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Abstract

The development of next-generation sequencing technologies has opened-up some new possibilities to explore
the contribution of genetic variants to human diseases and in particular that of rare variants. Statistical methods
have been developed to test for association with rare variants that require the definition of testing units and, in
these testing units, the selection of qualifying variants to include in the test. In the coding regions of the genome,
testing units are usually the different genes and qualifying variants are selected based on their functional effects
on the encoded proteins. Extending these tests to the non-coding regions of the genome is challenging. Testing
units are difficult to define as the non-coding genome organisation is still rather unknown. Qualifying variants
are difficult to select as the functional impact of non-coding variants on gene expression is hard to predict. These
difficulties could explain why very few investigators so far have analysed the non-coding parts of their whole
genome sequencing data. These non-coding parts yet represent the vast majority of the genome and some studies
suggest that they could play a major role in disease susceptibility. In this review, we discuss recent experimental
and statistical developments to gain knowledge on the non-coding genome and how this knowledge could be
used to include rare non-coding variants in association tests. We describe the few studies that have considered
variants from the non-coding genome in association tests and how they managed to define testing units and
select qualifying variants.



Introduction

The development of high throughput genome sequencing technologies has opened-up new perspectives in the
study of human diseases, including common diseases (Petersen et al. 2017), with the possibility to explore the
full range of variant allele frequencies. Indeed, genome-wide association studies (GWAS) that were conducted
before the sequencing era using SNP-chip data only explored the role of common genetic variants on disease
susceptibility. With sequencing data, it is now possible to study the role played by rare variants and to explore
the common disease multiple rare variants paradigm (Saint Pierre and Génin 2014). Under this paradigm, it is
anticipated that different rare genetic variants located within one or a few genes could contribute to disease
susceptibility with stronger effects than common variants. To test this hypothesis, novel association tests were
developed to analyse exome data that, rather than testing each variant individually, group them by gene and test
whether there is an enrichment in rare variants among cases or controls (Lee et al. 2014; Weissenkampen et al.
2019). The power of these tests depends on how qualifying variants are selected and how they are binned into
testing units. Indeed, to be powerful, rare variant association tests require the selection of variants that are likely
to have an effect on protein function or expression and their grouping into relevant genomic units (Povysil et al.
2019). The first rare variant association studies focused on the exome with rare variants selected based on the
prediction of their impact on the protein, leaving out variants that were synonymous or predicted neutral. The
testing unit was usually the gene but some studies have also considered groups of genes within a pathway (see
for example Allen et al.(2017) or Shivakumar et al.(2019)) or sub-regions of a gene like exons or those encoding
for specific protein functional domains (see for example Richardson et al.(2016b)). However, exomes only
represent less than 2% of the genome and whole genome sequence (WGS) data are now becoming more easily
available offering possibilities to explore the role of genomic variants located in the non-coding genome. This
non-coding genome is enriched in regulatory elements involved in the control of gene expression and about 88%
of the common variants found associated with common diseases fall in the non-coding genome (Hindorff et al.
2009). It is thus desirable to extend rare variant association tests to the non-coding genome. This is however not
trivial with major challenges to be faced (Kosmicki et al. 2016). First, it is more difficult to predict the functional
effect of non-coding variants as they are less likely to have strong effects on gene expression than protein-coding
variants (Povysil et al. 2019), and tools to predict their effects still need to be evaluated. Second, it is also more
difficult to decide on the genomic regions to group variants as the non-coding genome organisation is not as well
understood as the coding genome where genes appear as natural testing units. All these limitations explain why
in most cases all the potential of WGS data is not fully exploited and rare variant association testing is only
performed on the exonic parts or candidate regions of WGS data. Scanning the non-coding genome for rare
variants is yet important as variants in this part of the genome have been shown to play an important role in
different human diseases (Zhang and Lupski 2015). In this paper, we review the current possibilities and
questions raised by the analysis of WGS data. Challenges concerning variant detection and interpretation were
recently reviewed by Lappalainen et al.(2019). Here, we take a different perspective and focus on rare variant
association tests and the different strategies to group rare variants into testing units and to select qualifying
variants within these units.

The non-coding genome

Organisation of the non-coding genome

Knowledge about the organisation of the non-coding genome has been rapidly growing these last years with the
development of multiple projects and molecular techniques (for a recent review, see Sati and Cavalli (2017) and
for simplified schematic view, see Figure 1). Among them, techniques that look at chromosome conformation
and interactions between different loci have provided useful information. Among these techniques are 3C
(Chromosome Conformation Capture) that looks at interactions between two genomic loci, 4C (Chromosome
Conformation Capture-on-Chip) at interactions between one loci and all other genomic loci, and 5C
(Chromosome Conformation Capture Carbon Copy) at interactions between all genomic loci in a given region.
ChIA-PET (Chromatin Interaction Analysis by Paired-End Tag Sequencing) techniques also add information
about the binding to DNA sequences of key proteins involved in the regulation of gene expression. It is indeed
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now well established that gene expression is controlled by a balance between the joint action of enhancers and
promoters increasing transcriptional activity, and silencers having an opposite effect (Kolovos et al. 2012), along
with the action of many proteins that bind to these DNA regions. A number of studies have been conducted to
describe enhancers and link them to their target genes, as enhancers do not necessarily control the nearest gene
(Yao et al. 2015). Gasperini et al.(2020) recently reviewed biological techniques and recent developments
enabling the discovery and characterisation of such enhancers. Several huge projects like FANTOMSb (Forrest et
al. 2014) or ENCODE (Dunham et al. 2012) have described and annotated regulatory elements of the genome
and contributed to the construction of public databases to share this knowledge. Thanks to these projects, we
now have access to a huge amount of information about gene regulation which can be used to identify variants
within key regulatory elements that could potentially be linked to diseases (Ma et al. 2015). Other projects such
as the Roadmap Epigenomics Project (Bernstein et al. 2010) were developed to study epigenomics marks of the
genome. These marks are very useful to define regulatory elements with, for example, the mono-methylation of
the 4™ lysine residue of the H3 histone (H3K4m1) being indicative of enhancers or its tri-methylation (H3K4m3)
being indicative of promoters. Projects were also conducted to study gene expression in different tissues. The
GTEX project (GTEx Consortium 2013) for example provides information on gene expression in different cell
lines. It has enabled the identification of expression Quantitative Trait Loci (eQTL) that could be involved in
human diseases (Albert and Kruglyak 2015). At a larger scale, the characterisation of the genome organisation or
“3D genome” has also been possible using molecular techniques. For example, Hi-C techniques looking at all
possible pairwise DNA fragments interactions, demonstrated that genome is organised into topologically
associated domains (TADs) characterised by a much higher frequency of chromatin contacts. These large
domains that encompass genes and their associated promoters and enhancers have been described as keys for the
control of gene expression (Dixon et al. 2012). They are delineated by so-called insulators that are regions of 300
to 2000 bp containing binding sites for DNA-binding proteins. These insulators limit contact between TADs
(Ong and Corces 2014) and lead to a compartmentalisation of gene expression that, if disrupted, could lead to
wrong gene expression and diseases (Kleinjan and Coutinho 2009; Rao et al. 2014; Krijger and de Laat 2016;
Spielmann and Mundlos 2016). For a more detailed review about the 3D organisation of the genome, see Bonev
and Cavalli (2016). Taken together, experimental developments and huge projects to explore the non-coding
genome have provided important insights into genome organisation and gene regulation (Elkon and Agami 2017;
Delaneau et al. 2019) and suggested some novel disease mechanisms linked to gene expression disregulation
(Krijger and de Laat 2016).

Pathogenicity scores

In addition to the description of the genome organisation, huge efforts have also been made to estimate the
functionality of single-nucleotide variants (SNVs) in the non-coding genome, i.e. if they lead to changes in the
regulation of gene expression, and their pathogenicity, i.e. if they lead to an increased risk of developing a
disease. Several scores have been developed that are based on different information and different underlying
models (for a review, see for example Nishizaki et al. (2017) who also proposed a framework to integrate these
scores into GWAS analysis and Rojano et al. (2019) who presented different scores and provided details of
molecular techniques to validate these predictions). Some of the scores focus on specific regulatory elements
(SURF (Dong and Boyle 2019)), some are based on conservation (GERP++ (Cooper et al. 2005), Orion (Gussow
et al. 2017), CDTS (di lulio et al. 2018)), others on functional data (GWAS3D (Li et al. 2013), RegulomeDB
(Boyle et al. 2012)), and there are also composite scores that integrate several of these information. Among the
most commonly used composite scores is the CADD score (Rentzsch et al. 2019) that is based on 63 annotations
including data from the ENCODE project, VEP annotation and GERP++ scores among others, and genetic
simulations to assess the functional impact of variants. Other scores gathering multiple lines of biological
evidences have also been developed with different underlying models such as random forest models (like for
example GWAVA (Ritchie et al. 2014) or DeepSEA (Zhou and Troyanskaya 2015)) or machine learning models
(like for example FATHMM-MKL (Shihab et al. 2015), DANN (Quang et al. 2015) or hyperSMURF (Schubach
et al. 2017)). These models learn how to discriminate neutral from non-neutral variants using a “training set”
composed of both functional/pathogenic variants (i.e., variants with known functional effects or described as
pathogenic in databases such as Human Gene Mutation Database (HGMD)(Stenson et al. 2017) or Genome-
Wide Repository of Associations Between SNPs and Phenotypes (GRASP)(Leslie et al. 2014)) and neutral



variants (i.e. variants found in reference populations such as 1000Genomes (Sudmant et al. 2015) or GnomAD
(Lek et al. 2016) and not described as pathogenic). The performance of these scores is then assessed using
another set of variants, the “testing set”, also containing known functional/pathogenic variants and neutral
variants. Two statistical measures are usually computed: the sensibility or true positive rate (the proportion of
functional/pathogenic variants that are correctly classified as such) and the specificity or true negative rate (the
proportion of neutral variants that are correctly classified as such). Sensibility and specificity are computed for
different threshold values of the scores and receiver operating characteristic (ROC) curves are constructed where
the sensitivity is plotted against the false positive rate (1-specificity). Based on the ROC curve, the performance
of a score can then be summarized using the Area Under the Curve (AUC) which can be interpreted as the
probability that the score ranks a randomly chosen pathogenic variant higher than a randomly chosen neutral
one. In some studies, rather than comparing scores based on AUC, other summary statistics are used such as, for
example, the proportion of pathogenic variants among the top 10 percent of the scores or the difference of mean
scores between the two types of variants. From one study to another, different scores are compared and results
are not always concordant but there is not one score that seems to outperform all others. Some trends can
however be highlighted regarding score performances: performances vary depending on the composition of the
testing set of SNVs, on the region of the genome where tested variants are located and on their degree of
evolutionary conservation. For example, Liu et al.(2017) showed that the ranking of scores depends on the
number of SNVs in the testing set. They compared the performances of 23 scores to discriminate rare variants
annotated as deleterious in the HGMD database (Stenson et al. 2017) from benign variants observed in the
UK10K study (The UK10K Consortium 2015) using two testing sets. When using their first testing set composed
of 2578 “deleterious non-protein coding SNVs” and 2578 “benign ones”, they found that the machine-learning
based score FATHMM-MKL (Shihab et al. 2015) performed significantly better than all other scores with AUC
above 0.80. However, when restricting the testing set to a subset of 196 deleterious SNVs and 196 benign SNVs,
AUCs were different. FATHMM-MKUL still outperformed other scores but it was not significantly better than
some other scores based on the level of conservation. Moreover, most of the scores are not able to discriminate
the pathogenicity of alternative alleles at the same position. This is well illustrated by Liu et al. (2019a) who
contrasted variants commonly observed in human populations and not associated with any trait (their “non-
pathogenic” set) and, at the same genomic positions, variants not observed in any species closely related to
humans (that they considered as “pathogenic”). Using such matched sets of pathogenic and non-pathogenic
alleles at the same genomic positions, they tested the performances of six commonly used prediction scores:
CADD (Rentzsch et al. 2019), CATO (Maurano et al. 2015), DeepSEA (Zhou and Troyanskaya 2015), EIGEN
(lonita-Laza et al. 2016), GWAVA (Ritchie et al. 2014) and LINSIGHT (Huang et al. 2017). They found that
most of the scores could not differentiate pathogenic versus non-pathogenic alleles located at the same position.
Only two of the methods (CADD and DeepSea) gave different scores for the two types of variants but their
AUCs were only 0.54 and 0.51 respectively. Scores tend to be similar for closely-located pathogenic and non-
pathogenic SNVs and would therefore not be very efficient for the fine-mapping of causal variants. The methods
have limited power to prioritize pathogenic non-coding SNVs when their proportion in the test set is small
relative to non-pathogenic SNVs. However, differences were seen depending on the region of the genome. All
scores performed better when the variant was located in ultra-conserved genomic regions. Differences were also
observed depending on the type of functional elements: DeepSEA, GWAVA and LINSIGHT performed better
with variants in promoters and CADD with intronic variants. In another study (Gunning et al. 2020), all scores
were found to perform worse when, in the testing set, pathogenic variants were selected from diagnostic panels
rather than among variants annotated as pathogenic in public databases. This could probably be explained by the
fact that it is from these latter databases that most of the methods choose their training set. In the same idea, in
the study from Liu et al.(2019a), the good performance of GWAVA with a 10:1 ratio of non-pathogenic versus
pathogenic sites could at least partially be explained by the fact that 2/3 of the pathogenic variants in the testing
set were also in the GWAVA training set. Zhang et al.(2019) confirmed the strong impact on score estimated
performances of the composition of the training set. They found that the correlations were stronger between
scores that use the same training set but, in general, correlations between scores were rather low. Since scores are
based on different information (conservation, effect on gene expression, epigenetic marks, ...), it was suggested
that combining multiple scores could be a solution to improve variant classification as it will enable to get the
advantage of each score and indeed, it was found that composite scores improve predictions over individual
scores (see for example Dong et al.(2015)). Different methods were proposed to combine individual scores. The
simplest way consists in running each score individually and then looking at the concordance of the results. This
is the method recommended in the ACMG guidelines (Richards et al. 2015) but without any precision on which



scores should be used and how many of these scores should be concordant. However, this simple method was
shown to perform much worse than methods that integrate different scores into a single model (Gunning et al.
2020). Several integrating methods have been proposed that use different scores and different models to combine
them. For example, Zhang et al. (2019) recently proposed three models based on 23 scores to classify variants
into three categories: predicting regulatory variants, pathogenic variants, and cancer-driver variants. For each
category, a different training set of variants was used and scores were returned as PHRED-scaled scores varying
between 0 and 100. Using Gradient Tree Boosting algorithms, an optimal combination of the 23 scores was
selected for each of the three models.

Rare variant association tests (RVAT)

Different methods and software have been proposed in the literature to perform rare variant association tests (see
Table 1 for a non exhaustive list of available software). These methods can be broadly divided into two groups:
frequentist and Bayesian approaches.

Frequentist approaches

Frequentist approaches are based on the calculation of a statistic on observed data and its comparison to
expectations under the null model of no genetic association. A p-value is computed that is the probability of
observing a value of the statistic at least as extreme as the one observed on the data under the null. This p-value
can be derived analytically when the theoretical distribution under the null hypothesis is known or, otherwise,
estimated using random permutations of individual phenotypes (Epstein et al. 2012). Most rare variant
association tests are frequentist tests and can be grouped into three types: (i) burden tests that rely on the
comparison between cases and controls of genetic scores summarising the information from rare variants in the
testing unit (examples include CAST (Morgenthaler and Thilly 2007), WSS (Madsen and Browning 2009), VT
(Price et al. 2010) or DoEstRare (Persyn et al. 2017) among others); (ii) quadratic tests including variance-
component tests that compare the distribution of variants’ genetic effects in the testing unit (C-alpha (Neale et al.
2011) or SKAT (Wu et al. 2011) for example); (iii) combined tests that search for the best combination between
the two previous types of tests (SKAT-O (Lee et al. 2012) for the most commonly used). Burden tests are more
powerful than variance-component tests when the rare variant effects in the testing unit are all in the same
direction (either deleterious or protective) but they lack power when a mix of deleterious and protective variants
are present. Simulation studies performed under realistic scenarios have found that rare variant association tests
often lack power (Ladouceur et al. 2012; Derkach et al. 2014; Sung et al. 2014). An important driver of power
was the ratio of causal versus non-causal variants in the studied genetic unit. To increase this ratio in whole
exome sequence (WES) studies, qualifying variants are usually chosen among those with the highest predicted
impact on the protein (i.e., the only variants kept are those annotated as transcript ablation, splice acceptor or
donor, stop gained or lost, start lost, frameshift, inframe insertion or deletion, and missense). Frequentist
approaches are implemented in software such as AssotesteR (Sanchez 2013), DoEstRare (Persyn et al. 2017),
Ravages (Bocher et al. 2019), SKAT (Lee et al. 2012) or VAT (Wang et al. 2014).

Bayesian approaches

Bayesian approaches start from some prior probabilities that an association exists between the testing unit and
the trait under study and modify these prior probabilities based on the observed data. Results are given as
posterior probabilities, or Bayesian factors, representing the increase in probability from the prior knowledge to
the posterior one. In the context of rare variant association tests, several Bayesian methods have been developed
to measure the association between rare variants and a binary outcome (Quintana et al. 2011; Greene et al. 2017;
Lin et al. 2017). The advantage of these proposed Bayesian methods over frequentist ones is that they do not
require a pre-selection of qualifying variants but they use the data to identify the most likely causal variants (Lin
et al. 2017) that are then given more weight in the analysis (Greene et al. 2017). Bayesian methods are therefore
very attractive as they offer the possibility to prioritise variants based only on the observed data without the need
of external information or assumption. External information could however be taken into account by modifying
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prior probabilities associated to some variants as it will be discussed later in this review. Bayesian approaches
are implemented in various R packages such as BeviMed (Greene et al. 2017) or BVS (Quintana et al. 2011).

RVAT in the non-coding genome

This section presents the different strategies proposed in the literature to test for association with rare variants
located in the non-coding genome (see Figure 2 and Table 2 for a summary).

Choice of the testing unit

A first step in RVAT is to choose the testing unit in which rare variants will be grouped. As mentioned earlier,
this task is particularly challenging in the non-coding genome as its organisation is not well defined. Different
strategies have been used in the literature to define testing units either using functional annotations or agnostic
methods based on sliding windows.

Using functional annotations

Some studies have defined genomic testing units in the non-coding genome using functional annotations
available through the different genome annotation projects such as ENCODE described earlier. Variants in some
regulatory elements have been shown to be enriched in different diseases and could explain a non-substantial
part of heritability in complex traits (The UK10K Consortium 2015; Finucane et al. 2015). This approach however
is often only applied to well-described regulatory elements such as introns, promoters, enhancers or silencers.
Cochran et al.(2020) for example used a gene-centric approach on WGS data from early-onset Alzheimer’s
disease and frontotemporal dementia. They grouped together coding variants in each gene and non-coding
variants in their associated regulatory elements predicted by the GenoSkyline-Plus database (Lu et al. 2017).
They found an association with TET2 in both diseases with an enrichment in loss-of-function and regulatory
variants in patients. Interestingly, this association would have been missed if only the coding parts of the genes
had been considered. Another example is the study performed by Shaffer et al. (Shaffer et al. 2019) where they
looked for an accumulation of rare variants in enhancers in orofacial clefts phenotype using CMC (Li and Leal
2008) and SKAT (Wu et al. 2011) association tests. They grouped rare variants by enhancers that were defined
using different sources including the VISTA database (Visel et al. 2007), results from ChlIP-Seq studies and a
literature search, and found an association with an enhancer near FOXP1. Rather than focusing only on one type
of regulatory elements, it is also possible to integrate information on multiple regulatory elements to define
testing units. This is illustrated in Morrison et al.(2017) where variants were grouped within large “regulatory
domains” encompassing promoters and enhancers defined using the FANTOMS project (Forrest et al. 2014) and
gene 3’ and 5> UTRs. At a larger scale than specific regulatory elements, other types of functional information
can be used to group variants within genomic regions. In particular, TADs that were shown to be regions of co-
regulation between genes and their regulatory elements could be relevant testing units for rare variant association
tests (Dixon et al. 2012). However, the problem with the use of TADs as testing units is the fact that they cover
large genomic regions. They can contain a very large number of variants that will be difficult to test using the
available methods. Methodological development could then be needed as described in Lumley et al.(2018) who
proposed an extension of SKAT.

Using sliding windows

While using well-described regulatory elements to group rare variants has the advantage of taking into account
biological information, this strategy relies on current biological knowledge and available data. Therefore, it does
not allow for an agnostic scan of the non-coding genome and the discovery of new regulatory variants associated
to complex diseases. To solve this issue, sliding window approaches have been proposed. The idea behind these
methods is to scan the genome by considering adjacent or overlapping regions in which RVAT are performed in
order to detect hotspots of association with rare variants. Sliding-window approaches were used in several
studies to analyse WGS data or candidate regions (Taylor et al. 2015; The UK10K Consortium 2015; Morrison
et al. 2017). Windows are defined by choosing either a genomic length or a number of variants. They can be
used to scan the whole genome or some selected regions of the genome only. For example, Vecchio-Pagan et
al.(2016) when searching for cystic fibrosis modifier variants used the positions of the TAD encompassing the
CFTR gene and 300kb around to define a huge genomic region of interest. They then defined smaller regulatory



sub-regions by using 5 kb sliding windows with a 1250 bp increment, resulting in 404 windows tested. Among
them, some significant results were found, including a region of 13.8 kb associated with the tested phenotypes
and interacting with the CFTR promoter. Another possibility to define relevant windows over the genome could
consist in using linkage disequilibrium (LD) maps as defined by Maniatis et al. and recently revisited by
Vergara-Lope et al. Rather than fixing window sizes in base pairs, one could then consider using LD units that,
depending on the strength of LD in the genomic region, will encompass variable number of base pairs and
variants. Such a strategy has not been used so far in rare variant association tests probably because rare variants
are not expected to be in strong LD. There are also some results that suggest that LD blocks and chromatine
domains do not usually coincide (Whalen and Pollard 2019). As the size and location of the optimal window is
not a priori known, using fixed sizes could reduce power if the region of association is larger or smaller than the
chosen window and it could also be of interest to use overlapping windows. Two similar approaches, WGScan
(He et al. 2019) and SCANG (Li et al. 2019) were recently developed to scan the entire genome using
overlapping windows of varying sizes. Both methods can accommodate burden and variance component tests
and are available in R packages. They both proposed corrections to take into account the multiple testing issue.
WGScan determines the minimum p-value that needs to be reached to achieve significance while controlling the
family-wise error rate and declare as significant all the windows with a p-value lower than this minimum p-
value. SCANG controls the family-wise error rate using Monte-Carlo simulations. WGScan was applied on
WGS data from the Simons Simplex Collection study on autism spectrum disorders (Fischbach and Lord 2010)
and detected an enrichment of promoter regions among the windows with the smallest p-values. SCANG was
applied to WGS data from the Atherosclerosis Risk in Communities (ARIC) study and detected an association
between LDL cholesterol and a region in the NECTIN2 gene. Interestingly, the same data were previously
analysed by Morrison et al. (2017) with a fixed 4 kb-size sliding window procedure and this association could
not be found as it involves two variants distant of more than 4kb.

Selection and prioritization of qualifying variants in the testing unit

Since the main driver of power in RVAT is the proportion of pathogenic variants in the testing unit, it is
important to try to increase this proportion by selecting some subsets of variants or by giving more weight to
some variants in association tests. Different criteria can be used to select and/or weight qualifying variants in
RVAT.

Allele frequencies

A first criterion to select qualifying variants is the population frequency. Indeed, there is a correlation between
variant frequency and effect with the rarest variants having the strongest effects. Deleterious variants are
expected to be maintained at low frequency by negative selection (Gorlov et al. 2011), and a recent study
(Kosmicki et al. 2017) confirmed that low frequencies in reference populations is a good proxy of functionality.
Allele frequencies can be used to filter out common variants in association tests but also to weight the
contribution of rare variants in test statistics such as WSS (Madsen and Browning 2009) or SKAT (Wu et al.
2011). An advantage of using allele frequencies to select or weight variants in RVAT is the fact that it could be
applied to prioritise variants both in coding and non-coding regions of the genome. It is therefore appealing for
the non-coding genome where other biological data such as pathogenicity scores are less reliable than in coding
regions (Kim and Wei 2016). Frequencies can be either estimated on the study sample, or obtained from external
reference panels such as 1000Genomes (Sudmant et al. 2015), TOpMED (TopMED Program) or GnomAD (Lek
et al. 2016) as done in several WES or WGS studies (see for example Thaventhiran et al.(2020) and Cirulli et
al.(2020)). Allele frequencies computed on the study sample are more representative of the studied population
but their use in association tests could lead to a dramatic loss of power if causal variants are present at high
frequency in the group of cases. These causal variants could even be discarded from the analysis. Furthermore, if
the sample size of the study is small, the allele frequency threshold would probably need to be increased to
integrate more variants, and more importantly, the inclusion of a variant could change between two studies
because of sampling fluctuations. In this situation, it would therefore be safer to use external frequencies from
reference panels.

When allele frequencies are used to weight the contribution of variants in RVAT, the choice of the weighting
scheme based on allele frequencies is not obvious. In many tests, a same weighting scheme which up-weights the
rarer variants is used over the whole genome but this might not be optimal as shown by Minica et al. (2017). To



solve this issue, they proposed the use of a data-driven weighting procedure that can accommodate different
hypotheses regarding the contribution of rare and common variants in the disease. They also investigated the
robustness of RVAT to weight misspecification and showed that this does not lead to an increase of type-one
error rates but to a reduction of power.

Pathogenicity scores

A second possibility to select qualifying variants, in addition to allele frequency filtering, is to make use of the
pathogenicity scores described earlier. As for allele frequencies, these scores can be used in two different ways:
(i) as filtering criteria to keep only potential causal variants into the statistical tests, an approach similar to what
is performed in WES studies where the analysis is often restricted to non-synonymous variants; (ii) as a weight
to enhance the contribution to the test of variants with a high probability of being functional.

Pathogenicity scores were found to clearly improve the selection of the most relevant qualifying variants within
a gene in WES studies as shown for example by Richardson et al. (2016a) using CADD (Rentzsch et al. 2019)
and FATHMM-MKL (Shihab et al. 2015) scores. The CADD score is by far the most commonly used
pathogenicity score in both WES or WGS studies to filter rare variants kept in association tests (Bis et al. 2018;
Thaventhiran et al. 2020; Cochran et al. 2020). Investigators only keep variants with a CADD score above a
given threshold but this threshold can vary between studies. It is indeed difficult to choose a cut-off value and
different cut-off values might be needed depending on the genomic region under study. Indeed, the distributions
of CADD scores were found to vary substantially between protein-coding genes (Itan et al. 2016) and we can
therefore expect even more variations in the non-coding genome. Other scores have also been used in some
association studies but, as they are not always concordant at classifying variants, there is a major difficulty in
choosing which scores should better be used to select the most relevant variants to be included in RVAT.

Pathogenicity scores have also been used in existing RVAT to weight rare variants. Kim and Wei (2016) used
for example RegulomeDB (Boyle et al. 2012) classes and Polyphen2 (Adzhubei et al. 2010) scores to weight
variants in the burden test T5 and in SKAT (Wu et al. 2011). Morrison et al.(2017) used CADD (Rentzsch et al.
2019) and Eigen (lonita-Laza et al. 2016) scores, both adjusted on the range of scores observed in the data, as
direct weights of rare variants in the same two statistical tests. The two studies however reached different
conclusions regarding the interest of weighting rare variants by functionality scores. Kim and Wei (2016) found
associations that would have been missed without the weighting whereas Morrison et al.(2017) did not found an
advantage of using their functionality scores into RVAT. It is however difficult to know if these differences are
explained by the differences in the scores used.

More recently, other types of RVAT, referred to as adaptive, were developed that learn from the data and uses
different functional annotations to select the best combinations of variants and the best weights. TADA-A (Liu et
al. 2018) is an example of a Bayesian adaptive method that was developed to study de novo mutations in non-
coding regions with prior information based on annotations from GERP++ (Cooper et al. 2005), CADD
(Rentzsch et al. 2019) or histones marks. To select the most relevant annotations, a learning step is performed on
the data with a relative risk computed for each functional annotation that is then used as prior. FunSPU (Ma and
Wei 2019) is another adaptive method that considers multiple annotations and groups them or not depending on
the heritability partitioned by functional annotation (Gusev et al. 2014). Some frequentist approaches were also
developed to optimally select annotations in RVAT by combining, for example, p-values obtained with different
annotations (Liu et al. 2019b). Posner et al.(2020) also recently proposed an extension of SKAT (Wu et al. 2011)
to allow the inclusion of multiple functional annotations of variants using a convex combination of kernels to
optimally weight the functional annotations. They showed that their proposed method gives higher weights to
candidate variants previously described in G6PC2 as associated with fasting glucose, compared to SKAT
classical weights that are only based on frequencies. The advantage of all these adaptive methods is that they
enable the inclusion of information from multiple sources and select among them the most informative ones.
Integrating such information into classical RVAT would require to combine them into a single weight or to
choose between only one of them and to use the same weighting strategy in all testing units.



Other practical considerations

Significance threshold

When performing association tests at the scale of the entire genome, we are faced to a multiple testing issue that
will require some new guidelines regarding which signal could be considered as significant. For RVAT
performed on WES studies, a genome-wide significance level of 2.5 10 is usually considered that corresponds
to a Bonferroni multiple test correction for the 20,000 genes (Kosmicki et al. 2016). On the non-coding genome, a
similar approach can be used when the number of functional units tested is known. The question is more
challenging when an agnostic scan of the genome is used with sliding windows. Indeed, when the whole genome
is analysed, a huge number of windows are tested that can overlap, leading to non-independent tests. Using
Bonferroni correction for all the tests performed will then be too conservative and could lead to a lack of power.
To solve this issue, authors of WGScan (He et al. 2019) have proposed a method based on the moments of the
test statistics to analytically compute the significance threshold at genome-wide level while accounting for the
correlation among test statistics. In a similar manner, Monte-Carlo simulations are performed in SCANG (Li et
al. 2019) to evaluate genome-wide significance and control for the number of non-independent tests performed.
The question of the genome-wide significance level for WGS studies was also addressed by Xu et al. (2014).
Depending on the test performed, they found that the significance thresholds can vary from 0.6 10 to 8.0 10°.
They showed that reliable estimates of empirical thresholds can be extrapolated from calculations performed on
a small genomic region.

Combination of testing units

A major question when analysing the whole genome will be to know how to integrate the information from
multiple genomic regions. Even when genomic regions can be defined using known functional elements such as
enhancers and promoters, the following question is to determine if each regulatory element should be considered
as a testing unit on its own or if they should be combined together into bigger testing units such as what was
performed by Morrison et al. (2017). Indeed, if some genomic elements have been shown to interact together or
to act in the same way, it could be of interest to consider them together. It is for example what was done by Duan
et al. (2014) who, by considering together variants in promoters and enhancers separated from variants in
insulators, found an association with promoters/enhancers that was missed when all information were considered
together. It makes a biological sense to separate these two groups of regulatory regions as promoters and
enhancers increase gene expression, while insulators act as barriers to prevent inappropriate gene expression.
Williams et al. (2019) reached a similar conclusion when they found similar patterns of enrichment in associated
variants between different regulatory elements. In the same idea, it is well known that some genes are regulated
by multiple enhancers acting in a redundant way and it could therefore be expected that having a deleterious
variant in any of these enhancers would have a similar impact on gene expression (Osterwalder et al. 2018). In
this situation, considering all these enhancers as a single unit could be relevant. These different examples show
that RVAT could gain power by leveraging biological information to group rare variants. The same question can
be raised between regulatory sequences and their target genes. Indeed, some studies have shown that the effects
of coding variants could be modified by the presence of regulatory variants (Li and Montgomery 2013; Castel et
al. 2018). It could therefore be of interest to group together the coding variants from a gene with the variants in
the gene regulatory elements with the problem that these genomic regions are usually not adjacent and could be
far away from each other. Sliding windows which scan the genome linearly would thus not be appropriate. This
connects with the problem of testing multiple genes implicated in the same biological pathway together to
improve RVAT power. This is well illustrated in the study by Allen et al. (2017). They found no significant
results when testing each gene individually because their epilepsy variants were spread over multiple genes that
were all involved in the same biological pathway. It is only by studying the entire pathway that they could
identify the causative variants.
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Conclusions and perspectives

With advances in molecular techniques and bioinformatics, knowledge about genome organisation and gene
regulation is expected to further increase in the next few years. This will hopefully lead to more reliable and
concordant information about the functionality and potential pathogenicity of rare variants and their implication
in the regulation of gene expression. If WGS data are getting more and more easily accessible, only very few
studies so far have tested for association in the whole non-coding genome. In most WGS studies, only the exome
or some candidate regions are considered in the association tests. Apart from the computational issues, this could
be explained by the lack of methods and software to perform analyses in the non-coding genome where both the
choice of testing units and the selection of qualifying variants into these testing units are challenging tasks.
Development of new methods and analysis strategies with guidelines are therefore needed to analyse rare non-
coding variants from WGS data. Using these methods, we could find more disease-specific regulatory
mechanisms including those involved in differences in disease expression and clinical heterogeneity. We are
therefore just at the beginning of WGS data exploration and guidelines will be needed to assess the significance
of the findings and compare results from different studies. Moreover, as some methods would lead to the
discovery of new regulatory signals involving regulatory elements never described before, the challenge will be
to go beyond the associations and describe the mechanisms involved. New in-vivo assays, such as the ones
developed by Kvon et al.(2020) to assess the pathogenic effect on gene expression of variants located in
enhancers, could help to answer this issue. With both these novel methodological and technical developments,
we can hope, in a near future, to reach a better understanding of the biological mechanisms involved in gene
regulation and genome organisation and how their disturbance could lead to complex diseases.
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Captions and Table
Figure legend

Fig. 1 Simplified scheme of the 3D Genome organisation and techniques used to study the different
genomic elements. The genome is organised into large Topologically Associated Domains (TADs) that have
been described using the Hi-C method. These TADs gather genes with their associated regulatory elements
(promoters and enhancers that increase gene expression, and silencers that decrease gene expression). Regulatory
elements have been described and linked to their target genes using Chromosome Conformation Capture
techniques. Insulators, binding CTCF proteins and cohesion, prevent contact between TADs to ensure the
compartmentalisation of gene expression.

Fig.2 Classical strategies and steps for rare variant association tests (RVAT) in the non-coding genome.
After a stringent quality control to get rid of sequencing errors, qualifying variants are selected based on their
allele frequencies estimated on the study sample or obtained from external reference populations. Qualifying
variants can also be selected based on functionality using for example pathogenicity scores or their presence in
known regulatory elements. Then, variants are grouped into testing units. Testing units can be genomic regions
that are annotated as functional such as enhancers or promoters. In order to cover the whole genome more
uniformly, sliding windows can also be used. Once testing units and qualifying variants are selected, different
tests are available that are based on frequentist or Bayesian approaches. In these tests, different weighting
schemes can be used to prioritise some classes of variants based on different criteria. A few examples of tests are
given.

23



Software Name Reference Methods Phenotypes URL
AssotesteR Sanchez 2013 Burden and Quadratic tests Binary https://cran.r-project.org/web/packages/AssotesteR/
BeviMed Greene et al. 2017 Bayesian variant selection procedure Binary https://cran.r-project.org/web/packages/BeviMed/
bigQF Lumley et al. 2018 Quadratic test Binary, Quantitative https://github.com/tslumley/bigQF
BVS Quintana et al. 2011 Bayesian variant selection procedure Binary https://cran.r-project.org/web/packages/BVS/
DoEstRare Persyn et al. 2017 Adaptative burden test Binary https://cran.r-project.org/web/packages/DoEstRare/
FunSPU Ma and Wei 2019 Adaptive combined test Binary, Quantitative https://github.com/sputnik1985/FunSPU/
Ravages Bocher et al. 2019 Burden and Quadratic tests Binary, Multinomial, Quantitative https://github.com/genostats/Ravages/
SCANG Lietal. 2019 Burden, Quadratic and Combined tests, sliding windows Binary, Quantitative https://github.com/zilinli1988/SCANG
SKAT Lee etal. 2012 Burden, Quadratic and Combined tests Binary, Quantitative https://cran.r-project.org/web/packages/SKAT/
VAT Wang et al. 2014 Burden and Quadratic tests Binary, Quantitative http://varianttools.sourceforge.net/Association/HomePage
WGScan He et al. 2019 Burden, Quadratic and Combined tests, sliding windows Binary, Quantitative

https://cran.r-project.org/web/packages/\WWGScan/

Table 1 Examples of software to perform rare variant association tests.
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Type of data / X ) ] i . . . Type of
Study Fraction analysed Trait Frequency filter Other filter Specific RV weight Testing unit RVAT RVAT
CADD 215 o0r 20
9 9
Bis 2018 WES / Exome Alzheimer <5% (SKAT) or <1% Moderate and high impact vep - Genes SKAT-O Frequentist
(burden) X X
minAC = 10 by region
<0:1% in GnomAD and At least missense and not
Cirulli 2020 WES / Exome Multiple phenotypes European Ancestry R - Genes CAST Frequentist
. polyphen2 or SIFT benign
UKBiobank exomes
. GERP, histone
Liu 2018 WGS /;Z::Sdldate ASD De Novo - modifications, Genes TADA-A Bayesian
8 CADD, DHS, SPIDEX
Williams 2019 WGS /(;andldate ASD 1% CADD > 15 . Promoter, TSS, 5', 3’ and Binomial distribution Frequentist
regions protein coding test

WGS (Candidate . . o Non-overlapping sliding .
Taylor 2015 genes + 50kb) Thyroid function <1% windows of 1250bp SKAT-O Frequentist

None WSS with SKAT weights .

0 -
UK10K 2015 WGS / Exome 64 phenotypes <1% Missense & LoF Genes SKAT Frequentist
. Primary . i i
Thaventhiran 2020 WGS / Exome L <0.1% in GhomAD CADD 2 10 - Genes BeviMed Bayesian
Immunodeficiency
. maxAC=3 sample and
Cochran 2020 aWnSSre/ Elxaotz]re Ear':lzt;i:z?tteﬂzh:::er <10*in 1000Genome, CADD 2100r 15 R Genes + regulatory regions SKAT Frequentist
g 4 ‘p TopMed, WGSA, ExAC, Loss of Function (GenoSkylinePlus) Fisher’s exact q
elements dementia

GnomAD, ESP or UK10K

Non-syndromic

Between 0.1 and 1%

Enhancers (VISTA,

cMC

Shaffer 2019 WGS / Enhancers orofacial clefts Between 0.1 and 5% >1 variant by region . literature, ChipSeq) SKAT Frequentist
: RegulomeDB Sliding windows of 4kb Burden T5 .
9 -
Kim 2016 WGS / Genome Blood pressure <5% Polyphen2 with 2kb increment SKAT Frequentist
Sliding windows of 4kb
Morrison 2017 WGS / Genome Heart and Bl.OOd <5% minAC=3 by region CADD, E|g.en, with 2k |ncremer1t Burden T5 Frequentist
related traits frequencies Regulatory domains SKAT
First intron
TADs .
Lumley 2018 WGS / Genome LDL <1% - - FastSKAT Frequentist
Chromosomes
. ) WGScan (WSS with SKAT X
9 _ _ .
He 2019 WGS / Genome ASD <5% Sliding windows : WGScan weights + SKAT) Frequentist
B 1 9 i
Liu 2019 WGS / Genome Atherosclerosis etween 1and 5% - - Sliding Windows : SCANG SCANG (unweighted Frequentist

<1%

WSS + SKAT)

Table 2 Examples of studies that used different strategies to perform rare variant association tests in the coding and non-coding genome. Studies are ordered depending on the type of data used (WES or
WGS) and the fraction of genome analysed (candidate genes, exome, genome). Strategies to select qualifying variants and testing units are described. The association tests that were used are indicated in the last
column.
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