associated DNA elements[END_REF][START_REF] Kirsten | Dissecting the genetics of the human transcriptome identifies novel trait-related trans -eQTLs and corroborates the regulatory relevance of non-protein coding loci[END_REF] , and sometimes even within other genes (e.g. the enhancer responsible for Shh expression in the developing limb [START_REF] Williamson | Shh and ZRS enhancer colocalisation is specific to the zone of polarising activity[END_REF] , Chapter 1: Section 2.2.2.1). However, this approach does not rely on additional hypotheses or assays and allows the systematic gene mapping of all non-coding positions in the genome in a tissue-, condition-and population-independent manner. These are interesting properties regarding that therein developed method, and appear as a good trade-off between confident annotation and genomic coverage of the mapping. Consequently, most methods assessing the functionality or pathogenicity of non-coding variants (e.g. CADD, ReMM) currently rely on their physical distance to their closest gene to infer their potential regulatory target or affected gene.

The identification of pathogenic rare variants in non-coding regions has been historically addressed first through genetic linkage approaches in family pedigrees, and more recently through high-throughput sequencing. The identification of candidate variants was typically followed by downstream experimental characterization in animal models or cell cultures [START_REF] Claussnitzer | A brief history of human disease genetics[END_REF] . However, these approaches were mainly focused on genes which had been previously associated with diseases on the basis of coding variants. Thus, the contribution to rare diseases of non-coding variants not present on the direct vicinity of previously known disease genes has probably been historically underestimated. The bias towards cis-proximal variants is actually reflected in the composition of the starting set of pathogenic non-coding variants constituted in this thesis work (Chapter 4: Figure 1C; Annex 1: Figure S1). In addition, the first step of the manual curation process, relying on mapping variants to their closest genes, further amplified this regional bias by filtering out pathogenic variants for which the corresponding disease did not concur with the disease associated with the mapped gene. These discrepancies could be explained by the fact that more distant genes, rather than the closest genes, are affected by the variants and causing the diseases. However, this curation step only impacted a few variants, and had a minor impact on the distribution of non-coding pathogenic variants over the different non-coding elements (Chapter 4: Figure 1). Consequently, the ability of the presented method to detect cis-distal pathogenic variants in intergenic regions or trans-acting variants remains uncharacterized and would require further developments.

Next, we assessed the ability of sequence conservation at different time scales to inform about potential disease-causing non-coding variants in humans, and observed that their individual ability to identify rare non-coding pathogenic variants was limited (Chapter 4: Figure 2). Previous methods, such as CADD [START_REF] Kircher | A general framework for estimating the relative pathogenicity of human genetic variants[END_REF] , DeepSEA 455 , Eigen [START_REF] Ionita-Laza | A spectral approach integrating functional genomic annotations for coding and noncoding variants[END_REF] or ReMM [START_REF] Smedley | A Whole-Genome Analysis Framework for Effective Identification of Pathogenic Regulatory Variants in Mendelian Disease[END_REF] combined interspecies conservation metrics in order to identify rare non-coding diseasecausing variants. However, around ~10% of the human genome diverged from the chimp genome [START_REF] Rogers | Comparative primate genomics: Emerging patterns of genome content and dynamics[END_REF] , mostly constituted of sequences involved in neurological development [START_REF] Mora-Bermúdez | Differences and similarities between human and chimpanzee neural progenitors during cerebral cortex development[END_REF][START_REF] Castelijns | Hominin-specific regulatory elements selectively emerged in oligodendrocytes and are disrupted in autism patients[END_REF] and immunity [START_REF] Siddle | The Red Queen's long race: Human adaptation to pathogen pressure[END_REF] . These genetic differences were promoted by the rewiring of previously existing gene regulatory elements to allow lineage-specific adaptations (such as TFBS clusters) [START_REF] Johnson | The rewiring of transcription circuits in evolution[END_REF][START_REF] Marnetto | Evolutionary Rewiring of Human Regulatory Networks by Waves of Genome Expansion[END_REF] . Consequently, to inform the prioritization process about these lineage-specific differences, other features specific to more recent selection are required.

We assessed the relative contribution of the different features to the combined model. S4). Furthermore, this combined model was able to detect pathogenic variants in regions poorly conserved in mammals better than other stateof-the-art methods, highlighting the importance of including recent and human-specific sequence selection features (Annex 1: Figure S9). However, currently available selection features specific to humans come with a resolution as coarse as of ~10 kilobases due to the small sample size of the leveraged cohorts, usually aggregating a few hundreds to few thousands individuals [START_REF] Pybus | 1000 Genomes Selection Browser 1.0: A genome browser dedicated to signatures of natural selection in modern humans[END_REF][START_REF] Field | Detection of human adaptation during the past 2000 years[END_REF] . The development of new population-specific large-scale sequencing projects (e.g. GnomAD, the UK100K Genome Project 557 ) would allow for a finer identification of elements under selection in the human lineage and in specific populations.

Epigenetic profiles have been widely used as proxies of sequence functionality. However, they have been shown to change along cell differentiation and to vary in a tissue-and condition-specific manner. In this work, their potential interest in variant prioritization was evaluated by integrating a set of features containing TFBS, histone modifications and chromatin accessibility profiles aggregated over different lab-transformed human cell lines, tissues sampled from healthy individuals and immortalized cancer cells. The resulting NCBoost model showed no improvement over a model solely integrating purifying selection features, but the analysis of feature contribution showed that the added epigenetic features contributed to around 10% to the model accuracy (Annex 1: Figure S4A).

Two main explanations can be proposed to interpret these observations. First, the epigenetic signals used in this work represent aggregated histone modifications, TFBS and open chromatin profiles obtained from cells that neither necessarily represent the bona fide epigenetic profiles of in vivo cells, nor correspond to the epigenetic profiles of tissues or cell types affected by the considered diseases. Second, it is possible that the information carried by epigenetic features are redundant with sequence conservation features.

As detailed in the introduction of this thesis, for a non-coding variant to be pathogenic, it has to be functional in some way, and such functional impact could arise from the perturbation of an existing TFBS or another epigenetic trait. Indeed, the ability of TFs to bind DNA have been shown to depend on the targeted nucleotide sequence [START_REF] Barnes | Mapping DNA sequence to transcription factor binding energy in vivo[END_REF][START_REF] Boeva | Analysis of Genomic Sequence Motifs for Deciphering Transcription Factor Binding and Transcriptional Regulation in Eukaryotic Cells[END_REF][START_REF] Inukai | Transcription factorDNA binding: Beyond binding site motifs[END_REF] , the modification of histones and the stability of such modifications were shown to be determined to some extent by the underlying genetic sequence [START_REF] Ngo | Epigenomic analysis reveals DNA motifs regulating histone modifications in human and mouse[END_REF] , and the positioning of nucleosomes appears to be partly due to specific nucleotide patterns [START_REF] Pranckeviciene | Nucleosome positioning sequence patterns as packing or regulatory[END_REF][START_REF] Struhl | Determinants of nucleosome positioning[END_REF] . These observations suggest that the observed epigenetic signals are at least partially driven by the underlying genetic sequence, and could therefore be altered by genetic variants [START_REF] Furey | Genetics Driving Epigenetics[END_REF] .

As of today, the successful exploitation of epigenetic features for the detection of rare non-coding pathogenic variants has been limited. Nevertheless, epigenetic features have recently been used to propose a tissue-specific functional interpretation of non-coding variants, and several methods, such as ExPecto [START_REF] Zhou | Deep learning sequence-based ab initio prediction of variant effects on expression and disease risk[END_REF] or GenoNet 566 , were developed in order to leverage the increasingly large, available and precise functional genomic datasets.

ExPecto, a recent upgrade of DeepSEA 455 (Chapter 1: Section 3.2.2.1),is a machinelearning based approach that was trained on ENCODE, Roadmap Epigenomics and GTEx data. For any position, it predicts ~2000 epigenetic profiles (e.g. DNAse I hyper-sensitivity sites, various histone modifications and general TFBSs) for more than 200 different human lab cell lines and sampled tissues, and further integrates these predicted profiles to estimate the expression level of the closest protein coding gene, based on physical distances. When applied to genetic variants, ExPecto predicts the epigenetic signal differences at the locus and computes their subsequent impact on the expression of the closest gene in a cell-type-specific manner. The directionality of the gene expression changes predicted by ExPecto were shown to be reliable for variants with intermediate to high effects on gene expression levels, but limited for others. On the same line, GenoNet 566 is a semi-supervised approach attributing a functionality score to non-coding variants in a cell-type-specific manner. It was trained on labeled non-coding variants whose functionality was determined through MPRA and on unlabeled non-coding variants annotated with ENCODE and Roadmap Epigenomics projects data. GenoNet showed good performance in identifying trait-and disease-associated variants in the relevant cell-types. More recently, the co-localization between GenoNet cell-type-specific scores and sequence constraint was assessed [START_REF] Xu | Co-localization between Sequence Constraint and Epigenomic Information Improves Interpretation of Whole-Genome Sequencing Data[END_REF] , in order to pinpoint regulatory variants lying in conserved regions and identify trait-and disease-sensitive tissues. While this approach can offer insights about tissue-specific functional regions and identify the cell type or tissue responsible for the observed constraint, it is intrinsically limited to regions with co-localized signals from functional and comparative genomics. Thus, only ~9% of the genome is covered by the produced tissue-specific co-localization scores, and at the poor resolution of 1kb, preventing the identification of specific functional variants.

While the methods presented in these three studies highlight the interest of epigenetic features in the identification of functional and potentially pathogenic variants, these are currently inappropriate for the study of rare genetic diseases. Indeed, their predictions are poorly transferable across tissues, and currently limited to well characterized epigenetic marks or specific functions (e.g. transcription rate). Nevertheless, the ability of such approaches is likely to improve in the future, especially with the release of even larger datasets, such as the 3rd release of the ENCODE project [START_REF] Moore | Expanded encyclopaedias of DNA elements in the human and mouse genomes[END_REF] .

In the meantime, many studies leveraged the recent technological advances in other omics technologies, to improve the detection of rare non-coding pathogenic variants and to help in their functional characterization [START_REF] Karczewski | The mutational constraint spectrum quantified from variation in 141,456 humans[END_REF][START_REF] Hasin | Multi-omics approaches to disease[END_REF][START_REF] Gonorazky | Expanding the Boundaries of RNA Sequencing as a Diagnostic Tool for Rare Mendelian Disease[END_REF][START_REF] Eddy | Integrated multi-omics approaches to improve classification of chronic kidney disease[END_REF][START_REF] Kerr | A scoping review and proposed workflow for multi-omic rare disease research[END_REF] . For example, RNA-sequencing allows the detection of aberrant gene expression and splicing patterns, and may be exploited to potentially identify causal variants [START_REF] Marco-Puche | RNA-Seq Perspectives to Improve Clinical Diagnosis[END_REF][START_REF] Kremer | Genetic diagnosis of Mendelian disorders via RNA sequencing[END_REF] . The continuously increasing usage of genomic, transcriptomic and proteomic approaches has led to the parallel development of computational methods to analyze such large scale datasets, by intensively relying on machine-learning algorithms. As examples, Outrider [START_REF] Brechtmann | OUTRIDER: A Statistical Method for Detecting Aberrantly Expressed Genes in RNA Sequencing Data[END_REF] and FRASER 575 use auto-encoders to model expected gene expression profiles and to detect abnormal expression, alternative splicing and intron retention events from RNA-sequencing. Furthermore, multi-omics approaches, mainly combining WGS with other omics, proved valuable in the identification of non-coding pathogenic variants causing Mendelian diseases in patients and families with previously unresolved genetic diagnosis [START_REF] Karczewski | Integrative omics for health and disease[END_REF] . For example, WGS analysis informed with RNA-sequencing improved the diagnosis rates in families with congenital retinal degenerations [START_REF] Bronstein | A combined RNA-seq and whole genome sequencing approach for identification of non-coding pathogenic variants in single families[END_REF] . On the same line, the guided analysis of WGS by gene modules impacting the connectome of patients (i.e. the map of neural interactions within the brain of individuals captured through magnetic resonance imaging [START_REF] Martino | Unraveling the Miswired Connectome: A Developmental Perspective[END_REF] ) allowed the identification of pathogenic variants causing congenital heart diseases, and also provided insights about the genes and functions responsible for the observed comorbidities [START_REF] Ji | De novo damaging variants associated with congenital heart diseases contribute to the connectome[END_REF] . Globally, these studies showed that contextualizing the variant prioritization process with multiple layers of information provided substantial improvements in the diagnosis and understanding of the studied diseases. However, they also warn about the importance of extracting such information from tissues relevant for the studied diseases, due to the high cell-type specificity of gene and protein expression patterns and metabolic profiles [START_REF] Gonorazky | Expanding the Boundaries of RNA Sequencing as a Diagnostic Tool for Rare Mendelian Disease[END_REF][START_REF] Karczewski | Integrative omics for health and disease[END_REF][START_REF] Bronstein | A combined RNA-seq and whole genome sequencing approach for identification of non-coding pathogenic variants in single families[END_REF] (Chapter 1: Section 2.3). While the relevant tissues might have been identified for well-defined diseases, many less known disorders and syndromes are actually lacking such description [START_REF] Hekselman | Mechanisms of tissue and cell-type specificity in heritable traits and diseases[END_REF][START_REF] Karczewski | Integrative omics for health and disease[END_REF] . Indeed, despite the availability of many cell-type specific reference datasets generated by large scale projects such as GTEx, ENCODE or FANTOM, the identification of disease-relevant tissues, especially in Mendelian diseases, is an ongoing challenge, mostly due to the very limited number of affected individuals and to the heterogeneous clinical manifestations of many such diseases [START_REF] Brainstorm Consortium | Heritability enrichment of specifically expressed genes identifies disease-relevant tissues and cell types[END_REF] . Nevertheless, GenoNet and its further developments, among other approaches [START_REF] Brainstorm Consortium | Heritability enrichment of specifically expressed genes identifies disease-relevant tissues and cell types[END_REF] , could help in the identification of disease-relevant tissues.

Pathogenicity scores of non-coding SNVs can be used in different ways, e.g. as weights in variant aggregation tests (Chapter 1: Section 3.2.1) or for variant prioritization in WGS studies within more complex frameworks such as Genomiser [START_REF] Smedley | A Whole-Genome Analysis Framework for Effective Identification of Pathogenic Regulatory Variants in Mendelian Disease[END_REF] (Chapter 1: Section 3.2.2.2). Those scores that mainly rely on sequence conservation (such as NCBoost) may be in turn used as indicators of the functional importance of the corresponding sequence. However, recent works showed that the ability of conservation-based pathogenicity scores used to identify functional variants was poor and highly varying across the different associated genes and non-coding elements [START_REF] Litterman | A massively parallel 3 UTR reporter assay reveals relationships between nucleotide content, sequence conservation, and mRNA destabilization[END_REF][START_REF] Kircher | Saturation mutagenesis of twenty disease-associated regulatory elements at single base-pair resolution[END_REF] . Indeed, in their study, Kircher and colleagues [START_REF] Kircher | Saturation mutagenesis of twenty disease-associated regulatory elements at single base-pair resolution[END_REF] analyzed the impact of non-coding variants located in promoters or enhancers of 20 different disease genes on the corresponding gene expression levels through MPRA performed in disease-relevant tissues. They assessed the overlap between i) the impact of non-coding variants on gene expression, ii) interspecies sequence conservation using PhastCons in vertebrates, mammals and primates, iii) pathogenicity scores, including CADD, DeepSEA, Eigen and ReMM and iv) predicted and known TFBS. As expected, the authors observed that most variants with high effect on gene expression were disrupting or creating TFBS within the assayed enhancers and promoters. However, they also observed that the ability of both conservation features and pathogenicity scores to detect functional variants was limited and highly varying across genes and promoters, as demonstrated by the two following examples. First, non-coding variants of the promoter of the F9 gene, coding for Factor IX and naturally synthesized in the liver, have been shown to associate with juvenile hemophilia [START_REF] Funnell | Hemophilia b Leyden and once mysterious cis-regulatory mutations[END_REF] . The saturated mutagenesis performed on the F9 promoter in HepG2 cells (hepatic cancer cell line) highlighted two main regions where non-coding variants resulted in the substantial reduction of gene expression. These two regions correspond to two different clusters of TFBS, the first mainly binding Erythroblast Transformation Specific (Ets) related factors, and the second binding a steroid hormone receptor (HNF4a). Previously identified non-coding variants in HNF4a were shown to cause the juvenile hemophilia, while no variants were described in the other region [START_REF] Kircher | Saturation mutagenesis of twenty disease-associated regulatory elements at single base-pair resolution[END_REF][START_REF] Reijnen | Disruption of a binding site for hepatocyte nuclear factor 4 results in hemophilia b Leyden[END_REF] . While the functional evidences, under the form of TFBS overlap and impact on gene expression, are consistent, sequence conservation and pathogenicity scores were only highlighting the HNF4a region. However, the effect on gene expression of variants in both regions were comparable. Second, familial hypercholesterolemia is a monogenic dominant disorder caused by mutations in the low-density lipoprotein receptor (LDLR) gene, and lead to early cardiovascular diseases. Saturated mutagenesis was performed on the LDLR promoter in HepG2 cells, which are usually used for LDLR studies. The analysis of the different functional (i.e. impact on gene expression and TFBS), conservation and pathogenicity scores appeared to concord much more than for the F9 promoter, consistently detecting the different functional elements composing LDLR promoter. However, the analysis of the other disease-gene regulatory elements yielded variable results regarding the concordance of functional, conserved and pathogenic evidence, with a noticeably better agreement in promoters than in enhancers.

According to the authors, these differences suggest drawbacks in the use of such metrics for the identification of non-coding pathogenic variants. However, the generality of such conclusion remains unclear and can be debated mostly due to the limitations associated to the disease genes and experimental designs on which they are based. First, the set of studied diseases is highly heterogeneous in terms of inheritance mode, prevalence, genetic architecture and severity. Indeed, most of the considered disease-genes are disease risk factors with low penetrance, while few of the studied genes cause monogenic, dominant or severe diseases. This heterogeneity might contribute to the differences observed between and within the assessed regulatory regions. Variants causing severe diseases are more likely to be detected by conservation and pathogenicity scores than variants causing milder disorders. In addition, variants following a dominant mode of inheritance are more likely to lie in constrained regions than recessive variants [START_REF] Furney | Differences in the evolutionary history of disease genes affected by dominant or recessive mutations[END_REF][START_REF] Quinodoz | DOMINO: Using Machine Learning to Predict Genes Associated with Dominant Disorders[END_REF][START_REF] Blekhman | Natural Selection on Genes that Underlie Human Disease Susceptibility[END_REF] . Eventually, variants associated with monogenic disease genes are more likely to be located in conserved regions than variants affecting complex diseases genes [START_REF] Blekhman | Natural Selection on Genes that Underlie Human Disease Susceptibility[END_REF][START_REF] Chen | Human Monogenic Disease Genes Have Frequently Functionally Redundant Paralogs[END_REF] . Second, only interspecies conservation features were considered in these analysis, therefore underestimating the recent or ongoing purifying selection on recently acquired regulatory elements. Third, although the authors cautiously chose cell lines relevant for the studied diseases, experiments were carried in vitro, and the genetic constructs were inserted under the form of circular plasmids. Consequently, the experiments were performed in non-endogenous cellular conditions and genetic interactions, therefore they were only partially representing the normal regulatory and developmental context of the studied genes (Chapter 1: Section 1.3.4.4). Fourth, promoters and enhancers were assayed using the same approach, i.e. placing the studied regulatory element directly before the reporter gene, allowing a direct comparison between the different enhancers and promoters. However, the transcription activity at promoters and enhancers is highly different: promoters allow the direct transcription of the regulated gene, while enhancers only regulate gene expression at other loci (Chapter 1: Section 1.3). This intrinsic difference in the regulatory mechanism of enhancers and promoters might partly explain why the already limited agreement between the different types of evidence (i.e. functional, evolutionary and putative pathogenicity) is even poorer in enhancers than in promoters.

The increasing use of various sequencing technologies and the development of computational methods specific to the study of Mendelian diseases allowed to improve the identification of causal non-coding variants and genes and the diagnosis of rare disease patients [START_REF] Claussnitzer | A brief history of human disease genetics[END_REF]557 . Nevertheless, the identification of pathogenic non-coding variants in rare diseases remains a complex process. The heterogeneity of these diseases, regarding their severity, genetic architecture (i.e. the number of genes and variants involved as well as their epistatic interactions) and their inheritance pattern (i.e. dominant, recessive), impact the performance of different approaches to identify them. First of all, different diseases impact the fitness of the affected individuals depending on their severity, resulting in varying degrees of purifying selection of the causal loci. Thus, the ability of conservation features and associated scores (e.g. NCBoost, REMM, and others) to detect pathogenic variants becomes intrinsically limited by the severity of the studied diseases. Then, it is becoming more and more recognized that many rare diseases are not strictly monogenic, but are either caused by mutations in several genes or modulated by other genes and variants [START_REF] Claussnitzer | A brief history of human disease genetics[END_REF][START_REF] Tam | Benefits and limitations of genomewide association studies[END_REF][START_REF] Boyle | An Expanded View of Complex Traits: From Polygenic to Omnigenic[END_REF][START_REF] Papadimitriou | Predicting disease-causing variant combinations[END_REF][START_REF] Gazzo | Understanding mutational effects in digenic diseases[END_REF] . These alternative genetic architectures can result in incomplete penetrance, highly heterogeneous phenotypes [START_REF] Lupski | Clan Genomics and the Complex Architecture of Human Disease[END_REF] or follow non-Mendelian inheritance pattern [START_REF] Van Heyningen | Mechanisms of non-Mendelian inheritance in genetic disease[END_REF] . By definition, oligogenic diseases are caused by the additive or epistatic effect of variants impacting several genes, suggesting that the individual effect of variants, independently considered, is not sufficient to cause observable traits as noticeable or damaging as the disease itself (assuming that these variants are not pleiotropic and thus not causing a different monogenic disease). Consequently, the individual effect of variants causing oligogenic diseases would be less severe than variants causing monogenic diseases, resulting in less stringent purifying selection at the corresponding loci. Furthermore, oligogenic diseases can be caused by the interaction between rare and common variants [START_REF] Keogh | Oligogenic genetic variation of neurodegenerative disease genes in 980 postmortem human brains[END_REF] . Due to this heterogeneity, methods aiming at the detection of rare disease-causing variants usually focus on specific types of diseases, such as monogenic (e.g. NCBoost) or digenic diseases [START_REF] Papadimitriou | Predicting disease-causing variant combinations[END_REF] . While a general method that identify non-coding causal variants across disease types would be of great interest in the diagnosis of genetic diseases, such development seems currently utopic. Indeed, such approach would not only require numerous and well-characterized reference variants from the different disease classes, but also the prior identification of features relevant to the different classes. At the opposite, the development of computational methods specific to single diseases or groups of related diseases might appear relevant, as they would allow the usage of finer hypotheses, the selection of specific features, and the prioritization of variants in relevant gene modules. Although disease-specific methods have been developed for the identification of coding variants, for example in inherited cardiac conditions [START_REF] Whiffin | CardioClassifier: Disease-and gene-specific computational decision support for clinical genome interpretation[END_REF] or autoimmune diseases [START_REF] Stafford | A systematic review of the applications of artificial intelligence and machine learning in autoimmune diseases[END_REF] , none were -to my knowledge -developed for non-coding variants. As illustrated in this thesis, high-quality rare pathogenic non-coding variants are scarce and causing a wide range of diseases. Therefore, the development of any such disease-specific method would rely on even fewer variants and associated genes, consequently decreasing the variety of training examples. Smaller training sets may translate in higher overfitting, leading to classifiers able to detect variants in genes that were present in the training set, but poorly performing on others genes. Nevertheless, considering the current boom in large-scale genomic projects and the increasing use of WGS in rare disease studies, we can expect that many more pathogenic non-coding variants will soon be identified, maybe therefore allowing the development of disease-specific methods [START_REF] Claussnitzer | A brief history of human disease genetics[END_REF]557 .

The first part of this thesis consisted of the development of a computational approach to identify rare pathogenic non-coding variants. The resulting method, NCBoost, scores non-coding variants based on evolutionary conservation at several levels, and can be used to prioritize non-coding variants in individual WGS or to weight variants in rare variant aggregation tests (Chapter 1: Section 3.1). Although NCBoost performs robustly and substantially better than other reference methods in the different scenarii considered herein, its capacities remain limited, and several lines of improvement can be proposed. Firstly, the gene-mapping of variants, based on physical distance, is likely to restrict the identification of trans-acting variants located in intergenic regions or in other genes. This process could be improved by a two-step mapping, that would, by default, map variants to their closest gene, but in the case where the considered variant overlaps with a known enhancer or promoter, it would map this variant to the associated gene. Secondly, regarding the classifier algorithm: in this work, the choice of xgboost [START_REF] Chen | XGBoost: A Scalable Tree Boosting System[END_REF] was motivated by several factors: i) its good performance [START_REF] Pafka | Simple/limited/incomplete benchmark for scalability, speed and accuracy of machine learning libraries for classification[END_REF] , as demonstrated by its dominance of learning challenges [START_REF] Nielsen | Tree Boosting With XGBoost -Why Does XGBoost Win "Every" Machine Learning Competition?[END_REF] , ii) its ability to handle sparce data and to learn from missing data, iii) its ability to perform both L1 and L2 regularizations, resulting in simple and interpretable models, and iv) its ability to work with non-transformed quantitative and qualitative features [START_REF] Chen | XGBoost: A Scalable Tree Boosting System[END_REF][START_REF] Cortes | Regularized Gradient Boosting[END_REF] . Nevertheless, the choice of xgboost was performed (in 2016) following a shallow benchmark with other available methods, such as SVM, random forest and ANNs, and was not revisited thereafter. However, more recent development, especially regarding the interpretability of NN through the analysis of the position weight matrices or other methods [START_REF] Blum | Neural networks with circular filters enable data efficient inference of sequence motifs[END_REF] , could represent an interesting alternative to xgboost, especially regarding their ability to use nucleotide sequences of various sizes. Thirdly, additional features could be introduced, such as the population-specific mutation rate of the locus based on its sequence context [START_REF] Aggarwala | An expanded sequence context model broadly explains variability in polymorphism levels across the human genome[END_REF] , or the overlap with known pathogenic copy number variations. Finally, thanks to recently released large-scale and more comprehensive datasets (e.g. GnomAD, UK100K Genome Project 557 ), several features used in this work, such as the different recent selection features (e.g. Fu & Lis and Tajimas) or some gene-based features (e.g. the gene age) could be reassessed to obtain more accurate estimates, finer resolution and a more consistent genomic coverage.

The second part of this thesis consisted of the data-driven analysis of non-genetic and genetic factors impacting the inter-individual heterogeneity of plasma protein levels in the general population, and their potential role in disease. This work was performed as part of the Milieu Intérieur project [START_REF] Thomas | The Milieu Intérieur study An integrative approach for study of human immunological variance[END_REF] , which aims at characterizing the heterogeneity of the immune response in healthy individuals. First, we identified 20 protein-specific non-genetic factors associated with inter-individual plasma protein heterogeneity and quantified their contribution in the observed variability. We replicated previous works that highlighted the importance of age and sex on plasma protein levels, and we also found that circulating blood cells contributed more to the total variability of plasma proteins than age or sex. We, then, performed the genome-wide association testing of 229 plasma proteins, and identified 100 cis-and 12 trans-pQTLs collectively associated with 84 plasma proteins, among which 30% were not previously identified as pQTLs.

Next, the differential analysis of the mapped pQTLs showed that circulating cell counts acted as covariates of several pQTL associations and could act as confounding factors, highlighting their relevance in the mapping of trait-associated loci. Notably, we found that the identified pQTLs were enriched in disease-associated loci, and that 8 of them were associated with Mendelian disease genes or primary immunodeficiency genes, suggesting a potential role of these pQTLs as disease-predisposing or -modifying factors.

We identified non-genetic factors associated with plasma protein level heterogeneity.

First, we assessed the effect of age and sex on individual proteins and as a whole, and found that these factors had a pervasive and highly heterogeneous impact on plasma protein levels (Chapter 3, Figure 1; Annex 2: Table S1), consistent with previous studies [START_REF] Sun | Genomic atlas of the human plasma proteome[END_REF][602][START_REF] Suhre | Connecting genetic risk to disease end points through the human blood plasma proteome[END_REF][START_REF] Bjelosevic | Quantitative Age-specific Variability of Plasma Proteins in Healthy Neonates, Children and Adults[END_REF] . Next, we assessed the potential interest of other extrinsic and intrinsic non-genetic variables, such as environmental and life-style factors, blood enzymes and chemicals, and medical history. We identified 20 intrinsic factors (e.g. anthropometric variables, blood lipid levels and blood enzymes) associated with specific plasma proteins and contributing heterogeneously to their observed inter-individual variability (Chapter 3: Figure 1). Overall, these factors inform on the global health status of individuals, and often even mirrored the biomarker use of their associated proteins. For example, adiponectin a protein secreted by adipocytes and widely used as biomarker of diseases related to obesity [START_REF] Kishida | Adiponectin as a routine clinical biomarker[END_REF] , was here associated with individuals abdominal circumference, BMI, HDL, triglycerides and urate levels (Annex 2: Table S2), all of which are also indicators of obesity and obesity-related diseases [START_REF] Bora | Association of Decreased High-Density Lipoprotein Cholesterol (HDL-c) With Obesity and Risk Estimates for Decreased HDL-c Attributable to Obesity: Preliminary Findings From a Hospital-Based Study in a City From Northeast India[END_REF][START_REF] Klop | Dyslipidemia in Obesity: Mechanisms and Potential Targets[END_REF][START_REF] Ali | Prevalence of hyperuricemia and the relationship between serum uric acid and obesity: A study on Bangladeshi adults[END_REF][START_REF] Zaghlool | Elucidating the genetic risk of obesity through the human blood plasma proteome[END_REF] . Next, considering the large proportion (62%) of immune-related proteins among the studied plasma proteins, we assessed the contribution of 7 major circulatory cell sub-populations (e.g. leukocytes, lymphocytes, monocytes, three types of polymorphonuclear cells and platelets) to plasma protein inter-individual variability. We found that the size of these sub-populations explained on average 3.6% of the observed inter-individual variability of plasma protein levels, and that this effect was substantially higher in immune-related proteins (Chapter 3: Figure 1 & Annex 2: Table S1).

Then, based on previous studies showing that the size of circulating blood cell subpopulations was mainly driven by genetic factors [START_REF] Milieu Intérieur | Natural variation in the parameters of innate immune cells is preferentially driven by genetic factors[END_REF] , we hypothesized that genetic factors impacting the size of these sub-populations could potentially translate on the levels of secreted proteins. Accordingly, we performed the genome-wide association testing of plasma proteins, systematically accounting for the size of the different circulatory blood-cell sub-populations, in addition to the 20 intrinsic protein-specific variables identified (Chapter 3: Figure 2 & Annex 2: Table S2). We detected 112 pQTLs involving 87 proteins (Chapter 3: Figure 3 & Annex 2: Table S3), of which 29 proteins were not previously reported as associated with genetic variants (Chapter 3: Figure 4). The identified pQTLs contributed on average around 15% of the inter-individual variability of the associated proteins. Furthermore, the differential analysis of pQTLs mapped with or without accounting for circulatory cell populations showed that circulatory cell sub-populations were likely to be the confounders of some detected genetic effects, highlighting the importance of accounting for such factors in the search for direct genetic effects (Annex 2: Table S4).

Eventually, considering the important roles of plasma proteins in human health (e.g. in the immune response [START_REF] Belardelli | Role of interferons and other cytokines in the regulation of the immune response[END_REF][START_REF] Ray | Differential expression of serum/plasma proteins in various infectious diseases: Specific or nonspecific signatures[END_REF] , homeostasis [START_REF] Davie | Introduction to the blood coagulation cascade and cloning of blood coagulation factors[END_REF] and metabolism regulation [START_REF] Qaid | Role of insulin and other related hormones in energy metabolism -a review[END_REF] ), we assessed the potential links of the identified pQTLs with diseases. First, we found that both cis-and trans-pQTLs identified in this work were highly enriched in disease-associated variants (Chapter 3: Figure 5). These co-localization signals could however merely reflect associations without a causative disease role. Thus, the potential mechanistic link between these plasma proteins and the pQTLs identified in the development of the corresponding diseases would require further investigation. In addition, the set of proteins studied therein only represents a small part of the overall population of plasma proteins. Therefore, the detected enrichment could only be reflecting an experimental selection bias toward the selection of disease-causing or disease-associated plasma proteins. Second, several novel pQTLs identified in this work and detailed in the Discussion of Chapter 5 were associated with known monogenic Mendelian disease genes and primary immunodeficiency genes. Such pQTLs could potentially act as disease risk or protective factors. While these examples are speculative, other plasma proteins have been shown to act as immune disease modulators, such as the role of interleukin 10 (IL10) in rheumatoid arthritis. Rheumatoid arthritis is a complex autoimmune inflammatory disease that mainly affects the joints and the skin, and is caused by the dysregulation of both innate and adaptive immune systems [START_REF] Firestein | Immunopathogenesis of Rheumatoid Arthritis[END_REF] . So far, many genetic, endogenous and exogenous factors have been shown to be linked to the onset of rheumatoid arthritis. In addition, non-coding variants in the promoter of IL10 have been shown to increase IL10 expression and plasma levels, resulting in the over-stimulation of B cells and translating in elevated levels of auto-antibodies, further enhancing the inflammatory process and the destruction of joints [START_REF] Lard | Association of the -2849 interleukin-10 promoter polymorphism with autoantibody production and joint destruction in rheumatoid arthritis[END_REF] . This additional example, along with the other instances described in the Discussion of Chapter 5, indicate that plasma proteins are clinically relevant and highlight the importance of the characterization of the different factors impacting their expression.

In order to identify causal genetic variants affecting plasma protein levels, potential confounding factors have to be identified and accounted for during their genetic mapping.

Here, we took the conservative decision to consider as covariates all non-genetic factors associated with the plasma levels of a given protein, hence potentially over-correcting our dependent variables and consequently missing some pQTLs, but ensuring the detection of bona fide genetic associations (i.e. not driven by the considered non-genetic factors). However, due to the heterogeneous functions of the proteins studied in our study (e.g. immune-related, hormones and hormone transporters, extracellular matrix, metabolic regulators), we hypothesized that non-genetic factors would associate only with specific proteins (e.g. apolipoprotein B plays a key role in the plasmatic transport of lipids and is likely to associate with the different plasma lipids levels [START_REF] Whitfield | Lipid Disorders and Mutations in the APOB Gene[END_REF] , while the different interleukins considered in this work are not). Consequently, to identify such factors, we independently modeled the different proteins, testing for potential associations with the different non-genetic factors. In addition, non-genetic factors are often related and co-varying among themselves (e.g. the plasma levels of LDL, triglycerides and cholesterol are varying altogether [START_REF] Brewer | Clinical significance of plasma lipid levels[END_REF][START_REF] Iwatani | Novel mass spectrometrybased comprehensive lipidomic analysis of plasma from patients with inflammatory bowel disease[END_REF][START_REF] Zhang | TRIB1 and TRPS1 variants, g OE g and g OE e interactions on serum lipid levels, the risk of coronary heart disease and ischemic stroke[END_REF] ), and sometimes with plasma protein levels (e.g. all blood lipids are correlated with apolipoprotein B levels, which play a key role in the plasmatic transport of lipids [START_REF] Whitfield | Lipid Disorders and Mutations in the APOB Gene[END_REF] ). In order to identify relevant variables among the large (N = 285) and multicollinear set of non-genetic variables, we modeled each protein through an elastic-net, an intermediate regression model between ridge and lasso regression, which performs feature selection and handles multicollinearity [START_REF] Zou | Regularization and variable selection via the elastic net[END_REF] . While ridge regression models consider the weighted sum of all provided independent variables (i.e. L2 regularization) [START_REF] Hoerl | Ridge Regression: Biased Estimation for Nonorthogonal Problems[END_REF] , lasso regression models only integrate independent variables deemed relevant by the learner, while dropping the others (i.e. L1 regularization) [START_REF] Tibshirani | Regression Shrinkage and Selection Via the Lasso[END_REF] .

Elastic-net combines both regularization approaches, providing a linear model of relevant weighted features. However, the resulting protein-specific models appeared to integrate many non-genetic variables, many of which were poorly explaining the variability of the associated proteins. A deeper analysis of these dubious associations revealed that the corresponding non-genetic variables were actually explaining the variability of the associated protein for one or few individuals with extreme plasma protein levels. Indeed, elastic-net would select all non-correlated explanatory variables, although independent variables explaining small amounts of the overall protein level variability would receive low weights. In order to obtain models with a lower complexity than the models derived from elastic-net, we chose to select non-genetic factors through pairwise linear regression against each protein, and we handled the sensitivity to outliers of linear regression by systematically removing extreme values at both ends of the protein level distribution (Chapter 5: Methods). Relevant protein-specific non-genetic factors were selected using a stringent statistical threshold. Although providing less complex and more interpretable models, this latter approach did not prevent the selection of correlated non-genetic variables. While multicollinearity is not an issue for the genetic mapping, it constitutes a substantial hurdle to quantify the contribution of each independent variable to the interindividual heterogeneity of the associated plasma protein levels. Indeed, most methods measuring the contribution of independent variables to the variability of the dependent variable (i.e. the coefficient of determination, or R 2 will either over-or under-estimate i) the contribution of correlated variables to the model or ii) the total variability explained by the model 623 . To handle this issue, we used the correlation-adjusted marginal correlation (CAR score [START_REF] Zuber | High-Dimensional Regression and Variable Selection Using CAR Scores[END_REF] ), that provides decorrelated estimates of the contribution of each independent variable, while preserving the models total explained variability. Thanks to this approach, we were able to assess in a more accurate way the independent and total contribution to the plasma protein inter-individual variability of the different nongenetic and genetic variables.

However, the observations resulting from such work should be used with caution. Indeed, the analysis performed in this thesis does not establish causal relations between variables, but rather highlights co-occurring factors and correlated processes. While it is reasonable to argue about the existence and directionality of a causal link between the identified genetic loci and their associated plasma proteins, the reported associations between plasma proteins, genetic variants, blood cells and other non-genetic factors should be further assessed through, for example, Mendelian randomization [START_REF] Koellinger | Mendelian randomization: The challenge of unobserved environmental confounds[END_REF] , and experimentally investigated in order to establish any existing causality. Furthermore, the ~720,000 common SNVs assessed in this work through genotyping do not constitute an exhaustive sampling of the individuals variations, and the identified pQTLs merely represent a set of co-segregating variants, any of which could be responsible for the detected associations. The fine-mapping of trait-associated variants is a real challenge, that shares many limitations with the identification of rare disease-causing variants [START_REF] Broekema | A practical view of fine-mapping and gene prioritization in the post-genome-wide association era[END_REF] . Indeed, the effects of regulatory variants are often tissue-or context-specific, and their characterization should be performed in a context relevant to the considered trait, such as circulating blood cells for the present study. Although several computational methods were recently developed to help in this process [START_REF] Xu | Co-localization between Sequence Constraint and Epigenomic Information Improves Interpretation of Whole-Genome Sequencing Data[END_REF][START_REF] He | A semi-supervised approach for predicting cell-type specific functional consequences of non-coding variation using MPRAs[END_REF][START_REF] Backenroth | FUN-LDA: A Latent Dirichlet Allocation Model for Predicting Tissue-Specific Functional Effects of Noncoding Variation: Methods and Applications[END_REF] , current limits in terms of available disease-and tissue-specific datasets hinder the experimental characterization of many trait and associated variants [START_REF] Broekema | A practical view of fine-mapping and gene prioritization in the post-genome-wide association era[END_REF][START_REF] Dourlen | Using High-Throughput Animal or Cell-Based Models to Functionally Characterize GWAS Signals[END_REF] .

The analysis presented in the second part of this thesis allowed the identification of non-genetic and genetic factors impacting plasma protein levels. Nevertheless, several limitations inherent to the experimental design of this study are worth noticing.

Starting with the sampling of both proteins and genetic variants that is biased toward well-characterized proteins and SNPs, limiting the identification of causal variants and the generalization of the results presented therein to different classes of proteins (e.g. plasmatic or immmune-related), regarding the impact of non-genetic and genetic factors.

Second, the plasma protein levels were assessed only in 400 out of the 1,000 individuals from the Milieu Intérieur cohort, resulting in a limited statistical power to detect genetic associations. Third, this sub-cohort of 400 people is composed of 200 individuals from 30 to 39 years of age, and 200 individuals from 60 to 69 years of age, therefore not covering the full spectrum of natural plasma protein variations across adulthood. To overcome these limitations and provide unbiased results, a future study should consider to use a combination of whole genome sequencing to capture all variants and allow the identification of causal SNVs through fine-mapping, together with mass-spectrometry to detect virtually all plasma proteins [START_REF] Geyer | Plasma Proteome Profiling to Assess Human Health and Disease[END_REF] . In addition, if performed within the Milieu Intérieur cohort, such study would benefit from incorporating all 1,000 individuals, in order to increase the statistical power of the study, and also to provide a continuous overview of plasma protein variations across most of human lifespan.

CHAPTER 7 Conclusions

From the evidence provided in this manuscript and in the settings described herein, and considering the aspects discussed in the corresponding Discussion sections, the Conclusions of this thesis are:

• The manual curation of pathogenic non-coding variant databases revealed that only a limited amount monogenic Mendelian disease-causing non-coding variants had currently been characterized, associated with an even more restricted set of genes.

Furthermore, the vast majority of the curated variants were located proximally to their associated gene.

• A gradient-tree boosting approach leveraging interspecies sequence conservation and recent and ongoing selection in humans was able to identify disease-causing non-coding variants. The developed method outperformed state-of-the-art methods in multiple context and different scenarii.

• The comparison of the score attributed by the different state-of-the-art methods across different non-coding elements showed that the these elements were a major confounding factor in the scoring process for which the positive and negative training sets should be matched.

• In spite of its robust performance, the current approach remains limited and several lines of improvements could be investigated, such as the considered sets of selection features or of epigenetic features, or in the underlying machine-learning model used.

• A well characterized cohort of healthy individuals allowed to characterize nongenetic factors associated with plasma protein levels and to identify novel genetic variants partly explaining the inter-individual heterogeneity.

• Non-genetic factors informing about the global health status of individuals, such as anthropometric variables, blood enzymes, chemicals and lipids, were associated with few specific proteins. As identified in previous studies, we observed a pervasive of age and sex on plasma protein levels. Furthermore, we found that circulatory cell counts explained a substantial part of the variability of plasma protein, and especially of immune-related proteins.

• The differential analysis performed on pQTLs showed that the population size of different circulatory cells can act as mediators of genetic effects and play a important role as confounding factors in the mapping of pQTLs.

• The pQTLs identified in this work partly replicate previous large scales studies on plasma proteins and also provide new additional pQTLs associated with proteins present in these studies.

• Both cis-and trans-pQTLs mapped in this work are enriched in diseases-associated variants, proposing a potential functional interpretation of the underlying disease mechanisms and suggesting a putative role of plasma proteins in the corresponding diseases.

• We identified some novel pQTLs associated with monogenic Mendelian disease genes and primary immunodeficiency genes. These pQTLs could act as disease modifiers and potentially explain the heterogeneity of disease manifestations and the penetrance of associated causal variants. S3 reports the two-sided Wilcoxon test p-values evaluating the null hypothesis that the median pathogenicity score distribution in 5'UTR for common non-coding SNVs is different from the corresponding distribution for pathogenic variants in the 5 types of genomic regions evaluated, i.e: intergenic, intronic, 3'UTR, 5'UTR and upstream. S3 reports the two-sided Wilcoxon test p-values evaluating the null hypothesis that the median pathogenicity score distribution in 5'UTR for common non-coding SNVs is different from the corresponding distribution for pathogenic variants in the 5 types of genomic regions evaluated, i.e: intergenic, intronic, 3'UTR, 5'UTR and upstream. Benchmark against n=187 high-confidence pathogenic variants curated in this work not overlapping with the HGMD-DM set (Figure 1) and the associated 1870 negative variants matched by region (Methods). Three versions of GWAVA are reported ('Unmatched', 'TSS' and 'Region', as described in the original publication 1 ). (B). Benchmark against n=285 high-confidence pathogenic variants curated in this work from Smedley'2016 (Figure 1) and the associated 2850 negative variants matched by region (Methods). and ReMM; see Methods) when tested on the same 'positive set' of n=283 high-confident set of pathogenic non-coding SNVs as in Figure 4 and on a negative set that -rather than of common variantsis composed of 2830 randomly selected rare variants (allele frequency < 1%) matched by region. We note that no re-training of NCBoost was done here but used the same NCBoost ABCD model trained as described for Figure 3 and Figure 4. and ReMM; see Methods) when tested on a set of 149 region-matched pairs of pathogenic and random common variants associated with 54 unique genes. We note that no re-training of NCBoost was done here but used the same NCBoost ABCD model trained as described for Figure 3 and Figure 4.

Fig. S12. Prioritization of 37 recently reported non-coding pathogenic variants in autosomal

chromosomes and its associated 37 internal control negative common variants within simulated disease genomes. The median across the 100 simulated disease genomes of the within-individual rank percentile of a variant (x-axis) is shown for each method evaluated (following the color code indicated in the legend) for each of the 37 recently reported pathogenic SNVs evaluated (solid circles, one line per pathogenic variant as listed in the y-axis) together with the associated common variant used as internal control (diamond symbols). The genomic position and associated gene of the pathogenic variant is indicated. Complete details are provided in Additional File 5: Supplementary Table S5.
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Figure 1 :

 1 Figure 1: Annotation of functional genomic elements. Figure adapted from Kellis et al., 2014 23 . Schematic representation of the proportion of human DNA sequence with genetic (red), evolutionary (blue) and biochemical (pinks) evidence. The black circle represents the whole genome. The different shades of pink represent the proportion of DNA sequences with varying degrees of overlapping biochemical signals from ENCODE. The blue circle represents sequences conserved in mammals (GERP score based on the alignment of 34 species of mammals). The green circle represents coding sequences (as annotated by Gencode). The red striped area is a conceptual representation of the sequences causing a reported alternative phenotype upon alteration (exact statistics for sequences with genetic evidence of functionality and their overlap with other types of evidence are lacking).

Figure 2 :

 2 Figure2: Effect and frequency of genetic variants. Scheme representing the different groups of variants preferentially identified by specific computational approaches. Variants in the orange group require low-power computational approaches, such as aggregation tests or variant scoring (see Section 3.2.1), while variants in the green, blue and yellow groups can be identified through genome wide association studies (see Section 3.3). Variants in the pink group are complex to identify individually, their global impact on phenotypes is currently assessed through aggregation tests.

3. 1

 1 .2.1 -SpliceAI SpliceAI 426 aims at predicting splice acceptors and donors from pre-mRNA sequences, allowing the detection of intronic and deep-intronic variants causing cryptic splicing. It uses a deep residual neural network (a neural network (NN) allowing many layers to be stacked, while resolving many issues due to very deep NN 427 ). The choice of such NN is justified by the length of the analyzed sequences, which span from donor to acceptor site, potentially measuring tens of thousands of nucleotides. The model inputs are one-hot encoded sequences, consisting of the region of interest flanked by 5'000 additional bp on each side. To analyze such long sequences, the NN consists of 4 stacked modules of 4 residual blocks. Each residual block consists of two sequences of batch normalization, ReLU activation and a 32-dilated convolutional layer. The output of each of the 4 modules is added to the input of the forelast layer (skip connections). The forelast layer is connected to the output layer by a convolutional layer with softmax activation. Three scores are produced for each position of the region of interest (length N) by the model: acceptor, donor and neither, under the form of a one-hot encoded matrix of size N*3. Training was performed on annotated pre-mRNA sequences with known

3. 1 . 3 . 1 -

 131 APARENTAlternative PolyAdenylation REgression NeT (APARENT[START_REF] Bogard | A Deep Neural Network for Predicting and Engineering Alternative Polyadenylation[END_REF] ) is a bundle of two convolutional neural networks (CNNs) predicting either the proportions of polyadenylation and cleavage of two competing alternative polyadenylation sites, or the pernucleotide probability of cleavage and polyadenylation occuring at each nucleotide in the input sequence. APARENT models were trained on more than 3 million MPRA constructs, shared across 13 different libraries, each containing one proximal and one distal polyadenylation signal, separated by more than 130 nucleotides. Random sequences of various lengths (from 25 to 45 nucleotides) were inserted upstream and/or downstream of both proximal and distal polyadenylation signals. Several libraries used non-consensual or fully degenerate polyadenylation signals. The two models shared the same infrastructure, at the exception of the output layer. Each model received as inputs

4

  inter-species sequence conservation features, to attribute a pathogenic probability to the SNP through an eXtreme Gradient Boosting (XGBoost 461 ) model. The boosting algorithm consists in the iterative training of weak learners and their weighted aggregation into a strong classifier. At each training iteration, the new learner is trained to propose a better classification of previously misclassified variants in order to improve the overall prediction of the model. In XGBoost, the weak learners take the form of decision trees, which are optimized for accuracy and simplicity through a cost function integrating both a loss function and a regularization term. The regularization term is especially interesting in preventing the selection of features that are not substantially improving the performance of the model. Eigen Eigen 456 non-coding functionality score was trained on unlabeled variants from the 1000 Genome Project 412 and exploits 8 interspecies conservation features and 17 general chromatin profiles. Eigen is based on the assumption that variant annotations are a mixture of two sub-distributions corresponding to functional and non-functional variants, and that the weighted aggregation of such distributions across features would allow the identification of functional variants. The final model consists in the linear combination of annotations, weighted by the individual accuracy of each annotation. Eigen was shown to improve the predictions of GWAS SNPs and eQTL SNPs over its individual annotations, while not improving the predictions of pathogenic variants.

  Fig.2Performance of individual features mined in this work to classify high-confident set of n = 737 pathogenic non-coding SNVs associated with monogenic Mendelian disease genes from a negative set of n = 7370 randomly sampled common SNVs without clinical assertions matched by region. The area under the receiver operating characteristic curve (AUROC; left panel) and the area under the precision-recall curve (AUPRC; right panel) obtained for each feature is represented. Features are gathered according to five categories (A-E; "Methods" section) and ranked within category by decreasing AUROC and AUPRC. AUROC values < 0.5 (anti-classifiers) were transformed in 1-AUROC values for the purpose of this figure and are indicated with an asterisk (*). Accordingly, AUPRC values for anti-classifiers were assessed on the basis of the -1 product transformation. Of note, population-specific GnomAD MAFs ("Methods" section) are not shown for simplicity. One hot-encoded SNV region features (i.e., "intronic," "UTR5," "UTR3," "upstream," "downstream," and "intergenic") are gathered as a single feature labeled as "region"

Fig. 6

 6 Fig.6Prioritization of non-coding pathogenic variants within individual genomes. The median across the 100 simulated disease genomes of the within-individual rank percentile of a variant (y-axis) is shown for 37 recently reported pathogenic variants evaluated (red dots) and their corresponding 37 randomly sampled negative common SNVs mapping within the same non-coding region of the associated genes (blue dots). Boxplots represent the distributions for the different evaluated scores (x-axis). NCBoost scores offered the highest within-individual rank percentiles of pathogenic variants (median 97.04%), with a statistical significant difference (one-sided paired Wilcoxon test p value) as compared to all evaluated reference methods: ReMM (median 96.34%; p value = 3.75e-2), Eigen (median 96.00%, p value = 9.55e-2), DeepSEA (95.3%; p value = 1.96e-3), CADD (median 93.50; p value = 4.03e-3), FunSeq2 (median 89.92; p value = 5.88e-4). All scores showed a statistically significant difference between the median rank percentile distribution of pathogenic and their internal control negative variants (one-sided paired Wilcoxon test): NCBoost p value = 8.04E-07, ReMM p value = 9.71E-05, Eigen p value = 2.28E-05, DeepSEA p value = 7.51E-06, CADD p value = 3.88E-04, and FunSeq2 p value = 6.13E-03. Complete details are provided in Additional file 6: TableS5. An alternative graphical representation pairing each pathogenic variant with is provided in Additional file 2: FigureS12

( 1 )

 1 the open chromatin evidence coming from the open chromatin super track, containing peak signal and Phred-scaled p values of evidence for five open chromatin assays: DNase-seq (EncOCDNase-Sig and EncOCDNasePVal), FAIRE-seq (EncOCFaireSig and EncOCFairePVal), and ChIP-seq using CTCF (EncOCctcfSig and EncOCctcfPVal) and PolII (EncOC-polIISig and EncOCpolIIPVal) and Myc (EncOCmycSig and EncOCmycPVal); (2) The Phred-scaled combined p value of both DNase-seq and FAIRE-seq assays (EncOCCombPVal); (3) The Open Chromatin Code (EncOCC), a metric integrating DNaseI, FAIRE, and ChIP-seq peak evidence of open chromatin; and (4) the maximum nucleosome position score obtained through MNase-seq (EncNucleo), indicating packed chromatin states.

Figure 1 :

 1 Figure 1: Contribution of environmental and genetic components in the variability of plasma protein levels. The variability explained by the associated genetic and non-genetic factors in the levels of 229 plasma protein levels, taken independently (A) or altogether (B). Each vertical bar represents the total variability of a protein, with the contribution of the considered (colored) or other and unknown (grey) factors summing up to 1. Age (blue), sex (brick-red), cis (light brown) and trans (dark brown) pQTLs correspond directly to the assessed relative importance, the cell fractions category (green)represents the cumulated relative importance of lymphocytes, leukocytes, neutrophils, eosinophils, basophils, monocytes and platelets, and the "Others" category (orange) represent the sum of the relative importance all other non-represented variables. In A, the gray area represents 1 minus the sum of all nonconsidered and unknown factors. In B, the "Uncharacterized" category was computed as 1 minus the sum of all other variables or groups of variables.

Figure 2 :

 2 Figure 2: Relative contribution of selected factors in the variability of plasma protein levels.Relative contribution (CAR score) of the 20 significantly associated factors to the variability of plasma protein levels. Variables are sorted depending on the number of significant associations with proteins. The number of proteins significantly associated with each variable is reported on the x axis. The diameter of each dot represents the median relative contribution of the corresponding factor in the variation of the associated plasma proteins

Figure 3 :

 3 Figure 3: Plasma protein QTLs localization and co-regulation. The genomic positions of the cis (blue) and trans (orange) pQTLs identified in this work (x axis) and the genomic location of the gene coding for the associated protein (y axis). The point size is proportional to the association p-value as reflected in the legend.

Figure 4 :

 4 Figure 4: Replication of cis-pQTLs. The percentage of replication of previously reported cisregulated proteins between our analysis and others, at various significance threshold. The percentage of replication is presented for three previous studies: Sun et al., 2018 21 ; Suhre et al., 2017 22 and Deming et al., 201623 . For each dataset, the percentage of replication was computed as the number of significant cis-regulated proteins reported in this work at the corresponding threshold and also reported in the corresponding dataset as cis-regulated (the "replicated" proteins) divided by the total number of proteins reported as cis-regulated in a previous study and also analyzed in our work (the "replicable" proteins). The dashed vertical lines represent the p-value significance threshold corresponding to the FDR of cis-pQTLs (red) and to the nominal replication threshold (orange).

Figure 5 :

 5 Figure 5: Clinical relevance of pQTLs and pGenes. Enrichment in GWAS hits (orange) of cis-pQTLs (A -left) and trans-pQTLs (B -left) in comparison with respectively 10,000 randomly sampled set of cis-SNPs (A -right) and 10,000 randomly sampled set of trans-SNPs (B -right). Empirical resampling p-values are shown.
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The

  NCBoost framework tests the contribution of different sets of features in the prediction of pathogenic non-coding variants. A model solely considering interspecies conservation features provided better predictions than a model only considering purifying selection signals within the human lineage. However, a model leveraging both types of evolutionary scales performed better, suggesting that the selection signals captured by interspecies and within-human features are not fully redundant (Chapter 4: Figure 3). Feature importance analysis of the combined model showed that interspecies and intraspecies selection features contributed almost equally to pinpointing pathogenic variants (Annex 1: Figure

154 SupplementaryFiguresFigure S1 .

 154S1 Figure S1. Relative enrichment of monogenic Mendelian disease genes associated with highconfidence pathogenic non-coding SNVs in haploinsufficient and dominant genes.Barplots showing the distribution of all monogenic Mendelian disease genes (n=3354; abbreviated as MMDG for the purpose of this figure) and those MMDG associated with high-confidence pathogenic non-coding SNVs (n=283) among the following categories: A. Haploinsufficient genes from(1). B. Genes intolerant to heterozygous truncation (pLI>0.9, (2)). One-sided Fisher test p-values assessing the enrichment of monogenic Mendelian disease genes associated with high-confidence pathogenic noncoding SNVs in haploinsufficient and dominant genes were: 1.279e-09 (Panel A), and 0.04107 (Panel B)

Figure S3 .

 S3 Figure S3. Comparative performance of NCBoost models trained upon different sets of features analyzed independently for each source of pathogenic variants. The figure represents the area under the receiver operating characteristic curve (AUROC; Left panels) and the area under the Precision-Recall curve (AUPRC; Right panels) obtained for each of the six feature configurations evaluated (feature categories A, B, A+B, A+B+C, A+B+C+D and A+B+C+D+E) when trained and tested mimicking a ten-fold cross-validation on high-confidence pathogenic noncoding SNVs from the HGMD-DM (Panel A), ClinVar (Panel B) and Smedley'2016 (Panel C) sets.

Figure S4 .

 S4 Figure S4. Features importance analysis of NCBoost.The feature importance represents the average improvement in accuracy brought by a feature to the regression tree branches it is on. A higher value of this metric when compared to another feature implies it is more important for generating an accurate prediction. A. Cumulative feature importance of the feature categories A-E under the six NCBoost feature configurations (A, B, A+B, A+B+C, A+B+C+D and A+B+C+D+E) when trained on n=283 high-confidence pathogenic non-coding SNVs and n=2830 common variants without clinical assertions corresponding to the model performances represented in Figure3. Cumulative importance values were averaged across the 10 independently trained models within the NCBoost bundle, consecutively excluding in each of them 1 of the 10 genome partitions as described in Methods. B. Mean and standard deviation of individual feature importance values across the 10 independently trained models within the NCBoost bundle (feature configuration ABCD), consecutively excluding in each of them 1 of the 10 genome partitions (see Methods).

Figure S5 .

 S5 Figure S5. Correlation structure among the features mined in the work. The figure shows the heatmap representation and associated hierarchical clustering of features based on their Spearman correlation values across the a set of SNVs composed of n=737 non-coding pathogenic variants associated with monogenic mendelian disease genes and n=7370 random common variants.

Figure S6 .

 S6 Figure S6. Distribution of NCBoost scores of non-coding SNVs according to the affected type of genomic region. The figure represents the analogous distributions represented in FigureS2, this time for NCBoost scores. Boxplots in the panels show the genome-wide distribution of per-region median pathogenic scores of all non-coding SNVs associated with a given protein-coding gene. Two sets of non-coding SNVs are represented: n=4'960'178 common SNVs without clinical assertions (collectively associated with 18196 protein-coding genes; in grey) and n=737 high-confidence non-coding pathogenic variants (collectively associated with 282 monogenic Mendelian disease genes; in orange). Six types of genomic regions are depicted: intergenic, intronic, 3'UTR, 5'UTR, upstream and downstream regions of associated genes. The downstream region is however not represented in the case of pathogenic noncoding SNVs due to the low set size. TableS3reports the two-sided Wilcoxon test p-values evaluating the null hypothesis that the median pathogenicity score distribution in 5'UTR for common non-coding SNVs is different from the corresponding distribution for pathogenic variants in the 5 types of genomic regions evaluated, i.e: intergenic, intronic, 3'UTR, 5'UTR and upstream.

Figure S7 .

 S7 Figure S7. Comparative performance of NCBoost against state-of-the-art methods analyzed independently for each source of pathogenic variants. Figure shows the the area under AUROC (Left panels) and the AUPRC (Right panels) obtained for NCBoost (feature configuration ABCD) together with 6 state-of-the-art methods (CADD, DeepSEA, Eigen, Eigen-PC, FunSeq2 and ReMM; see Methods) when tested on high-confidence pathogenic noncoding SNVs from the HGMD-DM set (Panel A), ClinVar (Panel B) and Smedley'2016 (Panel C). The NCBoost model used in each panel as well as the corresponding 'positive' and 'negative' variants correspond to those described in Figure 4 for analogous panels.

Figure S8 .

 S8 Figure S8. Comparative performance of NCBoost against reference supervised methods trained on pathogenic variants highly enriched in Mendelian diseases. Figure shows the area under AUROC (Left panels) and the AUPRC (Right panels) obtained for NCBoost (feature configuration ABCD) together with reference methods based on supervised learning on Mendelian disease variants: ReMM, GWAVA and ncER; see Methods) when tested on highconfidence pathogenic non-coding SNVs non overlapping with their training set.(A). Benchmark against n=187 high-confidence pathogenic variants curated in this work not overlapping with the HGMD-DM set (Figure1) and the associated 1870 negative variants matched by region (Methods). Three versions of GWAVA are reported ('Unmatched', 'TSS' and 'Region', as described in the original publication1 ). (B). Benchmark against n=285 high-confidence pathogenic variants curated in this work from Smedley'2016 (Figure1) and the associated 2850 negative variants matched by region (Methods).

53 Figure S9 .

 53S9 Figure S9. NCBoost capacity to discriminate pathogenic non-coding SNVs seemingly unconstrained in mammals from randomly selected rare variants. Figure shows the AUROC (left panels) and the AUPRC (right panels) obtained for NCBoost (configuration of features ABCD) together with 6 state-of-the-art methods (CADD, DeepSEA, Eigen, Eigen-PC, FunSeq2 and ReMM; see Methods) when tested on the following subsets of the 'positive set' of n=737 high-confident set of pathogenic non-coding SNVs: (A) 234 high-confidence pathogenic variants within the initial set seemingly unconstrained in mammals, defined here as those with PhastCons and PhyloP scores for Mammals below the median value of the 7370 common variants sampled for training (0.001 and -0.014, respectively); and (B) the 503 variants seemingly constrained in mammals, defined here as those with PhastCons and PhyloP scores above such median values. In both cases we used the associated negative set of common variants matched by region as described in Methods. Of note, no selection of negative variants according to PhastCons and PhyloP scores was imposed in either scenario.

Figure S10 .

 S10 Figure S10. NCBoost capacity to discriminate pathogenic non-coding SNVs from randomly selected rare variants.Figure shows the AUROC (Panel A) and the AUPRC (Panel B) obtained for NCBoost (configuration of features ABCD) together with 6 state-of-the-art methods (CADD, DeepSEA, Eigen, Eigen-PC, FunSeq2and ReMM; see Methods) when tested on the same 'positive set' of n=283 high-confident set of pathogenic non-coding SNVs as in Figure4and on a negative set that -rather than of common variantsis composed of 2830 randomly selected rare variants (allele frequency < 1%) matched by region. We note that no re-training of NCBoost was done here but used the same NCBoost ABCD model trained as described for Figure3and Figure4.

Figure S11 .

 S11 Figure S11. NCBoost capacity to discriminate pathogenic and non-pathogenic variants within the same non-coding region of a given gene.Figure shows the AUROC (Panel A) and the AUPRC (Panel B) obtained for NCBoost (configuration of features ABCD) together with 6 state-of-the-art methods (CADD, DeepSEA, Eigen, Eigen-PC, FunSeq2and ReMM; see Methods) when tested on a set of 149 region-matched pairs of pathogenic and random common variants associated with 54 unique genes. We note that no re-training of NCBoost was done here but used the same NCBoost ABCD model trained as described for Figure3and Figure4.
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Table 1 : HGMD non-coding pathogenic variants.

 1 

	Variant type # variants # unique genes	
	DM	1040	335	Distribution of non-coding variants (non-
	DM?	665	314	exonic, non-splice-site) and associated unique genes from the HGMD private database
	DP	866	637	across the different categories of support-
	FP Total	818 4711	491 2017	ing evidence. These numbers correspond to variants from the HGMD release 2020.2, as downloaded the 2020/07/13.

Table 2 : ClinVar non-coding pathogenic variants.

 2 

Scoring of pathogenic non-coding variants with NCBoost Diffusion

  

	2. Identification and characterization of non-genetic and genetic factors associated The work presented in this section was published in 2019, in Genome Biology 462 . It was
	with plasma protein levels in the general population and their potential role in presented orally at JOBIM 2017 and ISMB 2018; and as a poster at RECOMB 2018, at
	rare immune diseases. Specific aims are: ASHG 2018 -where it received a Jury Award -and at GRD 2019. It received scholarships
	from the Société Française de BioInformatique and from the Wellcome Genome Campus.
	2.1 Characterization of the contribution of intrinsic and extrinsic factors to the The NCBoost score and scripts are available at github. The publication supplementary
	natural variation of plasma protein levels observed in the general French popu-tables are available at Genome Biology.
	lation, as represented in the Milieu Intérieur Cohort. Factors here will include:
	age, sex, anthropometric variables, medical history and lifestyle factors, blood
	chemical levels and circulatory cell fractions.
	2.2 Assessment of the association in cis or trans of common genetic variants with
	the heterogeneity of plasma protein levels across individuals (i.e. plasma pro-
	tein quantitative trait loci, pQTLs) controlling for potential confounding fac-
	tors such as non-genetic factors individually associated with protein levels and
	circulatory cell counts.
	2.3 Assessment of the potential clinical relevance of the identified pQTLs as mod-
	ifiers of rare immune diseases and/or modulators of disease penetrance.

CHAPTER 4

Table 1

 1 Natural selection features associated with non-coding single-nucleotide variants mined in this work. Features are classified under different categories depending on the sequence context (i.e., position level, window level, and gene level) and evolutionary scale: interspecies (vertebrates, mammals, and primates, excluding humans), or recent and ongoing natural selection in humans. We note here that the query variant was excluded from the calculations involving mean allele frequencies and mean heterozygosity of a given region and that the variant allele frequency itself was not used as a feature in any training or pathogenicity prediction throughout the study

	Category	Sequence context	Evolutionary	Model Feature abbreviation	Definition	References
			scale		used in this work		
	Position-level and	Position-level	Interspecies	A	GerpS	Base-wise Rejected Substitution (RS)	[63]
	window-level features		(mammals)			score defined by Genomic Evolutionary	
						Rate Profiling (GERP++ scores) from	
						mammalian alignments, excluding	
						humans	
			Interspecies	A	GerpN	Neutral evolution score defined by	[63]
			(mammals)			GERP++, excluding humans	
			Recent and	B	bStatistic	b Statistic: background selection score	[20]
			ongoing in			indicating the expected fraction of	
			humans			neutral diversity that is present at a site,	
						with values close to 0 representing	
						near complete removal of diversity as a	
						result of selection and values near 1	
						indicating little effect. B-statistic was	
						based on human single-nucleotide	
						polymorphism data from Perlegen Sci-	
						ences, HapMap phase II, the Seat-	
						tleSNPs NHLBI Program for Genomic	
						Applications, and the NIEHS Environ-	
						mental Genome Project	
			Interspecies	A	priPhCons	Primate PhastCons conservation score,	[42, 43]
			(primates)			excluding humans	
			Interspecies	A	mamPhCons	Mammalian PhastCons conservation	[13, 14]
			(mammals)			scores, excluding humans	
			Interspecies	A	verPhCons	Vertebrate PhastCons conservation	[42, 43]
			(vertebrates)			score, excluding humans	
			Interspecies	A	priPhyloP	Primate PhyloP conservation score,	[44]
			(primates)			excluding humans	
			Interspecies	A	mamPhyloP	Mammalian PhyloP conservation score,	[44]
			(mammals)			excluding humans	
			Interspecies	A	verPhyloP	Vertebrate PhyloP conservation score,	[44]
			(vertebrates)			excluding humans	
		1000-bp window	Recent and	B	meanDaf1000G	Mean derived allele frequency of	[11]
			ongoing in			variants in 1-kb window region calcu-	
			humans			lated from the 1000 Genomes Project	
						(excluding the query variant)	
			Recent and	B	meanHet1000G	Mean heterozygosity of 1-kb window	[11]
			ongoing in			region calculated from the 1000 Ge-	
			humans			nomes Project (excluding the query	
						variant)	
			Recent and	B	meanMAF1000G	Mean minor allele frequency of variants	[35]
			ongoing in			in 1-kb flanking region calculated from	
			humans			1000 Genomes Project (excluding the	
						query variant)	
			Recent and	B	meanMAFGnomAD	Mean minor allele frequency of variants	[35]
			ongoing in		meanMAF_AFRGnomAD	in 1-kb window region calculated from	
			humans		meanMAF_AMRGnomAD	GnomAD genome data (excluding the	
					meanMAF_EASGnomAD	query variant from the calculation).	
					meanMAF_FINGnomAD	Mean MAF was assessed for the global	
					meanMAF_NFEGnomAD	population and for population-specific	
					meanMAF_OTHGnomAD	frequencies: Africans and African Ameri-	
					meanMAF_ASJGnomAD	cans (AFR), Admixed Americans (AMR),	
						East Asians (EAS), Finnish (FIN), non-	
						Finnish Europeans (NFE), Ashkenazi	

Table 1

 1 Natural selection features associated with non-coding single-nucleotide variants mined in this work. Features are classified under different categories depending on the sequence context (i.e., position level, window level, and gene level) and evolutionary scale: interspecies (vertebrates, mammals, and primates, excluding humans), or recent and ongoing natural selection in humans. We note here that the query variant was excluded from the calculations involving mean allele frequencies and mean heterozygosity of a given region and that the variant allele frequency itself was not used as a feature in any training or pathogenicity prediction throughout the study (Continued)

	Category	Sequence context	Evolutionary	Model Feature abbreviation	Definition	References
			scale		used in this work		
						Jewish (ASJ), and other populations	
						(OTH)	
		30-kb window	Recent and	B	TajimasD_CHB_pvalue	Tajima's D p value: neutrality test that	[65]
			ongoing in		TajimasD_CEU_pvalue	compares estimates of the number of	
			humans		TajimasD_YRI_pvalue	segregating sites and the mean pair-	
						wise difference between sequences.	
						The test is performed within 3 subpop-	
						ulations of the 1000 Genome Project,	
						producing population-specific scores.	
		30-kb window	Recent and	B	FuLisD_CEU_pvalue	Fu and Li's F* p value: neutrality test	[35]
			ongoing in		FuLisD_CHB_pvalue	that compares the number of	
			humans		FuLisD_YRI_pvalue	singletons with the average number of	
					FuLisF_CEU_pvalue	nucleotide differences between pairs of	
					FuLisF_CHB_pvalue	sequences. Fu and Li's D* p value:	
					FuLisF_YRI_pvalue	neutrality test that compares the	
						number of singletons with the total	
						number of mutations in a genomic	
						region within a group. These tests are	
						performed within 3 subpopulations of	
						the 1000 Genome Project, producing	
						population-specific scores.	
		10-bp window	Recent and	B	CDTS	The Context-Dependent Tolerance	[36]
			ongoing in			Score (CDTS) represents the difference	
			humans			between observed and expected varia-	
						tions in Humans. The expected vari-	
						ation is computed for each nucleotide	
						genome-wide as the probability of vari-	
						ation of each nucleotide depending on	
						its heptanucleotide context. CDTS was	
						computed on 11,257 unrelated	
						individuals.	
		75-bp flanking region N/A	D	GC	Percent GC in a window of ± 75 bp	[63]
			N/A	D	CpG	Percent CpG in a window of ± 75 bp	[63]
	Gene-level features	Non-coding region of	Recent and	C	ncRVIS	Non-coding RVIS is a measure of the	[72]
		the closest gene (a)	ongoing in			departure from the genome-wide aver-	
			humans			age number of common variants found	
						in the non-coding sequence of genes	
						with a similar amount of non-coding	
						mutational burden in humans. ncRVIS	
						was computed on an in-house collec-	
						tion of whole genome sequencing of	
						690 individuals.	
			Interspecies	C	ncGERP	Average GERP++ score across a gene's	[46]
			(mammals)			non-coding sequence	
		Coding region of the	Interspecies	C	dN/dS	Primate dN/dS ratio, providing a	[68]
		closest gene	(primates)			measure of the coding-sequence con-	
						servation across primates	
			Recent and	C	pLI	Probability of being loss-of-function in-	[35]
			ongoing in			tolerant (intolerant of heterozygous and	
			humans			homozygous loss-of-function variants),	
						assessed from the ExAC database.	
			Recent and	C	RVIS percentile	Residual Variation Intolerance Score	[71]
			ongoing in			(RVIS) percentile, a measure of the	
			humans			departure from the average number of	
						common functional mutations in genes	
						with a similar amount of mutational	

  et al. reported 1927 pQTLs, resulting from the analysis of 3622 plasma proteins in 3301 individuals; Suhre et al. reported 539 pQTLs from the analysis of 1124 plasma proteins in 1000 individuals; Deming et al. reported 56 pQTLs from the analysis of 146 plasma proteins in 818 individuals; and Zhong et al. reported 144 pQTLs from the analysis of 107 plasma proteins in 101 individuals.
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de nombreuses séquences fonctionnelles, principalement situées dans les exons de gènes codants pour des protéines. Ce travail de compréhension de l'impact de tels variants sur les protéines et phénotypes correspondant a été facilité par notre connaissance du corpus de règles de traduction de la séquence génique en protéines, appelé code génétique.En parallèle, plusieurs travaux ont démontré l'importance du rôle régulatoire des séquences non-codantes dans la dynamique d'expression spatio-temporelle des gènes. Cependant, l'identification et la caractérisation fonctionnelle des séquences non-codantes est complexe: un peu moins de 99% du génome humain est composé de séquences non-codantes, et celles-ci sont très hétérogènes en terme de taille, potentielle fonction et topologie. De plus, les régions non-codantes étant, par définition, non traduite en protéine, aucun code génétique n'aide à leur étude.En conséquence, de nombreuses approches expérimentales ont été développées ces vingt dernières années afin d'étudier les mécanismes de fonctionnement moléculaire de ces différents éléments non-codants. De plus, le développement continu des méthodes de séquençage et la diminution de leur coût a permis leur application de plus en plus systématique à l'étude des maladies génétiques humaines. Ces developpements technologiques ont généré une quantité considérable de données, nécessitant le développement de nombreuses méthodes analytiques et computationnelles dédiées. i Le but de cette thèse est de comprendre le potentiel pathogène des variations génétiques non-codantes de la lignée germinale chez l'humain. Le travail effectué dans le cadre de cette thèse est composé de deux parties principales : i) l'étude de l'impact des variants rares non-codants dans les maladies mendeléiennes et ii) l'étude du rôle des variants communs et des facteurs non-génétiques dans l'expression des protéines plasmatiques liées à l'immunité.Dans la première partie, nous avons développé une méthode de prédiction du potentiel pathogène de variants rares localisés dans les régions non-codantes du génome. Celle-ci à été tout particulièrement conçue pour permettre la detection de telles variations impliquées dans des maladies génétiques rares humaines. En effet, les méthodes de diagnostiques génétiques actuelles, telles que le séquençage de génome entier, produisent une grande quantité de variants rares et spécifiques à chaque individu, nécessitant le développement de méthodes computationelles spécifiques à leur caractérisation fonctionnelle.La méthode présentée dans la première partie de cette thèse repose sur l'observation du niveau de conservation de la séquence génétique entre plusieurs espèces de vertébrés, mammifères et primates, et également entre humains. Dans ce contexte, la conservation de la séquence génétique est utilisée comme mesure de l'importance de la fonction jouée par cette séquence, et donc de sa capacité à générer un phénotype délétère en cas de mutation. De plus, un travail manuel méticuleux de curation des bases de données de variants génétiques rares a été réalisé afin de construire un jeu de donnée de haute qualité, permettant l'entraînement d'une méthode de machine learning, basée sur le gradient tree boosting, spécifique au maladies monogéniques rares. Cette méthode à été testée avec succès sur plusieurs jeux de données independents correspondants à plusieurs scénarii d'analyses possibles. De plus, l'analyse différentielle de la contribution des différentes mesures de conservation à l'identification de variants pathogènes a permis de determiner que l'utilisation de mesures spécifiques à l'humain permettait de detecter des variants non identifiés par des mesures multi-espèces.ii Ce travail à permis de mettre en évidence l'importance de la qualité des jeux de données d'entraînement et de la prise en compte de plusieurs biais de constitution des bases de données pour améliorer la fiabilité des prédictions de variants génétiques dans le cadre de l'étude des maladies génétiques rares. De plus, cette méthode présente des performances robustes et plus fiables que les méthodes considérées lors d'analyses comparatives.Dans la deuxième partie, nous avons réalisé une étude sur l'influence de facteurs non-génétiques et de variants génétiques communs sur la modulation de la concentration sérique de protéines liées à l'immunité chez des individus sains. Les protéines plasmatiques sont impliquées dans de nombreux processus physiologiques, tels que la réponse immunitaire contre les pathogènes, la coagulation et la régulation du métabolisme énergétique. De ce fait, elles sont utilisées de manière routinière comme indicateurs et marqueurs de nombreuses maladies inféctieuses, auto-immunes ou de cancers. En conséquence, la caractérisation des différents facteurs influençant la concentration des protéines plasmatiques chez des individus sains est importante, afin de pouvoir établir une base de comparaison fiable.Le travail présenté dans la seconde partie repose sur une approche multivariable guidée par les données, qui a permis d'identifier de nouvelles allèles associées à des niveaux d'expressions protéiques (pQTLs) ou de répliquer de tels loci deja identifiés. Certains de ces nouveaux pQTLs sont associés à l'expression de protéines impliquées dans des des maladies génétiques rares telles que des immuno-déficiences primaires, et pourraient agir comme modulateurs de ces maladies. De plus, ce travail permet de souligner l'importance de la prise en compte de variables d'ajustement spécifiques aux protéines étudiées, telles que l'age, le sexe ou les différentes populations de cellules sanguines, afin d'identifier de potentiels mechanismes médiant l'effet du genotype sur le phenotype observé. Dans l'ensemble, cette thèse contribue à l'identification de loci génétiques potentiellement régulateurs dont la mutation peut générer des phenotypes cliniques.iii
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