Université de Montréal

Genomic variation in recombination patterns:

implications for disease and cancer

par

Julie Hussin

département de biochimie

Faculté de médecine

These présentée a la Faculté des études supérieures
en vue de 'obtention du grade de Ph. D.

en Bio-informatique

Février 2013

© Julie Hussin, 2013



Université de Montréal

Faculté des études supérieures

Cette thése intitulée :
Genomic variation in recombination patterns:

implications for disease and cancer

présentée par:

Julie Hussin

évaluée par un jury composé des personnes suivantes:
Sylvie Mader
président-rapporteur
Philip Awadalla
directeur de recherche
Guy Rouleau
membre du jury
Gil McVean
examinateur externe
Guillaume Lettre

représentant du doyen de la FES



Abstract

The intergenerational mixing of DNA through meiotic recombination of homologous
chromosomes is, along with mutation, a major mechanism generating diversity and
driving the evolution of genomes. In this thesis, | use bioinformatics and statistical
approaches to analyse modern genomic data in order to study the implication of
meiotic recombination in human disease. First, using high-density genotyping data
from French-Canadian families, we studied sex- and age-specific effects on
recombination patterns. These analyses lead to the first observation of a significant
decrease in recombination rates with advancing maternal age in humans, with
potential implications for understanding trisomic conceptions. Second, using next-
generation sequencing of exomes from families of children with leukemia, we
discovered unusual distributions of recombination breakpoints in some leukemia
patients, which implicates PRDM9, a protein involved in defining the location of
recombination breakpoints, in leukemogenesis. Third, using single nucleotide
polymorphisms (SNPs) called from RNA sequencing data, we present a detailed
comparison of the mutational burden between high and low recombining regions in
the human genome. We further show that the mutational load in regions of low
recombination at the individual level varies among human populations. In analysing
genomic data to study recombination in population and disease cohorts, this work
improves our understanding of how recombination impacts human health.
Furthermore, these results provide insights on how variation in recombination

modulates the expression of phenotypes in humans.

Keywords : genetic recombination, sequencing, PRDM9, population genetics,

leukemia



Résumé

Durant la méiose, il se produit des échanges réciproques entre fragments de
chromosomes homologues par recombinaison génétique. Les chromosomes
parentaux ainsi modifiés donnent naissance a des gametes uniques. En redistribuant
les mutations génétiques pour générer de nouvelles combinaisons, ce processus est
a l'origine de la diversité haplotypique dans la population. Dans cette these, je
présente des résultats décrivant I'implication de la recombinaison méiotique dans
les maladies chez I'humain. Premierement, |'analyse statistique de données de
génotypage de familles québécoises démontre une importante hétérogénéité
individuelle et sexe-spécifique des taux de recombinaisons. Pour la premiére fois
chez I’humain, nous avons observé que le taux de recombinaison maternel diminue
avec l'dge de la mére, un phénomeéne potentiellement impliqué dans la régulation
du taux d’aneuploidie associé a I’age maternel. Ensuite, grace a I'analyse de données
de séquencage d’exomes de patients atteints de leucémie et de ceux de leurs
parents, nous avons découvert une localisation anormale des événements de
recombinaison chez les enfants leucémiques. Le géne PRDM9, principal déterminant
de la localisation des recombinaisons chez I’humain, présente des formes alléliques
rares dans ces familles. Finalement, en utilisant un large spectre de variants
génétiques identifiés dans les transcriptomes d’individus Canadiens Francais, nous
avons étudié et comparé le fardeau génétique présent dans les régions génomiques
a haut et a faible taux de recombinaison. Le fardeau génétique est
substantiellement plus élevé dans les régions a faible taux de recombinaison et nous
démontrons qu’au niveau individuel, ce fardeau varie selon la population humaine.
Grace a l'utilisation de données génomiques de pointe pour étudier la
recombinaison dans des cohortes populationnelles et médicales, ce travail démontre

de quelle fagon la recombinaison peut affecter la santé des individus.



Mots clés: recombinaison génétique, séquencage, PRDM9, génétique des

populations, leucémie
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CHAPTER I: Introduction

THE IMPACT OF RECOMBINATION
IN HUMAN DISEASE



INTRODUCTION

« Ce qui donne a un individu sa valeur génétique, ce n'est pas la qualité propre
de ses génes. C'est qu'il n'a pas la méme collection de génes que les autres. »
Sciences de la vie et société — 1980

Frangois Jacob (1920-2013)

Although mutation is the ultimate source of genetic variation, meiotic
recombination is a contributing mechanism playing a powerful role in driving the
evolution of genome structure by generating haplotypic diversity. The
recombinational process creates new combinations of parental genetic material and
thus enables every child to receive a unique mosaic of parental pairs of
chromosomes, drawn from an extremely large number of possibilities. Furthermore,
mutations involving large insertions and deletions, transpositions and
rearrangements mainly arise through recombination mechanisms. It follows that, in
breaking down parental associations between variants, recombination allows
phenotypic variability across generations. Natural selection acting on novel
haplotypes likely favors recombination among lineages, depending on variable
environmental factors or life histories. However, tight regulation of the mutational
and recombinational processes is needed for the maintenance of genome stability in
somatic and germinal cells, as multicellular species experience a very large number
of cell divisions per generation resulting in their genomes being particularly prone to

errors.

Substantial variation in the rate and distribution of crossovers has been found
between and among species, genders, ages, populations and individuals, within and
among chromosomes, at a megabase and kilobase scales. In mammals, the
distribution of crossovers along the genome is known to vary, and substantial

regions of DNA with unusually low recombination are observed, known as coldspots,



while highly localized peaks of recombination, known as hotspots, are also seen. The
histone modifier PRDM9 has been identified as a major determinant of the location
of recombination hotspots in mammals (Baudat et al. 2010). However, comparing
recombination landscapes between primate species shows that hotspots are not
conserved and fine-scale recombination rates are markedly different, suggesting a
rapid turnover of the recombination landscape on an evolutionary scale. Among
humans, variation in fine-scale rates of recombination was observed between
populations and individuals and important sex-differences in recombination rates
exist. Therefore, many different selective forces may be acting on recombination
rates over time. Since natural selection will not act independently on mutations at
linked loci, the rate of adaptation will depend on the local mutation and

recombination rates.

What causes variation in recombination rates to be so widespread, and what are the
consequences for the human genome, remain open questions with important
implications for understanding human disease and adaptation. The goal of this
chapter is to review work that considers how recombination processes in humans
influence disease. Before addressing the potential molecular roles of recombination
in human disease, | will address the question of why is recombination adaptative
and what benefits and consequences it has on genome evolution. | will then review
the approaches available for estimating recombination rates in natural populations
and detail the various levels of variation observed within and between genomes. |
will further describe the molecular players involved in meiotic and somatic
processes of recombination, influencing genome stability. These processes
altogether influence human diseases, and pediatric disorders in particular, and the

present state of knowledge linking disease and recombination is reviewed.



I. GENOME EVOLUTION AND VARIATION IN RECOMBINATION

Meiotic recombination is the process by which two genomes fuse to produce cells
that contain a mixture of genes, before separating as a result of chromosome
segregation. Errors in recombination affect genomic integrity in a critical manner,
the frequency of crossover should therefore be tighly regulated. However, extensive
variation in recombination rates has been observed at all scales, within and between
genomes. In this chapter section, | discuss the effects of this variation on genome
evolution and how it modulates the efficacy of selection. The existing methods to
detect recombination will be presented, followed by a description of the variation of

recombination that has been observed in humans.

1. The Evolutionary Advantage of Recombination

How recombination evolved initially and why it has been maintained are critical to
understanding why sexual reproduction is so widespread in our world. Producing
offspring sexually has a two-fold cost in fitness, because only females are capable of
bearing youngs, such that male and female individuals do not contribute resources
to the offspring equally (Lehtonen et al. 2012). Furthermore, only half the genes in
the offspring are from each parent, who survived to reproductive age. As these
mates have genomes that proved themselves successful in the current environment,
it is puzzling that they would shuffle their genotypes by recombination and risk
creating genomes with lower fitness. In line with this idea, there is theoritical
evidence that at loci that control recombination, alleles that decrease it are favored
(Kimura 1956; Lewontin 1971). Selection should therefore operate to eliminate
sexual recombination in a population. However, and despite the additional cost of
securing a mate to reproduce, the vast majority of species reproduce sexually
(Engelstadter 2008), with varying levels of genetic mixing (Awadalla 2003). This is

known as the paradox of sex (Otto and Lenormand 2002).



A direct effect of genetic recombination, that might explain its origin, is the transfer
of genetic elements from one genomic background to another, allowing for the
spread of genetic elements such as phage, bacterial plasmids or transposable
elements (Otto and Lenormand 2002). Another molecular phenomenon that could
account for the origin of genetic exchange is that it is associated with the repair of
DNA damage (Bernstein et al. 1981). These associations might explain the origin of
sex and recombination, but are unlikely to explain why recombination was not

eliminated by natural selection, despite its costs.

Evolutionary explanations for recombination, stating that recombination exists
because mixing genetic material from two individuals is by itself beneficial, were first
presented in the classical work of Fisher (1930) and Muller (1932). These authors
described that favorable mutants which arise in different genomes can be combined
into the same genome by recombination, which favors the fixation of beneficial
alleles in populations with recombination. In a population with no recombination,
two favorable mutations will succeed in fixing only if they appeared on the same
genetic background, i.e. if the second mutation occurs in a descendant of the
individual in which the first mutation arose. Otherwise, only one can ultimately be
fixed and most of the new favorable mutations will be lost, slowing down the rate of
evolution. These concepts were further extended by Hill and Roberston to take into
account the effect of genetic drift, linkage and selection (Hill and Robertson 1966).
They showed that, with no recombination, beneficial mutations at linked loci and
occurring on different genetic background will interfere with one another’s fixation,
thereby decreasing the effectiveness of selection. This is known as “Hill-Robertson
interference” (Figure 1a). H.J. Muller introduced a similar effect, known as “Muller’s
ratchet”, to describe how genomes of an asexual population accumulate deleterious
mutations in an irreversible manner (Muller 1964). Muller considered the case of
deleterious alleles instead of advantageous ones, and pointed out that in the
absence of recombination, natural selection could never reduce the number of

linked deleterious alleles. This is because repeated losses of chromosomes with the
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Figure 1. Effect of recombination on accumulation of favorable and deleterious

alleles.

(a) The Hill-Robertson interference. Three linked sites are considered with
nucleotide a, b and c. The new alleles A and B are advantageous and provide fitness
increases of 10% and 0.1%, respectively, whereas C is neutral. Without
recombination, A is rapidly fixed in the population because of its large fitness
advantage, along with b and ¢ due to genetic hitchhiking. With recombination, the
fittest combinations ABc and ABC can be generated and become predominant in the
population [redrawn from (Marais and Charlesworth 2003)]. (b) Muller’s ratchet.
The top diagram shows the initial distribution of individuals with 0, 1, 2, ... slightly
deleterious alleles in a population without recombination at equilibrium. The middle
diagram shows the same population when the fittest class is lost by chance. With no
recombination and no back mutation, this class can never be recovered. The whole
distribution shift to the right after the ratchet “has clicked round one notch” (Muller
1964). The process is then repeated (lower diagram), leading to an increase in

mutational load and decrease in fitness.



smallest number of mutations will lead to a gradual accumulation of deleterious
mutations (Figure 1b). Genomic regions with recombination are far less subject to
this effect, since mutations at different sites can disentangle themselves from initial
chance associations. Muller’s ratchet mechanism thus predicts an increase in the
average number of deleterious alleles in genomic regions with no recombination.
Following these seminal articles, several authors presented computer simulations to
verify the theoritical models (Felsenstein 1974; Birky and Walsh 1988; McVean and
Charlesworth 2000; Gordo et al. 2002), confirming that recombination should speed
up the response to selection in a population, that slightly deleterious mutations
should accumulate in non-recombining regions and that the chance of fixation of a
positively selected new mutation is greatly reduced. J. Felsenstein stated that this
impact on mutational load may be the most quantitatively important evolutionary
effect of recombination (Felsenstein 1974), since there must be far more deleterious

alleles occurring than beneficial ones.

There are, however, conditions under which uncoupling variants at different sites is
not advantageous. In the absence of linkage, genes are already well mixed in the
population and shuffling genomes further by recombination will have no effect on
the population fitness. Therefore, the advantageous effect of recombination will
depend on the patterns of linkage between loci that have been built over time. The
actual linkage disequilibrium patterns may therefore be of major importance in
determining if and where natural selection will act. Furthermore, recombination will
be advantageous only if the associations between loci are negative, when favorable
and deleterious alleles are linked to each other. Linkage disequilibrium may also be
positive, when favorable (or deleterious) alleles are linked to one another, a
scenario where recombination is not advantageous, because it slows down the

fixation of beneficial mutations (or the removal of detrimental mutations).



2. Intragenomic Variation in Recombination and Natural Selection

Within nuclear genomes of eukaryotes, considerable variation in the local rate of
recombination has been observed from genetic data. At a genomic-scale, at least
one crossover event per autosome is necessary and the average recombination rate
is negatively correlated with genome size (Awadalla 2003). Sex chromosomes harbor
large regions with increased recombination, such as pseudoautosomal regions, and
regions depleted of recombination, such as for the mammalian Y chromosome.
Broad-scale variation at the chromosomal level has been identified in mammals:
centromeric regions show consistently low recombination rates whereas telomeric
regions tend to have particularly high rates (Choo 1998; Jensen-Seaman et al. 2004).
Furthermore, factors such as DNA methylation, genetic imprinting and germline
transcription correlate with large scale recombination rates (Lercher and Hurst 2003;
Sigurdsson et al. 2009; McVicker and Green 2010). At a finer scale, it is now well
described that recombination rates are not uniformly distributed throughout a
chromosome, and occur largely in recombination hotspots of 1-2Kb that exhibit a

rate of recombination up to 100-fold higher than the genome average.

Empirical estimation of the local recombination rate have prompted researchers to
study the consequences of recombination on genetic diversity since the late 1980s,
after the introduction of the concept of hitchhiking of beneficial mutations by
positive selection (Smith and Haigh 1974). A positive correlation between local
recombination rate and level of silent variability was found, originally described in
Drosophila (Aguade et al. 1989; Begun and Aquadro 1992). A decade later, it was
established that genomic regions with essentially no recombination deteriorate
faster than recombining regions (Charlesworth and Charlesworth 2000), forming
partial evidence that suppression of recombination per se reduces the efficacy of
selection. However, there is little empirical evidence that variation in the
recombination rate leads to significant variation in the efficacy of selection across

the genome (Webster and Hurst 2012).



Studies have investigated this question by evaluating the relationship of local
recombination rates and measures of the rate of adaptation, such as as dy/ds and
codon usage bias (Yang and Nielsen 1998; Hey and Kliman 2002). Codon usage bias
measures the proportion of “preferred” codons, coded by the most abundant
tRNAs, and is used as an estimate of selection in species with large population size.
It was found to correlate positively with recombination rate in Drosophila and
Caenorhabditis elegans. However, recombination rates correlate with content in
guanine and cytosine (GC-content) in many taxa, potentially explaining the effect of
recombination on codon usage bias (Marais et al. 2001). The ratio of the rate of
nonsynonymous substitution on the rate of synonymous substitution, dy/ds, reflects
the selective forces acting on non-silent sites relative to silent ones that are much
less constrained. When selection is acting, dy/ds departs from 1: it is higher if most
nonsynonymous sites are beneficial, or reduced if most sites are deleterious.
Because both adaptation and purifying selection may occur at many genes, it is
difficult to know a priori whether a positive or negative correlation between dy/ds
and recombination rate is expected. Conflicting results about the effect of
recombination rates on dy/ds have been found in Drosophila (Larracuente et al.
2008) and, in humans, dy/ds is constant across crossover rate categories (Bullaughey

et al. 2008).

However, many studies have shown that recombination rates are different between
species, even closely related ones, questioning whether the use of dy/ds for
examining the impact of recombination on the efficacy of selection is a satisfactory
approach. Although the average number of recombination events per chromosome
is likely conserved across a wide array of species, there is substantial variation in
fine-scale recombination rates among multicellular organisms (Awadalla 2003;
Wilfert et al. 2007). Furthermore, although humans and chimpanzees share around
99% of their genome, the precise location of recombination hotspots is not
conserved between them, suggesting a rapid turnover of the recombination

landscape between closely related species (Ptak et al. 2005; Auton et al. 2012). If the
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local recombination rate is fast evolving, currently observed recombination rates are
unlikely to reflect the recombinational history that may have diverged since the

reproductive isolation of the two species.

3. Detecting Recombination in Human Data

Recombination rates can be detected directly, by cytological approaches and by
sperm typing methods, or indirectly, by building genetic maps using genetic data
from pedigrees or unrelated individuals from a population (Figure 2). The
recombination rate, r, is usually measured in terms of the expected number of
recombination events per generation between two loci, expressed in centimorgan
(cM) units, which is defined as a 1% chance that two loci will be separated by a
recombination event in one meiosis. Genetic maps define the linear order of
markers along a chromosome, with distances between pairs of markers measured in
cM. Commonly used genetic markers in human genetics include microsatellite
markers and single-nucleotide polymorphisms (SNPs). SNPs became the markers of
choice for constructing genetic maps, their greater density — more than four per Kb
(The 1000 Genomes Project Consortium 2010), compared to the highly polymorphic
microsatellite markers — around one every 15Kb (Subramanian et al. 2003),
compensate for the smaller amount of information per SNP by creating local

haplotypes that have greater linkage information content.
Direct approaches : Cytogenetics and Sperm Typing

The direct approches to study recombination examine the direct result of meiosis, at
the individual level (Figure 2d). Cytological approaches aim at analysing cells at
specific meiotic time points to examine chiasma, the physical manifestation of
recombination, and crossover-associated proteins (Figure 2e). These approaches
allowed for detailed comparisons of crossover frequency among individuals in a
chromosome-specific manner, leading to primary observations that each
chromosome has at least one crossover, that females have more crossovers than

males and that the presence of one crossover inhibits the formation of a second one
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Figure 2. Methods to infer recombination events occuring within various time

frame captured.

(a) Linkage disequilibrium (LD) based methods calculate historical recombination

rates from events inferred since the most recent common ancestor (MRCA) of a

sample at each locus. (b) Admixture-based method infer recombination events that

occur since the admixture of the green and yellow ancestral populations. (c)

Pedigree-based recombination maps capture sites of recombination in parent-child

transmissions (d) Direct approaches such as sperm typing and (e) cytological

techniques locate recombination breakpoints for several meioses within individuals,

completely free of the effect of selection. [Modified from (O'Reilly and Balding

2011); Cytogenetics image from (McDougall et al. 2005)]
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in the same region (Lynn et al. 2004). However, acquiring material is a major
obstacle since these techniques require fetal ovarian tissue or testicular biopsies.
Furthermore, preparations are sometimes difficult to analyse and these methods

cannot be used for high-resolution analyses.

For mapping crossovers at higher resolution, geneticists have developed sperm
genotyping assays (Figure 2d), that rely on PCR amplification of DNA from single-
sperm and pooled-sperm. Using this approach, it is possible to observe the outcome
of thousands of meioses from a single individual at resolutions of less than 0.5 Kb
(Kauppi et al. 2004). These techniques presented the first direct evidence that the
human genome harbor recombination hotspots (Hubert et al. 1994). Sperm typing
has been used to characterize more than thirty human hotspots so far, including
those from the major histocompatibility complex region (Jeffreys et al. 2001). This
approach captures all recombination events occuring in the germline of an
individual, which may differ slightly from recombination events segregating in the
population. A serious drawback of this approach is that it is limited to studying male
recombination, as typing a population of mature oocytes from women is impractical.
Finally, and perhaps more importantly, it is unable to create large scale
recombination maps, as it is technically challenging to study genomic regions larger

than 300 Kb at high resolution.

Building Genetic Maps

There are two main types of approaches to construct genome-scale genetic maps
from polymorphism data : methods that use genetic information from pedigree data
and, more recently, methods using SNP data from a population sample (Figure 2a-c).
These maps became important technology to understand the molecular basis of
human disease. Indeed, genetic maps are at the basis of fine genetic mapping, a
strinkingly successful approach to identify new genes linked to disease. They are also

important ressources for imputation of missing genotypes (Marchini et al. 2007).
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The construction of genetic maps using pedigree data in humans (Figure 2c)
predates the sequencing of the human genome (Murray et al. 1994; Dib et al. 1996;
Broman et al. 1998). It was enabled by the characterisation of large reference
families (e.g. CEPH extended pedigrees) and the development of computational
methods for multilocus linkage analysis (Lander and Green 1987; Kruglyak et al.
1996). Analyses of genetic information from the two parents and at least two
siblings enable the detection of recombination events, mapped at high resolution in
the offspring using informative parental markers and sibling information.
Alternatively, if the parental phase is known or inferred with high accuracy,
recombination events can be located by considering parent-offspring pairs. The
highest resolution map in humans today is the deCODE map (Kong et al. 2010),
contructed based on 15,257 parent—offspring pairs, which revealed many local
differences between individuals and genders. The main advantage of pedigree-
based approaches is that inferred recombination events can be assigned to specific
individuals. The main drawback of pedigree-based maps is the cost in collecting and
genotyping thousands of individuals, as it requires a very large number of meioses to
be sampled in order to ascertain events at a high resolution. Furthermore, they give
information on meiotic recombination events occuring in recent generations, but do
not help answering the question of how much evolutionary recombination has
occurred in different genomic regions over time, a key question with major

implications for disease-mapping studies.

To understand variation in historical recombination rates, methods were developed
to indirectly infer population recombination rates in a population, by sampling a
much larger number of meiotic events. They are based on the observation that
adjacent SNPs tend to form clusters (or blocks), showing high levels of linkage
disequilibrium (LD). LD is the preferential association of allelic combinations on
chromosomal segments and can be measured by statistics such as D’ and r?
(Lewontin 1964; Hill and Robertson 1968). These associations are broken down by

recombination, with greater recombination resulting in more rapid decay of LD. The
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relationship between the historical recombination rates and patterns of LD has been
widely studied in population genetics (Weir 1979; Hudson and Kaplan 1985; Myers
and Griffiths 2003; Song and Hein 2005). The parameter estimated is the population
recombination rate p = 4N.r (Griffiths and Marjoram 1996), where N, is the effective
population size — a measure of the number of independent breeding individuals
assuming a panmictic population, estimated to be in the range of 10,000 in humans,
and r is the rate of recombination per meiosis between two loci. The coalescent
(Kingman 1982; Wakeley 2009) provides a statistical description of the genealogical
history of sequences sampled in an ideal population with precise equations linking
decay of LD, historical recombination rates and effective population size. To infer a
local estimate of p, the idea is to combine the SNPs in a region to calculate a
likelihood of pairwise inferences of recombination between markers. This may be
achieved using composite-likelihood methods (Hudson 2001; Fearnhead and
Donnelly 2002; McVean et al. 2002) and true-likelihood methods (Kuhner et al.
2000; Fearnhead and Donnelly 2001; Li and Stephens 2003). Because p is a
compound parameter confounded by N, the resulting LD-based map may vary due
to the many factors that can affect variation in N across populations or along the
genome. The model generally assumes no changes in population size between
generations and homogeneous rates of recombination through time and between
individuals. Furthermore, the effects of natural selection and migration, which will
distort the inference of local recombination rates, are not modeled. Therefore,

these methods cannot be applied rigourously to recently admixed populations.

More recently, novel methods have been developed to compute genetic maps
based on ancestry switch points in recently admixed individuals (Hinch et al. 2011;
Wegmann et al. 2011). These approaches take advantage of the fact that admixed
individuals carry chromosomes that are mosaics of segments from two or more
diverged populations. They use an explicit population genetic model to perform
local ancestry inference based on fine-scale variation data (Price et al. 2009) using a

hidden Markov model with ancestry as the hidden state. Switch points between
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ancestral segments are seen at recombination sites that occurred since the
admixture event. The recombination rates can then be infered via sophisticated
statistical methods such as empirical Bayes (Wegmann et al. 2011) or Markov chain
Monte Carlo (Hinch et al. 2011) approaches. These approaches have so far been
applied to African-American and African-Caribbean individuals. Contrary to LD-based
maps, admixture-based maps will reflect contemporary recombination rates and are
unlikely to be sensitive to selection. However, in order to be built, admixture-based
maps require the ancestral populations to be sufficiently diverged from each other
and well characterized as modern populations. Therefore, although admixed
populations exist in different parts of the world, it is unclear to which extent this

approach will be useful in most human populations.

Recombination Hotspots

Thanks to these approaches, the existence of recombination hotspots in humans is
now widely acknowledged. LD-based approaches (McVean et al. 2004; Myers et al.
2005) and more recently, pedigree-based (Kong et al. 2010) and admixture-based
methods (Hinch et al. 2011) allowed for large-scale inference of recombination
hotspots throughout the human genome. The direct scoring of recombinant
gametes helped confirm the presence of hotspots at the individual level (Jeffreys et
al. 2005). However, the correspondance between sperm-typing, pedigree-based,
and LD-based hotspots is not perfect. A hotspot may be absent from LD-based maps
due to the action of natural selection or drift on the patterns of LD. Alternatively, it
may have evolved recently, and not have had sufficient time to leave a mark on
haplotype diversity (Jeffreys et al. 2005). Conversly, a hotspot that has been
inactivated recently may still show up in LD-based analyses but will not be observed
as a pedigree-based or sperm-typing hotspot. Many hotspots must therefore be
transient features of the genome, suggesting that hotspots may frequently be
polymorphic in the population (Coop and Myers 2007). This prediction was

confirmed by the recent discovery of the mechanism of initiation of recombination
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in hotspots, consisting of the binding of the histone methyltransferase PR domain
containing 9 (PRDM9) to specific DNA motifs (Baudat et al. 2010; Myers et al. 2010;
Parvanov et al. 2010). Following the analyses of approximately 25,000 hotspots
found wusing the HapMap LD-based map, a 13-pb degenerate motif,
CCNCCNTNNCCNC, was identified, associated with the activity of 40% of these
hotspots (Myers et al. 2008). The threefold periodicity in the motif was found to
reflect a motif bound by 3-bp binding unit of individuals fingers in zinc-finger (ZnF)

proteins, which led to the discovery of PRDM9 (Figure 3).

4. Patterns of Variation in Human Recombination

Despite the important differences between the many existing methods to detect
recombination, the results obtained from them have been concordant and
complementary. The number of crossovers per meiosis and the relative locations of
hotspots along chromosomes concord remarkably well among methodologies.
These approaches have helped reveal extensive natural variation in human
recombination. In this section, | review how recombination rates vary between

chromosomes, genders, populations and individuals.

Chromosomal effects

Studies of recombination using cytological approaches suggest that variation in
recombination along chromosomes likely depends on factors specific to individual
chromosomes (Lynn et al. 2004). Chromosome structure and centromere position
may be factors influencing recombination rates. For example, although chiasmata
are generally uncommon near the centromere, early studies of human sperm
observed that large acrocentric chromosomes (chr. 13, 14, and 15) typically have
two chiasmata, with one close to centromere (Laurie and Hulten 1985). Their results
also suggest that these chromosomes have higher frequencies of crossovers than
similar-sized non-acrocentric chromosomes and that their crossover distribution

differs from small acrocentric chromosomes (chr. 21 and 22).
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Figure 3. Recombination hotspot motif and PRDMO.

(a) The 13-bp hotspot motif within THE1 repeat family. Average recombination rates
around sequences with repeat-specific hotspot motifs (red), degenerate hotspot
motifs (blue) and THE1 repeat consensus motifs (black) are plotted. The hotspot
motif sequences show increased recombination activity. [Modified from (Myers et
al. 2008)] (b) PRDM9 zinc-finger protein binds to the 13-bp hotspot motif (Baudat et
al. 2010). PRDM9 DNA-binding specificity determines sites of histone H3 lysine 4
trimethylation (H3K4me3) catalyzed by its SET domain, a process that initiates

meiotic recombination in mammals.
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More recently, LD-based hotspots inferred from HapMap data (Myers et al. 2005)
revealed that chromosome 19 has a much lower density and intensity of hotspots
than other chromosomes. This chromosome also has the highest gene density and
proportion of open chromatin. These findings suggest that chromosomal size is not
the sole factor mediating rates of recombination, and that patterns of human
recombination vary among different chromosomes. However, a recent pedigree-
based study observed that beyond one crossover per chromosome, additional
crossovers occur in rough proportion to physical length, which led the authors to
conclude that there are likely few chromosome-specific factors affecting the total

recombination rate per chromosome in humans (Fledel-Alon et al. 2011).

Sex-specific effects

Sex-specific differences in recombination rate and distribution have been reported
for many organisms, from Drosophila, where recombination between homologous
chromosomes occurs only in female meiosis (Morgan 1914), to mammals, where
several sex-specific genetic maps have been generated. However, no single pattern
has emerged, as in some mammalian species males have larger genetic maps than
females (Maddox et al. 2001) and in others, such as humans, females recombination
rates are higher. Genome-wide, human female rates are approximately 1.6-fold
greater than in human males (Kong et al. 2002), with an average of 27 and 42
recombination events per paternal and maternal meiosis, respectively (Coop et al.
2008). One possible explanation is that the chromosomes are less compacted in
female meiosis than in male meiosis, but the distribution of the events is also
different between genders. Indeed, the ratio between female and male
recombination rate varies along the chromosome and is consistently <1.0 near
telomeres and >1.0 in centromeric regions (Kong et al. 2002). Male recombination is
preferentially localized in telomeric and subtelomeric regions whereas females
display a more uniform distribution of crossovers along chromosomes. The basis for

differences in telomeric recombination between genders is not known, but may be
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due to differential distribution of initiation sites in spermatocytes and oocytes (Lynn
et al. 2004). Furthermore, the correlation between GC-content and recombination
rates is stronger in males than in females (Duret and Arndt 2008). However this
effect is likely a consequence of the sex-specific distribution of recombination
events along chromosomes, since GC-content also correlates with distance to

telomere (Popa et al. 2012).

Sex-specific differences in recombination rates are also found in localized genomic
regions, such as imprinted chromosomal regions. Imprinting is a mechanism of gene
expression regulation, whereby certain genes are expressed in a parent-of-origin-
specific manner. Imprinted genes tend to have an excess of recombination hotspots
yielding recombination rates higher than average (Lercher and Hurst 2003; Sandovici
et al. 2006) and several imprinted regions recombine more frequently in one sex
than in the other (Paldi et al. 1995). Additionnaly, the latest deCODE map (Kong et
al. 2010) revealed that approximately 15% of human hotspots appear to be sex-
specific. Although the mechanism of sex-specificity in hotspot formation is currently
unknown, it has been hypothesized that differential DNA accessibility during male
and female meiosis may lead to differential epigenetic marking affecting both

recombination and imprinting control (Paigen and Petkov 2010).

Finally, potential age-related effects on recombination also appear to differ between
genders. Direct analyses of spermatocytes indicate no relationship between
recombination rate and paternal age in normal meioses. Although these direct
approaches are impractical in human female, genome-wide analyses in pedigrees
have produced some evidence that the variation in number of recombination events
per maternal meiosis correlates with maternal age, but no correlation with paternal
age has been found (Kong et al. 2004; Coop et al. 2008). Reduction of recombination
associated with maternal age has been observed in other mammals (Henderson and
Edwards 1968; Sugawara and Mikamo 1983), but surprisingly, the correlation

reported in humans is in the opposite direction.
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Inter-individual effects

Extensive variation has been observed at the individual level in recombination
patterns in humans. Phenotypic variation has been observed in the total number of
recombination per meiosis and in hotspot usage, with genetic factors found to be
implicated in such variability. A third level of inter-individual variation, the strength
of crossover interference, has been reported to differ among individuals (Broman
and Weber 2000; Sun et al. 2006). Crossover interference is a phenomenon that
distributes meiotic crossovers such that adjacent crossovers tend to occur further
apart than expected by chance. Evidence for inter-individual variation in crossover
interference is based on a small number of observations and is therefore tentative,
and no genetic factors have so far been associated with variation in interference

distances between individuals in humans.

Important heterogeneity in the total number of recombination has been observed in
humans. Significant variation in recombination rates was first detected among
human females using pedigree-based methods (Broman et al. 1998) and the
heritablity of this trait is estimated to be around 30% (Kong et al. 2004). Cytological
methods further demonstrated extreme variation in the number of recombination
events among oocytes of the same female (Lenzi et al. 2005). Among human males,
variation has also been reported (Hassold et al. 2004; Coop et al. 2008) but is less
pronounced than in females. In the Icelandic population, the mean recombination
rate in females was found to be associated with a 900-kb inversion polymorphism at
17921.31 (Stefansson et al. 2005) and both male and female recombination rates
correlate with polymorphism in RNF212 (Kong et al. 2008). Intriguingly, SNPs at this
latter locus influence genome-wide recombination rates of males and females in
opposite directions, as the haplotype associated with increased recombination rates
in males is associated with decreased rates in females, suggesting either
antagonistic effects or distinct causative SNPs between sexes. These associations

have been replicated in independent european cohorts (Chowdhury et al. 2009;
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Fledel-Alon et al. 2011), and additional putative genetic associations in either males
or females have been discovered. It is therefore clear that genetic factors contribute
to variation in the mean recombination rate and in the sex-specific regulation of the

recombination process.

Most hotspot locations in humans, if not all, are determined by PRDMO.
Interestingly, PRDM9 is highly polymorphic and is considered one of the most
rapidly evolving genes in the human genome. PRDM9 variation is concentrated in its
ZnF array and consists of the type and number of fingers, and the order in which
they appear in the array (Figure 4). Within humans, PRDMS9 ZnF array presents
substantial variation, with one major allele A and more than 30 rare alleles identified
worldwide (Baudat et al. 2010; Berg et al. 2010; Parvanov et al. 2010; Borel et al.
2012). It is likely that many more alleles, harbouring different combinations of
fingers, remain to be uncovered in human populations. The major allele A binds to
the 13-pb motif identified by Myers and colleagues (2008) (Figure 3) whereas other
alleles show different DNA-binding characteristics. This translates into individual
differences in hotspot usage and population specific hotspot activity (Baudat et al.
2010; Berg et al. 2010; Berg et al. 2011; Hinch et al. 2011). Furthermore, PRDM9 is
the only loci found to be associated with hotspot usage genome-wide (Kong et al.
2010; Fledel-Alon et al. 2011; Hinch et al. 2011). Finally, hotspot usage was found to
be heritable (Coop et al. 2008), with variation in PRDM9 alone explaining most of

the estimated narrow sense heritability in this trait (Fledel-Alon et al. 2011).

There is little evidence that mean recombination rates and hotspot usage are
correlated as phenotypes (Kong et al. 2010; Fledel-Alon et al. 2011), which suggest
that genetic map length and fine-scale positioning of events are separately
determined. However, the three loci associated with variation in recombination
phenotypes, namely PRDM9, RNF212 and the inversion at 17¢21.31, all show
unusual degree of divergence between African and non-African populations. For

PRDM9, diversity in Africans is much higher than in non-African populations (Figure
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3) and nearly half of the african-specific variants are predicted to result in impaired
binding at the 13-bp motif relative to the common A allele. In particular, PRDM9 C-
type variants (Figure 4) do not activate hotspots presenting the 13-bp motif (Berg et
al. 2011). The analysis of these variants, common in Africans but rare in Europeans,
and the construction of a high-resolution African-American genetic map (Hinch et al.
2011) led to the characterization of African-enhanced hotspots, specifically activated
by other sequence motifs. Africans therefore use a much broader spectrum of
recombination hotspots, which translate into important differences in hotspot usage
and fine-scale rates between populations. Furthermore, both RNF212 and the
17921.31 inversion appear to show unusually high differentiation among
populations (Stefansson et al. 2005; Kong et al. 2008) but it remains unclear if
divergence in patterns of diversity translate into differences in genome-wide
recombination rates between populations. Evidence for population differences in
overall map length exist (Jorgenson et al. 2005; Ju et al. 2008; He et al. 2011),
however map length estimates may vary due to differences in sample sizes, pedigree

structure, and marker heterozygosity as well.
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Figure 4. Structure and frequencies of human PRDM9 ZnF alleles.

Each coloured box corresponds to a 84-bp ZnF repeat. The letter within each box
correponds to the type of repeat, that differ by a few nucleotides (repeat types
differing by only 1 nucleotide are indicated with boxes of the same color). The 5’
four repeats and the 3’ two repeats are generally conserved between alleles. The pie
charts on the right-hand side show allele frequencies in the European and African
populations (Berg et al. 2010). Alleles A, B and C are shared between Africans and
Europeans, alleles D to L24 have only been found in individuals from European
descent, and alleles L4 to L23 were observed in individuals from African descent.
Africans have a higher frequency of C-type alleles, containing the k and / ZnF repeat

types [Modified from (Ponting 2011)].
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Il. MOLECULAR PLAYERS AND GENOMIC DISORDERS

Although one of the main effect of meiotic recombination is the shuffling of alleles,
recombination is also essential for accurate chromosomal disjunction and
maintenance of genomic stability during meiosis in most eukaryote species.
Variation in recombination rates, highligted in the above section, generally have
harmless effects in humans, but it may also be a source of harmful mutations with

important clinical consequences.

The non-random distribution of crossovers along chromosomes is likely caused by
two meiotic molecular phenomena. First, DNA double-stranded breaks (DSBs) are
not formed at random and, second, not all DSBs are resolved crossovers, with
crossover choice governed by interference (Housworth and Stahl 2003). The
successful repair of DSBs in crossovers depends upon many molecular processes and
ensures proper segregation of homologous chromosomes. In humans, altered
meiotic recombination is the first molecular correlate associated with non-
disjunction of chromosomes, leading to aneuploid gametes. Furthermore, DSBs may
aberrantly pair with non-homologous loci, leading to structural rearrangements via
non-allelic homologous recombination (NAHR). Many of theses rearrangements are
highly deleterious and can be detrimental to the survival of the organism. These
aberrations may also occur somatically, with somatic acquired genomic instabilities

being one hallmark of cancer (Hanahan and Weinberg 2011).

In this section, | review the molecular players involved in the biology of meiotic
recombination and its possible resulting outcomes : crossovers, gene conversion and
NAHR. Next, the main molecular determinants and processes involved in mitotic
recombination are presented. These concepts are reviewed in the context of human
diseases, including infertility, aneuploidies, congenital genetic defects,

immunodeficiencies and cancers.
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1. Meiosis, Recombination and Fertility in Humans

Meiosis is a complex and strongly conserved developmental process that comprises
two cell divisions, in order to go from one diploid cell to four haploid cells. It is
characterized by an extended prophase, which includes special steps governing the
movement and organization of meiotic chromosomes, such as homologous
chromosome pairing, synapse and recombination. Most of our understanding of the
genetic control of meiosis comes from studies in model organisms such as yeast and
mouse (Handel and Schimenti 2010), however regulators of the mammalian meiotic
program remain largely unidentified. Furthermore, major distinctions exist between
mammalian male and female meiosis. In females, the meiotic process is initiated in
fetal ovaries. Before birth, the oocytes undergo meiotic arrest at the end of
prophase |. Meiosis is then resumed after puberty for a subset of the oocyte
population. In males, meiosis is continuously initiated from spermatagonia stem
cells, producing sperm throughout the reproductive lifespan. As pre-meiotic cells
enter prophase |, homologous chromosomes condense (leptonema), start synapsis
(zygonema), complete synapsis (pachynema), and form chiasmata (diplonema),

before segregating to the opposite poles in metaphase | (Zickler and Kleckner 1999)

(Figure 5).
Outcome of
Leptonema Zygonema Pachynema Diplonema meiotic
recombination
DSB formation D-loop Double HJ Chiasma

Crossover

Non-crossover
SDSA HJ Dissolution

Figure 5. Schematic representation of the meiotic recombination process.

The major steps of crossover formation are illustrated. See details in the text.
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Synapsis is the close pairing of homologous chromosomes and is mediated by the
synaptonemal complex (SC) that spans the gap between paired chromosomes.
Briefly, a chromosomal scaffold begins to form during leptonema through the
assembly of REC8 and SMC1B cohesin proteins with SC-specific proteins, such as
SYCP3 and SYCP2. DSBs are then generated by the topoisomerase-like enzyme
SPO11. Their location is influenced by chromatin structure and by the action of
PRDM9, placing histone H3 lysine 4 trimethylation marks (hereafter termed
H3K4me3). DSBs are then resected to generate 3’ single-strand DNA overhangs that
are recognized by homologous recombination repair machinery (Bannister and
Schimenti 2004). It includes DMC1 and RAD51 which colocalize to recombination
nodules (RNs) to form nucleoprotein filaments and catalyze the search for a
complementary sequence on the homologous chromosome to use for repair. This
leads to one of the two ends of the DSB invading its homologous chromatid,
generating a D-loop intermediate. Maturation of a subset of meiotic recombination
sites (<10%) into crossovers occurs during pachynema. These sites are marked by
the mismatch repair proteins MLH1 and MLH3, which also colocalize to RNs, to
complete recombination. In the final diplonema substage, the homologues are
physically held together by the crossovers, a structure called chiasmata, during the
end of prophase when cohesins are removed (Page and Hawley 2003). Furthermore,
chiasmata are necessary to stabilize the homologs on the metaphase | plate and

they promote normal segregation at anaphase I.

Severe defects in chromosome synapsis and recombination will likely result in
infertility. In model organisms, it has been shown that defects during prophase |,
that prevent pairing and leave breaks unrepaired, trigger abnormal meiotic arrest in
the pachytene stage. In mammals, mutations in genes thought to be involved in
meiotic control during chromosome synapsis and DNA repair also lead to meiotic
arrest and infertility (Roeder and Bailis 2000). Furthermore, successful formation of
the SC is required for fertility in mammals, as null alleles of SMC1, REC8, SYCP2 and

SYCP3 causes infertility or highly reduced fertility with elevated aneuploidy rates in
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mice. In humans, infertility is a relatively common problem and involves numerous
pathways from gamete formation to implantation. Although many meiotic genes in
infertility mouse models have been identified, infertility-causing mutations have
remained largely elusive in humans, with the exception of SPO11 and SYCP3

mutations (Miyamoto et al. 2003; Christensen et al. 2005).

Another important meiotic gene that has been implicated in infertility in human
males is PRDM9. As described above (section 1.4-5), PRDM9 has recently been
identified as a major determinant of the location of recombination hotspots in
mammals, although we still have little understanding of the mechanism through
which PRDM9 helps to initiate recombination. What is known is that PRDM9
terminal Cys;His,-type ZnF array recognizes small DNA motifs and that its histone
methyltransferase activity catalyzes the placement of H3K4me3 near these sites
(Figure 3) (Grey et al. 2011), which directs SPO11 and additional proteins to initiate
DSBs. A recent study in mice demonstrated that PRDM9 is not required for DSBs to
occur, but rather determines where these events take place, moving them away
from H3K4me3-marked functional elements, such as gene promoters and enhancers
(Brick et al. 2012). Prior to discovering its primary function in recombination, this
gene had been identified as a ‘speciation’ and ‘fertility’ gene (Oliver et al. 2009;
Thomas et al. 2009). Indeed, PRDMS9 is the first (and only) hybrid sterility gene to be
described in vertebrates, as allelic incompatibility can cause hybrid male sterility in
mice, consistent with a role in speciation (Mihola et al. 2009). Furthermore, PRDM9
knockout in mice causes sterility in both sexes (Hayashi et al. 2005). In humans, rare
dominant nonsynonymous mutations in the ZnF domain of PRDM9 were significantly

enriched among infertile men and may thus cause azoospermia (Irie et al. 2009).

The inversion on chromosome 17 found to be associated with high recombination in
human females, correlates with increased female fertility (Stefansson et al. 2005).
This may be due to the fact that the inversion also contains duplications of KANSL1,

a gene putatively involved in germ cell differentiation (Boettger et al. 2012). These
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duplications produce novel transcripts and have rapidly reached high frequencies in
European populations, suggesting they are under positive selection (Boettger et al.
2012; Steinberg et al. 2012). However, individuals carrying the inversion are also
predisposed to the 17g21.31 microdeletion syndrome. This newly discovered
syndrome is characterized by developmental delay, congenital malformations and

intellectual disability (Lupski 2006).

2. The Crossover Pathways, the Holliday Junction and Aneuploidies

Studies in model organisms revealed that crossover and non-crossover pathways are
distinct (Allers and Lichten 2001; Guillon et al. 2005). These pathways are specified
in late leptonema, although subsequent processing of crossover recombination
likely appears in early-mid pachynema (Figure 5) (Strong and Schimenti 2010).
Crossover formation is well described by the Szostak model (Szostak et al. 1983).
This model predicts that the central intermediate of crossover formation is a four-
way DNA junction structure, known as Holliday junction (HJ), that physically
connects the two recombining DNA molecules. HJ resolution is catalysed by
specialized nucleases, such as newly identified GEN1 and SLX1-SLX4 in humans. They
are key proteins, required for HJ resolution and for maintaining genome stability.
Mutations of human SLX4 have been reported in a subtype of Fanconi anemia
patients (Kim et al. 2011). Fanconi anemia is an autosomal recessive genetic disease
with an incidence of 1 per 350,000 births, characterized by developmental
anomalies and breakdown of the hematopoietic system (Moldovan and D'Andrea
2009). Mutations in any of the 15 FANC genes that cooperate to repair DSBs by
homologous recombination cause the disease. These genes are involved in DNA
repair processes in somatic cells but many of them are, like SLX4, involved in meiotic
recombination as well (Crismani et al. 2012). For instance, FANCD2 (also known as
BRCA2) binds to meiotic chromosomes in SC and is required for normal progression

of spermatocytes in mice (Garcia-Higuera et al. 2001).



29

Proper resolution of the HJ and maintenance of physical connections between
chromosomes until anaphase | are primordial for adequate segregation of
chromosomes and avoidance of gametic aneuploidy. Abnormal chromosome
segregation occurs when there is non-disjunction of homologues or premature
separation of sister chromatids. This happens in at least 5% of clinically recognized
human pregnancies, making aneuploidy the leading cause of pregnancy loss. Indeed,
chromosome segregation in human meiosis is surprisingly error-prone, especially in
females, and the reasons for this are still unclear. Altered genetic recombination is
the first characterized molecular correlate of non-disjunction : failure to resolve
chiasmata between homologous chromosomes in anaphase | results in non-disjoint
chromosomes segregating together, while failure to establish chiasmata results in

the independent segregation of chromosomes to the same pole.

In all model organisms studied so far, disturbances in crossover pathways are
associated with abnormal chromosome segregation in meiosis, with both the
number and the location of the exchanges at fault (Hassold and Hunt 2001). In fact,
significant reduction in the number of recombination events is a feature of all
human trisomies studied so far. This has been demonstrated by comparing the
frequency and distribution of crossovers occurring in trisomy-generating meioses
with those from normal meioses. Along with reduced map lengths, suboptimally
positioned chiasmata have been observed. For example, the presence of distally
placed recombination events (i.e. far from the centromere) is likely a risk factor for
trisomy 16 and 21 (Hassold et al. 1995; Lamb et al. 1997). Moreover, maternally
derived cases of sex chromosome trisomies sometimes involve recombination very
close to the centromere (Thomas et al. 2001), suggesting that exchanges occurring
too close to the centromere, as well as too far, are risk factors for nondisjunction.
However, it is important to note that these recombinational anomalies are not
present for all trisomies, with little evidence for a reduction in recombination in
trisomy 16 and with abnormal recombination in trisomies 15 and 18 restricted to

chromosomes with reduced number of crossovers (Hassold et al. 1995; Bugge et al.
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1998; Robinson et al. 1998). Therefore, even if recombination is the main molecular
process known to be associated with non-disjunction, it is unlikely that all

chromosomes are affected by abnormal recombination in the same way.

Interestingly, although human males have lower recombination rates, most
aneuploidies result from female meioses, with 20-25% of human oocytes being
aneuploid, against only 2% of spermatocytes (Hassold and Hunt 2001). Furthermore,
the rate of aneuploidy increases with age in females. This ‘maternal age effect’ is
particularly pronounced : under the age of 25, a woman has a 2% chance of having a
trisomic pregnancy, but over the age of 40, this chance rises to 35%. This effect is
thought to be due to age-related insults to the meiotic system at each stages of the

oocyte developement (Hassold and Hunt 2009).

3. The Non-Crossover Pathway and Gene Conversion

As stated before, only a small proportion of DSBs (<10%) are resolved in crossovers.
The vast majority of DSBs are resolved in non-crossovers, also contributing to
homologous chromosome pairing. Non-crossovers are often accompanied by gene
conversion events, which involve an unidirectional transfer of short segments of
DNA without the exchange of flanking markers. These events appear as a double
crossover event within a small interval. They can either result from HJ dissolution or
from the synthesis-dependent strand-annealing (SDSA) model, when the invading
strand is displaced from the template before the formation of the HJ (Chen et al.

2007).

Although its contribution to haplotype structure in humans remains unclear, gene
conversion has been proposed as a recombination-driven process that can
considerably influence genomic diversity and evolution via meiotic drive. Meiotic
drive is a type of intragenomic conflict, arising when alleles do not have equal
probabilities of being present in a gamete (Zimmering et al. 1970). GC-biased gene

conversion (gBGC) accelerates the fixation of G and C nucleotides, because
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heterozygotes with one AT and one GC allele will produce slightly more gametes
containing the GC allele. This is due to a biased incorporation of G or C during repair
of mismatches in homologous recombination (Duret and Galtier 2009) and, in yeast,
experimental evidence found gBGC to be associated with meiotic non-crossover

events (Mancera et al. 2008).

This process is widespread in eukaryotes (Pessia et al. 2012) and is likely responsible
for the correlation between GC-content and recombination rates. It can also be
responsible for an increase of the rate of substitutions in localized genomic regions
(Kostka et al. 2012). gBGC may also result in the biaised transmission of the
recombinogenic motifs recognized by PRDM9 (Myers et al. 2010), as molecular
genetics experiments showed that there is a bias in favour of transmitting non-
recombinogenic alleles at human recombination hotspots (Jeffreys and Neumann
2002). Therefore, bias gene conversion may be partly responsible for the rapid
changes in the location of recombination hotspots between species (Coop and
Myers 2007), along with the fast molecular evolution of PRDM9 ZnF array (Ponting
2011). Finally, studies suggested that gBGC can contribute to the spreading of
mutations within a population and may promote the fixation of weakly deleterious
mutations (Galtier et al. 2009). More recently, gBGC has been proposed as a factor
responsible for the presence of high frequency disease-causing mutations (Necsulea

et al. 2011), making this process highly relevant to human health and disease.

4. Non-Allelic Homologous Recombination

Aberrant gametogenesis leading to recurrent structural genetic abnormalities is a
major cause of congenital birth defects. DSBs will sometimes aberrantly pair with
non-homologous loci, in a process called non-allelic homologous recombination
(NAHR), which results in structural rearrangements that are, in general, deleterious.
Indeed, a group of human diseases, termed genomic disorders, arise due to NAHR.
Here are some examples: Charcot-Marie Tooth Disease type 1A (CMT1A),

neurofibromatosis type 1 (NF1), Williams-Beuren syndrome (WBS), Smith-Magenis
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syndrome (SMS), hereditary neuropathy with liability to pressure palsies (HNPP),
DiGeorge syndrome (DGS), Prader-Willi syndrome (PWS), childhood spinal muscular
atrophy (SMA) and the 17q21.31 microdeletion syndrome. Many of them result
from megabase-scale duplications, as in CMT1A (Lupski et al. 1991), or deletions, as
in WBS, DGS, PWS and SMS. In most cases, the rearrangements are flanked by low
copy repeats (LCRs) that typically share homology greater than 98%. Generally,
repeated DNA sequences play an important role in mediating disease-causing
recombination errors. Pairing and homologous recombination between misaligned
repetitive elements has been observed at rearrangement breakpoints related to
disease and is thought to be the main mechanism of NAHR (Purandare and Patel
1997). If repeats are in opposite orientation on the same chromosome, NAHR will
result in inversions, while NAHR between repeats present on different
chromosomes will lead to chromosomal translocations. These rearrangements are

likely to dramatically disrupt genes, possibly creating fusion genes (Figure 6a-b).

NAHR breakpoints are not distributed evenly along the LCRs and cluster in narrow
hotspots (Lupski 2004), that are often found at strikingly similar positions to those of
hotspots resulting from allelic recombination (Lindsay et al. 2006; Raedt et al. 2006).
Furthermore, NAHR hotspots and recombination hotspots share similar properties
of distribution of strand exchange (Lindsay et al. 2006), suggesting that these two
types of hotspots are functionally related. Many lines of evidence also suggested
that PRDM9 variation correlates with instability in minisatellite repeats and with
recurrent pathological rearrangements, such as 17p11.2 deletions/duplication
events (Berg et al. 2010) and 7g11.23 microdeletions (Borel et al. 2012). Recurrent
duplications or deletions at 17p11.2 are implicated in CMT1A and HNPP, whereas
7911.23 microdeletions cause WBS. PRDM9 thus appears to be involved in meiotic

instabilities leading to genomic disorders.
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Figure 6. Genomic rearrangements mediated by recombination processes

(a) Genomic rearrangements resulting from recombination low-copy repeats (black
arrows). Thin diagonal lines represent recombination events, resulting in deletion (1)
and duplication (2) for direct repeats, or inversion for inverted repeats (3). (b)
Interchromosomal, interchromatid and intrachromatid non-allelic homologous
recombination (NAHR) between LCR pairs results in reciprocal translocations,
duplications and deletions. (c) Example of large-scale rearrangements resulting from
non-homologous end-joining (NHEJ) and multiple FoSTeS events (see section I1.5).

[Modified from (Gu et al. 2008; Chen et al. 2010)].
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There seems to be a sex-dependent component to some rearrangements, which do
not arise at the same frequencies in paternal and maternal meioses. For example,
the duplication or deletion at 17p11.2, associated with CMT1A or HNPP,
respectively, arise from two distinct sex-dependent mechanisms (Lopes et al. 1997).
Most de novo rearrangements are from paternal origin and arise by NAHR between
the two chromosome 17 homologues. The rare rearrangements that are of maternal
origin result from an intra-chromosomal process, such as unequal sister chromatid
exchange (Lopes et al. 1998) (Figure 6). Interestingly, this region of chromosome 17
appears to have higher recombination rates in females than in males. This suggests
that oogenesis may afford greater protection from misalignment during synapsis, or
that male-specific factors may operate during spermatogenesis to help stabilize the
rearrangements. Alternatively, these sex-specific differences might reflect different
selection bias against the rearranged alleles in male and female germ lines.
Differences in NAHR frequency between male and female were also found for other
loci, with childhood SMA deletions originating mainly in spermatogenesis (Wirth et
al. 1997) whereas 80% of de novo NF1 deletions are of maternal origin (Lazaro et al.

1996).

Even when they are not pathological, large-scale rearrangements may have
phenotypic impacts. For instance, as in Drosophila and many other species,
recombination is suppressed in individuals heterozygous for inversions (Roberts
1976; Ishii and Charlesworth 1977). Indeed, a crossover that occurs within a
pericentric inversion would produce recombinant chromatids that have duplications
and deletions. These recombinant gametes will likely not lead to viable progeny.
Furthermore, if the inversion is paracentric (i.e. spamming the centromere), it would
produce an acentric recombinant chromatid, that will be lost, and a dicentric
fragment that is likely to break and result in chromatids with large deletions. These
gametes will likely be nonviable as well. However, it has been proposed that
suppressed recombination in large inversions contributes in the formation of new

species (Rieseberg 2001).
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5. Somatic Recombination, Combined Immunodeficiencies and Cancers

Despite its central role in meiosis, recombination is also a universally important
mechanism for the repair of DSBs due to DNA damage, such as replication-fork
breakage. During mitosis, DSBs can be induced by specialized endonucleases, by
oxidative free radicals or by natural ionizing radiation and need to be properly
repaired to maintain genome integrity. There are two main types of somatic
recombination identified: mitotic recombination between homologous
chromosomes, which is a rare process on a per cell division basis, and V(D)

recombination, which takes place only in the primary lymphoid tissue.

Mechanisms of somatic recombination

Despite the importance of mitotic recombination in DNA repair damage and
maintenance of genome stability during cell division, many aspects of this process
remain poorly understood. Evidence suggests that spontaneous mitotic
recombination happens during interphase and that hotspots for spontaneous
mitotic recombination exist (Lee et al. 2009). In general, mitotic DSBs are repaired
by homologous recombination and resolved by the formation of HJ or by SDSA, as in
meiotic recombination. This is done only during the S and G2 phase of the cell cycle,
using preferentially the sister chromatid as a template to repair DSBs. When the
homologous chromosomes involved have heterozygotes markers, this process will
lead to loss of heterozygosity (LOH) distal to the recombination site, in half of the

daugther cells.

NAHR may also occur in mitosis and can generate sub-populations of somatic cells
carrying genomic rearrangements that can cause genomic disorders with mosaic
manifestations (Dempsey et al. 2007; Steinmann et al. 2007). Repeats involved in
meiotic NAHR events can mediate mitotic NAHR (Barbouti et al. 2004; Carvalho and
Lupski 2008), although the exact positions of hotspots used may differ (Turner et al.

2008). Interindividual variation in mitotic recombination has been observed (Holt et
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al. 1999) and, surprisingly, patterns of mitotic NAHR can differ between females and
males, with female having significantly higher mitotic recombination rates (Holt et
al. 1999; van der Maarel et al. 1999; Steinmann et al. 2007). As discussed before, the
differences between males and females in meiotic recombination patterns may be
explained by the fundamental differences in gametes formation, but in mitosis, the
reasons underlying this sex-bias are not known and little data on this phenomenon

are available at the present time.

Although NAHR was the first major DNA rearrangement mechanism identified, non-
recurrent rearrangements are mainly thought to arise by non-homologous end-
joining (NHEJ) or Fork Stalling and Template Switching (FoSTeS) mechanisms (Figure
6¢). They may occur in germ cells, although they have mainly been observed in
somatic cells and can cause errors leading to cancer and immunodeficiencies. NHEJ
is used in human cells to repair normal or pathological DSBs at any time during the
cell cycle. After the detection of DSBs, NHEJ proceeds by bridging the two DNA ends
and ligating them after modification to make the ends compatible (Lieber 2008).
This modification includes cleavage and addition of nucleotides at these ends and
thus leaves an 'information scar'. NEHJ is therefore an error-prone process. These
breakpoints do not need to show any homology with other genomic regions,
although they often appear close to DNA breaking elements, such as repetitive (e.g.
LINE, Alu) or transposon elements, by which they may be stimulated (Stankiewicz et
al. 2003; Shaw and Lupski 2005). The replication-based model FoSTeS (Lee et al.
2007) has been proposed for complex genomic rearrangements (i.e. with many
breakpoints, such as inverted duplications interrupted by deleted fragments). It is
thought to occur when the DNA replication fork stalls, leading to disengagement of
the lagging strand that then anneals to another replication fork in physical proximity
and restarts DNA synthesis. This can occur many times in a row, leading to very
complex rearrangements (Figure 6c). This process may be initiated by a single-end

DSB induced by a microhomology during replication (MMBIR) (Hastings et al. 2009).
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V(D)J recombination and Severe Combined Immunodeficiencies

During lymphocyte development, immunoglobulin and T-cell receptor genes
undergo somatic DNA rearrangements through a mechanism called V(D))
recombination. V(D)) recombination randomly combines variable (V), diverse (D),
and joining (J) gene segments and generates a diverse repertoire of antigene
receptors to match antigens from various pathogens and dysfunctional cells. The
gene segments are flanked by recombination signal sequences (RSSs), composed of
an heptamer (7 bp) and a nonamer (9 bp) element separated by a spacer containing
either 12 or 23 bp (Schatz and Swanson 2011). RSSs are bridged by a protein-DNA
complex, that includes RAG1 and RAG2, that initiates the rearrangement process by
introducing site-specific DSBs, subsequently repaired by NHEJ. Briefly, RAG proteins
first bind to a 12RSS or a 23RSS and then capture the second RSS to form a paired
complex, within which DNA is cleaved. The cleavage step generates a covalently
sealed hairpin at the end of the gene segments. The RAG proteins then cooperates

with NHEJ DNA repair factors to rejoin the DNA ends (Schatz and Ji 2011).

RAG proteins are highly conserved among vertebrates. The core domain of RAG1
mediates RSSs contact and interacts with RAG2 through a C,H, ZnF domain. RAG2
contains a core domain that interacts with RAG1 and a C-terminal noncanonical
plant homeodomain (PHD) finger that specifically recognizes H3K4me3 marks,
necessary for efficient V(D)J recombination (Matthews et al. 2007). RAG proteins are
selectively recruited to small regions of highly active chromatin, called
recombination centres, where RSSs sequences are made accessible. RAG1 recognize
the RSSs in a sequence-specific manner, whereas RAG2 specifically binds to
H3K4me3 and increases the affinity and specificity of the DNA-protein interaction

(Swanson 2004).

RAG proteins are essential for lymphocyte differentiation, as inactivation of RAG1 or
RAG2 arrests both T- and B-lymphocyte development. Furthermore, mutations in

humans that inactivate the recombination capacity of RAG1 and RAG2 lead to severe
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combined immunodeficiency (SCID), the most serious inherited immunological
deficit, manifested by the absence of both T and B cells. Moreover, mutations in
either RAG1 or RAG2 that cause partial loss of V(D)J recombination result in Omenn
syndrome (Villa et al. 1998). Omenn syndrome is a rare autosomal recessive form of
SCID occuring in infants within weeks of birth, making them extremely vulnerable to
infectious diseases. Interestingly, Omenn syndrome has been associated with
mutations of critical residues within the RAG2 PHD finger that interact with
H3K4me3, which considerably alters V(D)) recombination (Gomez et al. 2000).
Additionally, dysfunction of many other players of V(D)J recombination are
implicated in human SCID. In fact, defects in NHEJ account for an important fraction
of SCID (Schwarz et al. 2003). For example, mutations in the Artemis gene, involved
in the hairpin-opening step, are known to cause radiosensitive SCID (Moshous et al.

2001).

Recombination, Genomic instabilities and Cancer

Genomic instability is one of the hallmarks of cancer and a major driving force of
tumorigenesis. It corresponds to the failure of parental cells to accurately replicate
their genome and correctly distribute the genomic material among daughter cells.
Accumulation of genomic alterations from parental cells to daughter cells will cause
deregulation of cell division, imbalance between cell growth and cell death, and

ultimately, cancer.

Maintenance of genomic integrity during cell division depends, among other
mechanisms, upon high-fidelity of DNA replication and error-free repair of DNA
damage that may occur sporadically throughout the cell cycle. Recombination
processes are involved in these two mechanisms and error-free repair is ensured by
homologous recombination or NHEJ. Abnormalities in homologous recombination
may cause genetic defects associated with cancer initiation and progression by
different mechanisms. First, because mitotic crossovers by homologous

recombination lead to LOH in half of the daugther cells, the inactivation of an allele
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of a tumor suppressor gene that already harbor a mutated allele may cause
tumorigenesis initiation. Second, detrimental mutations in key players of the DSB
repair pathway by homologous recombination may lead to the accumulation of
damaged DNA within cells and greatly increase the risk of tumor initiation. For
example, BRCA1 and BRCA2, the two major breast cancer susceptibility genes,
participate in pathways that facilitate homologous recombination DNA repair (Roy
et al. 2012). Third, unresolved HJs during mitosis leads to missegregation of
chromosomes and aneuploid somatic cells (Rodrigue et al. 2012). Aneuploidy is a
common abnormality in cancer and often correlates with poor prognostic (Beerman
et al. 1990; Sciallero et al. 1993). How aneuploidy contributes to development and
progression of tumors remain however unclear, but recent advances provided a
putative mechanistic link between aneuploidy and genomic instability : aneuploidy
could enhance mitotic recombination and defective DNA damage repair (Sheltzer et

al. 2011).

Several forms of cancer, mainly leukemias and lymphomas, are caused by acquired
chromosomal translocations that disrupt gene function and regulation. They may
lead to activation of oncogenes, or inactivation of tumor suppresor genes. NHEJ is
currently considered to be the major mechanism rejoining translocated
chromosomes in cancer (Lieber et al. 2008). When two independent breaks occur
simultaneously in a cell, NHEJ will cause the genomic instability if the incorrect DNA
ends get rejoined (Figure 6¢). Somatic NAHR is also responsible for generating some
of the genomic rearrangements present in cancer cells. In fact, several studies
suggested a correspondence between evolutionary and cancer-related breakpoints
(Kost-Alimova et al. 2003; Murphy et al. 2005). Particularly, segmental duplication
breakpoints show signs of instability in human carcinoma cells (Darai-Ramqvist et al.
2008) and osteosarcoma cells (Martin et al. 2010). Tumor-break prone segmental
duplications are structurally unstable in evolution and in malignancies, and may
have selective value at both scales (Darai-Ramqvist et al. 2008). Lastly, recent

analyses of cancer cell genomes have revealed extraordinary complexity, with many
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cancer cells harbouring tens to hundreds of clustered genome rearrangements. This
has been termed chromothripsis (Stephens et al. 2011) and could arise through
mechanisms involved in the restoration of collapsed replication forks (as described

in FoSTeS and MMBIR) leading to chromosome shattering within cancer cells.

Childhood diseases caused by defects in recombination processes are often
associated with higher risks of cancer. Many of these associations have been
described, and here are some representative examples. Bloom syndrome is a rare
autosomal recessive disorder characterized by severe genomic instabilities and
excessive homologous recombination. Affected individuals have a high risk of
developing early onset cancer, including rare tumors of early childhood (German
1997). Another example is Fanconi Anemia, which results from genetic defects in
DNA repair proteins, as described above (section 11.2). The majority of patients
develop cancer, most often acute myelogenous leukemia and squamous cell
carcinomas. Finally, constitutional aneuploidies, known to result from abnormal
meiotic recombination patterns, are also associated with increased risk of cancer
(Ganmore et al. 2009). In most cases, the type of cancer observed reflect the

embryonic development abnormalities caused by the type of trisomy.

Genomic alterations in Childhood Leukemia

Chromosomal translocations and aneuploidies are among the most common
changes in many neoplasms of the hematopoietic system. In particular, the most
frequent childhood cancer, acute lymphoblastic leukemia (ALL), is characterized by
malignant immature white blood cells with abnormal karyotypes overproduced in
the bone marrow. Ploidy is a highly significant prognostic factor in childhood ALL : a
favorable outcome is likely in patients with a hyperdiploid karyotype (with more
than 50 chromosomes, particularly those with trisomies for 4, 10, 17, 18) whereas
hypodiploidy (fewer than 46 chromosomes) is associated with a poor outcome
(Nachman et al. 2007). Non-random chromosomal translocations are frequently

observed in childhood leukemias and also correlates with prognosis. The most
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common is t(12;21) producing the ETV6-RUNX1 fusion gene and occurs in 20-25% of
cases, but other translocations are recurrently found such as t(1;19) and t(9;22),
with EA2-PBX1 and BCR-ABL fusion genes, respectively. Fusions involving the
immunoglobulin heavy chain (IgH) and the T-cell receptor (TCR) loci are also
observed. Infants (<12 months) generally present a distinct type of ALL, with
chromosome rearrangements involving the MLL gene, associated with poor
prognosis (Greaves and Wiemels 2003). Oncogenic transformation likely result from
the action of these fusion proteins, with capabilities beyond those of the original
constituent proteins. For a given translocation, the genomic regions within which
recombination occurs are generally localized within breakpoint cluster regions
(BCRs). Most of these genomic abnormalities arise pre-natally, but are not sufficient
for disease progression (Greaves 2003). However, the consistent association of
specific alterations with specific leukemic phenotypes supports the hypothesis that

these genetic abnormalities are causal events during leukemic transformation.

Different mechanisms have been proposed to explain how the recurrent
translocations associated with childhood leukemias arise (Lieber et al. 2010). These
include: (1) illegitimate V(D)) recombination; (2) homologous recombination
mediated by repetitive sequences, such as Alu elements; (3) NHEJ in regions that
show increased susceptibility to DSBs. Alu-mediated oncogenic rearrangements in
leukemic cells involve BCR and ABL, or rearrangements of MLL (Zhang et al. 1995;
Strout et al. 1998). Recently, it has become increasingly clear that the occasional
errors during V(D)) recombination contribute to the development of leukemias.
Indeed, there are locations in the genome that can look similar to an RSS, other than
the ones located at antigen receptor loci. These are called pseudo RSSs and are
aberrant target sites of RAG complex (Lewis et al. 1997). In many subtypes of T-cell
ALL, these pseudo RSSs are cut and rejoined to the TCR locus. In other cases, two
DSBs can occur at pseudo RSSs simultaneously, resulting in translocations
independent of the antigen receptor loci. Some evidence suggests that the EA2-

PBX1 fusion gene may result from such a process (Wiemels et al. 2002). To function
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as targets for V(D)J recombination, pseudo RSSs must however behave like
recombination centres, and the functional requirements and site specificity of this

process remain to be fully elucidated.

Finally, a series of inherited syndromes associated with genetic instablity predispose
individuals to leukemias. For instance, patients with Ataxia Telangiectasia and
Nijmegen’s breakage syndrome, which are due to mutations in genes that have an
important role in recognition of DSBs, are prone to develop chromosomal
translocations and lymphoid malignancies (Rotman and Shiloh 1998; Digweed and
Sperling 2004). Mosaic Variegated Aneuploidy is a rare condition that presents
mosaic aneuploidy, with an increased risk of developping childhood leukemia
(Jacquemont et al. 2002). Furthermore, constitutional trisomy 21, also known as
Down Syndrome, is associated with markedly increased risk for childhood ALL (Hasle
2001). These associations suggest that there is a link between cancer and genetic
disorders, however it remains unknown whether these syndromes directly cause
cancer or whether some genetic defects within an individual can lead to the two

types of diseases arising through common mechanisms.

Studying the genetic architecture of cancer at the subclonal and single-cell level is
now feasible using next generation sequencing (NGS) technologies. NGS approaches
(see our review (Casals et al. 2012)) and new methodological developments
demonstrate that great genetic diversity occurs in leukemia-initiating cells.
Malignant cell populations are genetically variegated and the cell expansion fits a
branching multi-clonal evolution model better than a linear process (Anderson et al.
2011; Notta et al. 2011). Therefore, the genetic heterogeneity and complexity of
leukemia is only now becoming appreciated through genomic analyses, and “evokes
a remarkably Darwinian perspective of the evolution of leukaemia-initiating cells”

(Burgess 2011).
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RESEARCH QUESTIONS AND THESIS OUTLINE

From the diverse studies described in this chapter, it is clear that recombination is a
fundamental biological process that has many important roles in the maintenance of
genome integrity, within individuals and from one generation to the next. It is also a
key evolutionary force that likely modulates the effect of natural selection across
the genome as well as between individuals. Major defects in recombination lead to
disruption of genome stability, which underlies many human conditions, from

infertility to cancer.

Congenital aneuploidies in humans mainly arise from female meiosis and are
associated with two phenomena : altered recombination and increasing maternal
age. Are the sex-specific differences in recombination patterns implicated in this
effect? How does recombination vary with age in humans? In Chapter I, | present a
study evaluating age-dependant and sex-specific variation in recombination rates in

human pedigrees using high density genotyping data from French Canadian families.

Defects in meiotic recombination are implicated in many inherited syndromes that
predispose individuals to cancer. Also, many cancer-related genes are involved in
both DNA repair and chromosomal recombination. Are there links between meiotic
and mitotic defects in recombination? Does the variation in meiotic recombination,
observed between and within individuals, impact susceptibility to cancer? In Chapter
lll, I present a study of meiotic recombination patterns observed in a cohort of

families of patients affected by childhood ALL.

Research exploring the advantages of recombination and its impact on the efficacy
of selection have mainly been discussed in theoretical work and demonstrated by
simulations. Do patterns of variation in recombination rates along chromosomes
influence the removal of new deleterious mutations occuring in human populations?
How does mutational load in low recombination regions influences human diseases?

In Chapter IV, | present a study that compares the mutational load between regions
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of high and low recombination rates using mutations observed in next-generation

RNA sequencing data from a cohort of 521 phenotyped French-Canadian individuals.

The main goal in this work is to better understand the costs for human health
associated with the recombinational process and the impact of variation in

recombination patterns on the susceptility to disease.
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ABSTRACT

In humans, chromosome-number abnormalities have been associated with altered
recombination and increased maternal age. Therefore, age-related effects on
recombination are of major importance, especially in relation to the mechanisms
involved in human trisomies. Here, we examine the relationship between maternal
age and recombination rate in humans. We localized crossovers at high resolution
by using over 600 thousand markers genotyped in a panel of 69 French-Canadian
pedigrees, revealing recombination events in 195 maternal meioses. Overall, we
observed the general patterns of variation in fine-scale recombination rates
previousely reported in humans. However, we report for the first time a significant
decrease in recombination rate with advancing maternal age in humans, likely
driven by chromosome-specific effects. The effect appears to be localized in the
middle section of chromosomal arms and near subtelomeric regions. We postulate
that, for some chromosomes, protection against non-disjunction provided by
recombination becomes less efficient with advancing maternal age, which can be
partly responsible for the higher rates of aneuploidy in older women. Our model
reconciles our findings with reported associations between maternal age and

recombination in cases of trisomies.
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AUTHOR SUMMARY

Aging is a genetically and environmentally modulated process. One particular
manifestation of aging in humans is the age-related changes that affect the female
reproductive system. It is well established that chromosome-number abnormalities
in offspring occur more frequently as maternal age advances, but the meiotic
mechanisms involved remain unclear. Meiotic recombination has been associated
with maternal age in different species but contrasting effects of maternal age on
recombination rates have been reported among mammals. In this study, we found a
decrease of recombination rates with increasing maternal age in a French-Canadian
cohort, with the most pronounced decline possibly occurring before 32 years of age.
We observed chromosome-specific age effects and, in older women, recombination
frequencies are notably reduced in the middle portion of chromosomal arms and
near subtelomeric regions. No paternal age effect on recombination was found,
highlighting differences in patterns of variation among sexes. Many studies have
shown significant inter-individual variation in genome-wide recombination rates,
and our results points to an additional, intra-individual, source of variation in

recombination rates among transmissions from the same mother.
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INTRODUCTION

Meiotic recombination is crucial in both driving the evolution of genomes and
ensuring faithful segregation of pairs of homologous chromosomes during
gametogenesis. The initiation of genetic recombination during the first meiotic
prophase enables homologous chromosomes to orient properly on the spindle and
helps form physical connections between chromosomes (Smith and Nicolas 1998).
This process results in strand crossovers and further leads to zygotes harboring new
combinations of parental genetic material. Every descendant is therefore provided

with a unique mosaic of both pairs of parental chromosomes.

In most mammals, including humans, there are important sex-differences in
recombination rates and patterns (Coop and Przeworski 2007). First, the distribution
of crossovers along the genome differs between sexes, tending to be lower at the
telomeres in females relative to males (Broman et al. 1998). Second, the average
size of the genetic map for females is 1.6 times longer than that for males (Donis-
Keller et al. 1987; Kong et al. 2002). Third, 15% of female and male hotspots are sex-
specific (Kong et al. 2010). Evidence indicates that these differences result from
sexual dimorphism in the regulation of the meiotic process (Hassold and Hunt 2001;
Cohen et al. 2006; Chowdhury et al. 2009), but high levels of heterogeneity in

recombination rate is also observed within the same sex.

Pedigree studies have identified extensive variation in rates among females (Broman
et al. 1998; Kong et al. 2002) and more recent studies reported significant variation
in both female and male crossover rates (Cheung et al. 2007; Coop et al. 2008;
Chowdhury et al. 2009; Kong et al. 2010). In addition to interindividual variation, the
number of crossovers among different gametes of an individual has been reported
to vary (Hassold et al. 2004; Lenzi et al. 2005). However, variation in gamete
recombination does not necessarily translate into variation in offspring

recombination, since only a small subset of the gamete variation may be consistent
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with live-born offspring. For example, more than 20% of oocytes exhibit an
abnormal number of chromosomes, and yet very few aneuploid embryos are viable
(Hassold and Hunt 2001). Since reduction or failure of meiotic recombination is
associated with improper disjunction of chromosomes, leading to genetically
unbalanced gametes, high rates of recombination protect oocytes from non-
disjunction events (Roeder 1997; Smith and Nicolas 1998), and oocytes with many
crossovers are likely to result in a live embryo. Conversely, oocytes exhibiting too

few crossovers are particularly prone to aneuploidy.

The most important factor linked to chromosomal aneuploidy in women is
advancing maternal age (Hassold and Hunt 2001). Since very little is known about
age-related causes of non-disjunction, it remains important to establish associations
between patterns of recombination and maternal age in normal meioses. Although
recombination is initiated during fetal development in mammal females, age can still
influence recombination. In mice, it has been demonstrated that oocytes do not exit
the mitotic phase of oogenesis all at once, but rather in successive waves (Polani and
Crolla 1991). Furthermore, oocytes ovulate in the same order in which they entered
meiosis (Polani and Crolla 1991). This ‘production line’ model thus suggests that

eggs ovulated late in life are the result of more premeiotic mitotic divisions.

Contradictory observations for relationships between maternal age and
recombination rates have been reported in mammals, with studies reporting a weak
increase of recombination count estimates in humans (Kong et al. 2004; Coop et al.
2008) whereas decreases in frequency of crossovers in mice and hamsters were
reported (Henderson and Edwards 1968; Sugawara and Mikamo 1983). To further
investigate the maternal age effect on recombination in humans, we densely
genotyped individuals from 68 French-Canadian families in Quebec and localized
recombination events at high resolution using a previously described method (Coop
et al. 2008). We report, for the first time to our knowledge, a significant genome-

wide decrease in recombination rate with advancing maternal age in humans and
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we compare our results with observations from similar studies. Chromosome-
specific effects likely drive the observed reduction in recombination with age. Our
observations are consistent with a proposed model in which protection against non-
disjunction through recombination becomes less efficient with advancing maternal

age in some chrosomosomes.
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RESULTS

Significant Variation in Fine-Scale Recombination Patterns

Maternal recombination rates in meioses can be examined by inferring
recombination events in viable offspring using dense genome-wide genotyping of
pedigrees. To capture crossovers occurring during parental gametogenesis, a total of
478 individuals from 68 French-Canadian pedigrees were genotyped using the
Affymetrix 6.0 1M Chip. Over 650,000 SNPs were retained after stringent quality
control, providing information on 195 maternal and paternal meioses. Following the
procedure described by Coop and colleagues (Coop et al. 2008), we localized
crossovers at high-resolution in 68 nuclear families with at least two children and
examined variation in fine-scale recombination patterns among individuals. We
observed an average of 41.7 (40.2 - 43.3 95%Cl) and 27.7 (26.9 - 28.4 95%Cl)
recombination events among maternal and paternal transmissions, respectively, in
close agreement with published estimates (Kong et al. 2002; Cheung et al. 2007;
Coop et al. 2008; Kong et al. 2008; Chowdhury et al. 2009).

We confirmed the presence of significant variation for fine-scale patterns of
recombination (Coop et al. 2008; Chowdhury et al. 2009), suggesting that we have
sufficient power to detect fine-scale variation patterns among individuals in this
cohort. In particular, we observed significant variation in recombination rates among
males and females for individual chromosomes (Table S1), including chromosome 19
in males. Although recombination is positively correlated with gene density,
chromosome 19 has been previously reported to be an outlier, as this chromosome
has the lowest density of recombination hotspots (Myers et al. 2005) but the highest
gene density (Lander et al. 2001). It also carries the highest proportion of open
chromatin (Gilbert et al. 2004). We also evaluated the overlap between the
recombination events inferred in our cohort and known population recombination

hotspots inferred from HapMap3 CEPH haplotypes. To do so, we considered a
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subset of recombination events inferred to be less than 30 Kb apart. We found that
70% and 68% of maternal and paternal events, respectively, overlapped described
recombination hotspots (Myers et al. 2005), whereas less than 35% overlap is
expected if recombination events are randomly distributed across genomes. Overall,
these results demonstrate that there is substantial heterogeneity in recombination

counts among families, sexes and individuals.

Genome-Wide Negative Maternal Age Effect

The number of observed crossovers in children of our cohort is negatively correlated
with maternal age at time of birth ( = -0.49 crossovers/year, Pearson r = -0.28, p =
0.0017). This negative maternal age effect was determined using a linear mixed
model that account for the effects of the mother on recombination rates. This effect
remained significant after including the number of children of a mother as a
covariate in the model (Bage = -0.44 crossovers/year, p = 0.007). We also used family-
adjusted recombination counts and ages to evaluate if the age trend detected exists
‘within family’ (see Materials and Methods). Maternal age remained negatively
correlated to the number of recombination events across transmissions within
families (p = -0.42 crossovers/year, Pearson r = -0.25, p = 0.0047), ruling out the
possibility that this pattern is due to variation in recombination rates among
mothers. To determine the period of reproductive life in which the maternal age
effect is strongest, we used a linear spline smoothing while specifying a random
effects structure to account for the within-family correlations (Gurrin et al. 2005).
The fitted spline regression is displayed in Figure 1 along with the fit of the linear
regression. The spline fit suggests that recombination counts decrease for all ages,
with the greatest decline found among children born from mothers that are 32 years
of age or younger. We note, however, that the spline fit is not a significant

improvement relative to the linear fit (p =0.0695).

Most double recombination events called within less than 1Mb were a result of

genotyping errors (see Materials and Methods), nevertheless, including these events
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Figure 1. Negative correlation between the maternal age at birth and the number

of recombination events

Scatterplot and fitted regression functions showing negative correlation between
the maternal age at birth and the number of recombination events in offspring. The
red dashed line is the linear regression ( = -0.49, p = 0.0017, r> = 0.081). The solid
blue line represents the result of the linear spline regression with knots at each
distinct value of maternal age at birth and the smoothing parameter A estimated by

restricted maximum likelihood (REML) (A = 22.29, p = 0.005, r*= 0.091).
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did not change the direction of the negative trend with age observed in females.
Even when called double recombination events occurring within 2, 5, 10 and 20 Mb
were excluded from the analyses, the significant negative correlation between
recombination counts and maternal age remained (Table S2). All analyses were also
performed for males, and no significant correlation was observed between paternal
age and the number of paternal crossovers inferred (with family-adjusted values: 3 =

-0.18, Pearson r =-0.15, p = 0.12) as previously reported (Coop et al. 2008).

Evaluating Maternal Age Effects along Chromosomal Arms

We investigated whether the observed genome-wide negative correlation between
maternal age and crossover counts is specific to certain chromosomes or genomic
regions. For all chromosomes, the mean number of crossovers observed in mothers
older than 30 years of age was less than for younger mothers, and significantly so
(p<0.05) for chromosomes 5 to 10, 15, 18, and 20 (Figure 2 and Table S3). Putting
aside these nine significant chromosomes, the observation that the remainging
chromosomes all show reduced mean recombination rates in older mothers (p =
1.22:10) is a robust signal for a systematic negative effect. However, the negative
correlation is no longer significant for these individually non-significant
chromosomes grouped together (with family-adjusted values: p =-0.13, r =-0.14, p
= 0.101), suggesting that the genome-wide effect detected is mainly driven by
effects present on specific chromosomes. Also, the shift in mean between younger
and older mothers seen for the above significant chromosomes is significantly
greater than that for the remaining chromosomes (one-tailed p = 1.2:107). We
further found, based on simulations, that no more than seven chromosomes would
be expected to be significant if the genome-wide effect is shared uniformly across all
chromosomes (see Materials and Methods). Our result of nine statistically significant
chromosomes therefore appears as an outlier (one-tailed p < 0.0002) where
submetacentric chromosomes are overrepresented (7 out of 9, one tailed p = 0.043),

suggesting that chromosomal arm size or structure are potential determinants.
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number of maternal crossovers for mothers under and over 30 years of age. Position
of centromere is shown for each chromosome (dotted line). Significance of the shift
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We computed the distribution of maternal and paternal recombination events along
chromosomal arms for parents under and over 30 years of age, independently
(Figure 3). Male recombination rates increase as we approach telomeric ends of
chromosomes, as seen in other studies (Rouyer et al. 1990; Blouin et al. 1995;
Broman et al. 1998; Badge et al. 2000; Kong et al. 2002), whereas female rates drop
substantially at subtelomeric regions. The difference in recombination counts
between mothers from the two age groups is clearly visible and no such pattern is
seen in males. The statistical correlation between recombination counts and
maternal age was evaluated with respect to relative location on chromosomal arms
(Table S3). The decay in crossovers with maternal age appears to be localized in
specific portions of chromosomal arms. More precisely, the reduction in
recombination rates observed for older mothers in the middle section of
chromosomal arms and near the subtelomeric regions is significantly greater than

those in the other bins (one-tailed p = 0.0464).

Finally, we compared recombination hotspots locations between mothers younger
and older than 30 years of age. A large proportion of events (70%) overlapped with
previously identified population recombination hotspots in both age groups.
Furthermore, no significant differences were found among younger and older

mothers in the distribution of hotspots along chromosomal arms (Figure S1).

Phenotypes Show No Association with Maternal Age and Recombination

Among our study cohort, 40 children have left-sided congenital heart disease (LS-
CHD), a cardiac malformation where there is substantial evidence for a genetic
component (Cripe et al. 2004; McBride et al. 2005; Hinton et al. 2007). We therefore
tested for possible associations between the disease phenotype and both maternal
age at birth and recombination rates, and found none. Moreover, the negative
correlation between family-adjusted crossovers and maternal age remained
significant when only unaffected children were considered (p = 0.0023). Five

mothers had LS-CHD and were involved in 21 transmissions. Again, a significant
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Figure 3. Distribution of recombination events along chromosomal arms.

Histograms of mean number of events per transmission, grouped in 20 bins of
relative distances from centromere (increments of 0.05 units). Paternal and
maternal events are shown separately and transmissions are partitioned according
to the age of the parent at birth. Parents of 30 years old are part of the over-30
groups. Significance of the shift at the 5% level (*) is assessed by permutations. All

autosome arms are included.
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negative correlation between family-adjusted values is observed when these
transmissions were removed from the analysis (p = 0.0059). These results indicate
that clinical phenotypes in a subset of our study cohort have little to no effect on our

findings.
Comparisons with previous studies in humans

Our main finding that the maternal age effect is negatively correlated with
recombination rate is in sharp contrast with a previous finding in an Icelandic cohort
(Kong et al. 2004) where a positive correlation between maternal age and
recombination rates was observed. There are three main differences in design
between the two studies. First, the Icelandic study has a much larger sample size,
allowing the detection of what is a very weak positive effect (B = 0.043
recombination events per year) that could not have been detected in our study.
Second, approximately 1000 microsatellite markers were used to map
recombination events. Third, maternal age at birth was approximated by rounding
ages up to the nearest five years. Through simulations, we showed that the
discrepancy in results between studies is unlikely to be due to sample size effects
(Supporting Text S1). To evaluate to what extent the number of sampled markers
and age approximations affect the power to detect an effect among the French-
Canadians, we recreated these conditions with our dataset. When we approximate
maternal age the same way as in the Icelandic study and used 1000 randomly
selected informative markers per mother, the trend remained but the correlation
was no longer significant at the 5% level. The mean number of crossovers across
transmissions for younger mothers drops from 43.07 to 35.13. For older mothers,
the mean drops from 38.04 to 31.62 crossovers per transmission, shifting the
difference in means between younger and older mothers from 5.03 to 3.51
crossovers. The use of a relatively large number of markers is particularly important
to have enough power to detect changes in recombination counts in specific

chromosomal regions, highlighting the need for high marker density. However, our
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correlation remained significantly negative when we used only 100 000 SNPs,

corresponding to 6000-7000 informative markers in our analysis.

Coop and colleagues also reported a positive effect observed among related
Hutterites (Coop et al. 2008) and kindly provided us with recombination rates and
parental age at birth in 52 nuclear families. Marker density and the methodology
used to infer recombination rates are both similar to those in our study. Using these
data, we reproduced their finding and observed a significant positive correlation
between recombination counts and maternal age using a linear mixed model (Figure
S2a) and family-adjusted values ( = 0.22, Pearson r = 0.13, p = 0.034), however with
an explained variance in recombination rate of less than 2%. Moreover, non-
parametric tests showed no significant correlation (Spearman p = 0.10, p = 0.11). All
results remain unchanged when only recombination events seen once in a family are

kept in the analyses.

The distribution of maternal and paternal recombination events along chromosomal
arms is very similar to those observed in the French-Canadian cohort (Figure S2b),
except that the age effect is barely visible. The positive effect does not seem to be
specific to particular chromosomal regions, since the correlations were not
significantly different between regions. When examining chromosome-specific age
effects among the Hutterites, no significant increase was observed on any
chromosome (Table S4). However, two chromosomes showed a significant reduction
in the mean number of crossovers for mothers over 30 years of age: chromosomes
20 (p = 0.0354) and 22 (p = 0.0321) with a one-tailed probability of 0.0455 that at
least two chromosomes exhibit such p-values by chance alone (see Materials and

Methods).

In order to compare to data in the Icelandic study (Kong et al. 2004), where age data
was binned in age categories of five years, we binned the French-Canadian and
Hutterite data into similar age category, for each cohort separately (Figure S3). We

observed significant differences in recombination rates among categories (p = 5:10)
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in the French-Canadians, but not in the Hutterites (p = 0.091). It is worth noting that
the average number of crossovers per transmission decreases between mothers
aged 25 to 29 and those aged 30 to 34 at time of birth in the Hutterites and in the
Icelanders (see Figure 1 in (Kong et al. 2004)), although the differences are not

significant.
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DISCUSSION

In this study, we examined age-related effects on recombination and observed a
negative correlation between the number of maternal crossovers and the mother’s
age at the time of birth. The proportion of the total variance explained by the
genome-wide correlation is significant, yet relatively small (8.1%). This observation is
striking considering no strong effect is expected, because considerably reduced
levels of recombination are associated with non-viable offspring. The maternal-age
effect is pronounced in the middle and distal portions of chromosomal arms. The
decrease in recombination might be more pronounced for mothers younger then 32
years of age, after which the rate of maternal non-disjunction is reported to

accelerate (Hassold and Hunt 2001).

The possibility that age might influence recombination rates has been examined in
several organisms. An age-related decline in recombination has been demonstrated
in plants and Drosophila (Griffing and Landridge 1963; Ashburner 1989). In the
latter, however, an increase at older age (>16 days) has consistently been reported
(Redfield 1966; Ashburner 1989). In mammals, while maternal age has been
associated with recombination rate in several studies, paternal age effects on
recombination have not been demonstrated. This asymmetry may be explained by
important differences in the time of entry, duration and outcome of meiotic
processes between sexes (Hassold and Hunt 2001; Cohen et al. 2006). While male
germ cells are produced continuously and progress from prophase | to the second
meiotic division in several days, the life cycle of oocytes is longer and more complex,
beginning during early fetal life (Hunt and Hassold 2002). After a period of mitotic
proliferation, oocytes progress through prophase | and initiate genetic
recombination, before entering an arrest phase. In humans, meiotic arrest can be
maintained for decades, until the oocyte resumes the first meiotic division and

proceeds to metaphase Il, prior to ovulation. In each of these meiotic stages, errors
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affecting chromosome segregation may occur and become more frequent as women
age (Hassold and Hunt 2009). Particularly, the physical manifestation of
recombination has a critical role in tethering homologous chromosomes together
during meiosis (Smith and Nicolas 1998), and a significant reduction in
recombination has been identified as a causal mechanism underlying non-
disjunction of pairs of chromosomes (Hassold et al. 2004). If the association we
observe in this study reflects reduced recombination in oocytes ovulated later in life,
one might consider this reduction to be partially responsible for higher level of

aneuploidies in older women.

While our results are in agreement with the effects reported in mammals, they
directly contradict previous studies demonstrating recombination rates increase
with maternal age in humans (Kong et al. 2004; Coop and Przeworski 2007; Coop et
al. 2008). All other analyses we performed studying recombinational patterns
among families, sexes and individuals corroborate results found in other cohorts.
Because of a lack of resolution in recombination estimates and possible
misspecification of maternal ages at birth, we are left to wonder whether the
Icelandic study had sufficient resolution to properly estimate the maternal age
effect. Furthermore, the effect of maternal age on recombination rate reported by
Kong and colleagues is very small (Kong et al. 2004) (0.043 crossovers per year). We
showed that our effect, which is almost 10-times stronger in the opposite (negative)
direction, would not have been detectable in our sample using a marker density and
maternal age accuracy similar to that of Kong and colleagues (Kong et al. 2004). It is
not possible to assess whether the positive effect is real or spurious, but further
analyses of the Icelandic cohort, using recently published data (Kong et al. 2010),

may be informative.

The positive correlation in the Hutterite cohort is also very weak, albeit significant
(Coop et al. 2008). Our data and methods are very similar and are unlikey to be the

cause of the discrepancy. Therefore, only two likely explanations remain : either the
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populations are intrinsically different or the studies are capturing different aspects
of variation in female recombination rates. It is possible that the trends observed in
the different studies reflect that the relationship between maternal age and
recombination is a variable phenotype in females, similar to other “low” or “high”
recombination phenotypes (Kong et al. 2008; Chowdhury et al. 2009). In humans,
genetic determinants could have evolved to counter the “age-dependent reduction”
recombination phenotype present in rodents, leading to the absence of maternal
age effect, or to a weak increase of recombination rates due to selection against
low-recombinant oocytes as age increases (Kong et al. 2004). If these phenotypes
coexist in human populations, one may observe increasing, decreasing or even U-
shaped trends in any given population. Moreover, the selective pressure acting in
human is unlikely to act in rodents, who rarely exhibit age-related meiotic

dysfunctions, allowing the negative maternal age effect to be observed consistently.

Because of the association between aneuploidy and recombination rates, women
that do not harbor the “age-dependent reduction” recombination phenotype will
tend to have more children later in life than the ones subjected to the negative
maternal age effect. This would lead to a slight increase in the mean number of
recombinations for mothers with more children (Kong et al. 2004; Coop et al. 2008).
We note that, in comparison with our cohort, there are a greater proportion of
larger families in the Icelandic and the Hutterites cohort. If risk of non-disjunction or
other chromosomal anomalies increases with age, then only oocytes with more

recombination will survive and be observed in larger families.

The age-effect observed among French-Canadians may also be a consequence, and
not a cause, of the higher frequencies of non-disjunction with advancing maternal
age. The patterns we observed in viable offspring do not necessarily reflect a
decrease of recombination among oocytes in the female ovary, where all eggs might
be recombining at the same rate. Rather, the number of crossovers sufficient for

proper homologous segregation in young women may not be protective against
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non-disjunction in older women. More oocytes would give rise to aneuploid zygotes
when ovulated later in life, a model consistent with the observations that increasing
age of women increases the likelihood of trisomy. Under this hypothesis, one can
show that the mean number of crossovers observed is expected to increase with
maternal age in aneuploid conceptions and to decrease in normal, properly

disjoined, fertilized eggs (Figure 4 and Supporting Text S1).

Trisomy studies provide evidence that recombination rates may increase with
maternal age in aneuploid conceptions. Robinson and colleagues (Robinson et al.
1998) studied non-disjunctions of chromosome 15 and reported that the mean
maternal age at birth for cases harboring more than two crossovers is substantially
higher than for cases with zero, one or two crossovers. This suggests a positive
association between maternal age and recombination rate in aneuploid conceptions
involving chromosome 15, and similar associations have been reported for
chromosomes 18 and X (Bugge et al. 1998; Thomas et al. 2001). In trisomy 13, 16
and 21, however, no age-effect was reported (Hassold et al. 1995; Lamb et al. 2005;
Bugge et al. 2007; Oliver et al. 2008) except for one study in trisomy 21 which found
such an effect (Sherman et al. 1994). Interestingly, in the normal conceptions
studied here, chromosomes 15 and 18 had a significant decrease in recombination
with maternal age, whereas no significant effects were found for chromosomes 13,
16 and 21. Therefore, our model is consistent with significant association found for
some chromosomes but not for others (Lamb et al. 1996; Hassold and Hunt 2001).
Not all trisomies are affected by increasing maternal age equally and it seems
unlikely that the same mechanisms apply to all aneuploid conceptions (Morton et al.

1988).

Altogether, these data highlight the fact that different chromosomes are subjected
to distinct selective, mechanistic or structural constraints influencing recombination
patterns over successive generations. This points to chromosome-specific effects

that might be critical determinants of the complex relationship between maternal
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Figure 4. Protection against non-disjunction may be reduced as women ages.

We propose that protection given by high recombination becomes less efficient with
increasing maternal age. Here, we depict oocytes containing only one chromosome,
with R recombination events. We suppose that, at each of the three arbitrary age
periods (k = 1,2,3), the proportion of oocytes having R recombinations stays the
same (i.e. it does not decrease or increase with age). During each age period, several
oocytes enter their final stage of maturation and give properly disjoined gametes
with one chromosome (Normal) or non-disjoined gametes with zero or two
chromosomes (Aneuploid). P (R = r) is the probability of proper disjunction in an
oocyte with r crossovers for the age period k. Ey and E, are the mean numbers of
recombination in properly disjoined and non-disjoined oocytes, respectively. Under
this model, Ey is expected to decrease with k whereas E, is expected to increase

with k (see Text S1).
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age and recombination in humans. Chromosome-specific effects may vary among
populations depending on genetic differences in factors regulating the
recombination machinery. Our results support this hypothesis, as a significant decay
was found on nine chromosomes in our French-Canadian cohort and on two
chromosomes in the Hutterites. The result for chromosome 20 was significant in

both cohorts, but the overlap could be explained by chance alone.

Many factors could reduce the protection provided by recombination from meiotic
breakdown, such as factors acting when meiosis resumes after arrest during the final
stages of oocyte growth and maturation (Revenkova et al. 2004; Hodges et al. 2005;
Kan et al. 2008). Furthermore, factors related to the functional significance of
telomeres in meiotic recombination might be implicated. According to the telomere
theory of reproductive aging in women (Keefe et al. 2006; de La Roche Saint-Andre
2008) shorter telomeres could be detrimental to segregation of chromosomes,
especially for those with recombination event near subtelomeric regions (Lee et al.
1998; Liu et al. 2004). Moreover, the telomere length and rate of erosion might be
associated with sex- and chromosome-specific genetic factors (Graakjaer et al. 2006;

Mavyer et al. 2006) that vary among human populations or cohorts.

In conclusion, high-density genotyping of nuclear families enabled us to capture
individual heterogeneity in recombination rates. The results described here are in
favor of adaptative theories of sex-specific recombination rates (Coop and
Przeworski 2007) suggesting that increased rates in females may have evolved to
compensate for improper chiasma formations later in life. The biological causes that
underlie recombinational variation and sex-differences have been under
investigation (Stefansson et al. 2005; Kong et al. 2008; Chowdhury et al. 2009;
Baudat et al. 2010), but the implications of variable rates for population genetic

inferences and disease mapping remain unknown.
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MATERIAL AND METHODS

Ethics Statement

The ethics committee of Sainte-Justine Hospital Research Center, University of
Montreal, approved the study protocol and all participants gave their informed
consent. The study was in accordance with the principles of the current version of

the Declaration of Helsinki.

Cohort Description and Genomic Data

A French-Canadian cohort was recruited to discover genomic variants contributing
to left-sided congenital heart disease (LS-CHD). The cohort is composed of 68 three-
generational French Canadian pedigrees, together consisting of more than 700
individuals, including 242 individuals affected with LS-CHD. All participants
underwent physical exams, ECG and echocardiography. A total of 478 individuals
from 89 overlapping nuclear families were genotyped using the Affymetrix 6.0

platform. Further analysis of this cohort will be presented elsewhere.

We applied standard quality control SNP filters such as call rates (< 95%), departures
from Hardy-Weinberg (p < 0.01), replicate concordance and Mendelian errors,
resulting in a data set of 657,823 autosomal polymorphic SNPs. Genotypic data are

available (Dataset S1).

Algorithm to Call Recombination Events

To localize crossover events in autosomes, we only considered the 69 nuclear
families in the French—Canadian cohort that had at least two children. We used a
previously described heuristic algorithm (Coop et al. 2008) that identifies parental
informative markers and phases each child using sibling information. Three

modifications to the procedure reported by Coop et al. (Coop et al. 2008) were
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made. First, in order to compare recombination rates among families, we evaluated
the same SNPs in all families, removing 209,816 SNPs with missing data in at least
one family (Dataset S1). Second, to filter out potential remaining genotyping errors,
we discarded double recombinants over short intervals. We used a pre-treatment
strategy to remove SNPs that result in an observed double recombinant, inferred
within 1 Mb (~1 cM, with genomic average of 1 cM/Mb) rather than discarding
double recombinants occurring within five informative markers (Coop et al. 2008).
The majority of double recombinants removed were found in many individuals at
the same positions and are therefore unlikely to be real double-crossover events.
Third, the Coop et al. algorithm counts as recombination events the crossovers that
are not unique in large families (with four children or more). This means that two
offspring can have the same recombination event occurring between the same
markers. For smaller families however, only events classified as unique would be
captured. This leads to a downward bias in the total number of events detected in
small families, relative to larger families (Coop et al. 2008). Thus, in our analyses, we
chose to only consider crossovers that are unique in both small and large families.
Because this can lead to a downward bias in the number of crossovers for larger
families, we partitioned large families into all possible combinations of families of
three children (reduced families). For every child, we inferred the recombination
counts for the reduced families that include this child, and computed the unbiased
recombination counts, averaged over all reduced families. All the results presented
in this study remained statistically significant when unbiased recombination counts

were used.

To ensure that variation in call rate did not lead to miscalling of recombination
events, we examined the correlation between genotype call rates and inferred
recombination rates. The number of recombination events observed in a child is
uncorrelated with the genotype call rate in this child (Spearman p = 0.098, p = 0.29

for maternal transmissions). The mean number of recombination events per mother
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is not correlated with the genotype call rate in the mother (Spearman p =-0.035, p =

0.71).

Fine-scale Recombination Patterns Among Individuals

On average, 23,165 informative markers per transmission were used to infer
recombination events in our cohort. To verify whether we had sufficient power to
detect variation in fine-scale recombination patterns among individuals, we
computed the average number of recombination events inferred among maternal
and paternal transmissions. Confidence intervals were estimated by bootstrap.
Following (Coop et al. 2008), we confirmed the presence of significant variation in
the mean number of events genome-wide among females (p = 0.0032) and males (p
= 0.0065) using ANOVA. We detected significant variation among individual
chromosomes using a linear mixed model that corrects for genome-wide variation in
recombination rates (Coop et al. 2008). Significance was determined using a
randomization procedure whereby children were randomly reassigned to parents
without modifying family sizes. We assessed the congruence of Phase Il Hapmap
recombination hotspots (Myers et al. 2005) with events localized between
informative markers less than 30 kb apart, because the location of these events is
considered to be more accurate. The expected proportion of events overlapping a
hotspot by chance has been computed as detailed by Coop and colleagues (Coop et

al. 2008).

Correlation between recombination and maternal age across transmissions

To study the correlation between recombination in offspring and maternal age at
birth, we considered the 34 nuclear families with more than two genotyped
children, because with only two children the number of events in each child cannot
be determined. Following Kong and colleagues (Kong et al. 2004), we used a linear
regression to assess the association between family-adjusted recombination counts

and family-adjusted age of mothers at birth and computed the Pearson correlation
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coefficient, r. The family-adjusted value is the difference between the value for a
child and the value averaging over all children from a given mother. The family-
adjusted values are used to evaluate the effect of age on recombination across
transmissions within families, so that detected effects are not confounded by
differences among mothers. To examine whether maternal age is the critical
variable, as opposed to time between births, we used non-adjusted values to
evaluate the maternal age effect across all transmissions with a linear mixed model
that allows for correlated recombination rates by including random effects shared
within each family. The number of children was also added as a covariate in the
model, to adjust for this potential confounder. The results were confirmed by a non-
parametric test: we found a significant Spearman correlation for adjusted counts
and ages (p = -0.25, p = 0.0078) and for the non-adjusted values (p =-0.31, p = 6x10°
%). To describe the local structure of the relationship between recombination and
maternal age, we used a semi-parametric regression model that achieves smoothing
using splines and provides a good fit to the data as we move across the range of
maternal ages (see Supporting Text S1). The R packages ImeSplines and nime were
used to implement our model. The knots were specified at each distinct value of
maternal age at birth (k = 23) and the smoothing parameter A was estimated by
REML (A = 22.29). P-values were determined based on 10 000 randomized data sets,
generated by permuting the maternal age across transmissions. For analyses

involving family-adjusted values, permutations were performed within families.

Chromosome-Specific Effects

To evaluate chromosome-specific effects, we grouped the transmissions into two
categories according to the age of the mother at birth: under 30 years old and 30
years old and above. We tested whether the shift in mean between the two age
groups was significant in individual chromosomes (Table S4). Putting aside the
significant chromosomes, we used a sign test to evaluate if a systematic effect

remained among the non-significant chromosomes, with a standard binomial test
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used to assess significance. To determine the number of chromosomes expected to
show a significant shift given the genome-wide correlation, we performed
simulations to redistribute crossovers of each mother randomly across
chromosomes, while taking into account the mean number of recombination
occuring on each chromosome (see Supporting Text 1). We also assessed by
simulations whether the shift found in significant chromosomes was significantly
different from the shift found in other chromosomes using normalized
recombination counts (see Supporting Text 1). Normalized values are obtained by
dividing the recombination counts by the mean number of recombinations observed
on each chromosome across the cohort. P-values were obtained using the

randomization scheme as described in the previous section.

Distance from centromere

Centromere positions were extracted from the UCSC Table Browser

http://genome.ucsc.edu/cgi-bin/hgGateway (assembly Mar. 2006). Genomic

positions of recombination events were converted to relative positions with respect
to centromere location, i.e. a value of O for an event at the centromere and 1.0 for
an event at chromosomal edges (telomeric regions). Recombination events were
grouped in distance bins of 0.05 (Figure 3 and Figure S2b) and 0.1 (Table S3) and
were separated according to parental origin and age group (under or over 30 years
old). We evaluated the correlation between distances and the number of
recombinations inferred in 0.05-bins. The distances were positively correlated with
recombination, resulting in a Pearson r = 0.86 (p < 10*) when both paternal and
maternal recombinations were considered. The positive correlation remained
significant when paternal events (Pearson r = 0.79, p < 10) and maternal events
(Pearson r = 0.58, p = 0.0047) were considered separately, even though the
correlation was weaker in females. P-values were determined based on 10 000
permutations of the recombination counts within bins. For each separate bin of size

0.1 and 0.05, we tested whether the shift in mean between mothers younger and
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older than 30 was significant in individual bins (Figure 3, Figure S2b and Table S3).
We assessed by simulations whether the shift found in significant bins was
significantly different from the shift found in other bins using normalized
recombination counts (see Supporting Text 1). We also evaluated the correlation
between maternal age and recombination rates using a linear regression model with
family-adjusted values for distance bins of 0.1 (Table S3). Similar effects and
distributions of events were observed when chromosomal arms shorter and longer

than 85 Mb were considered separately.

Maternal age effect and clinical phenotype

We tested for associations between the LS-CHD phenotype (affected vs. unaffected)
and maternal age at birth by an analysis of variance using ANOVA and Kruskal-Wallis
rank sum test. The same analyses were performed to test for a relationshp between
the clinical phenotype and the number of recombination events found in every child.
No significant differences in either recombination rates or maternal age at birth

were observed between unaffected and affected individuals.

Factors influencing power to detect the maternal age effect

To evaluate the effect of sampling on the correlation between recombination rates
and maternal age, we used resampling methods. We performed boostrap analyses
over families within both the French-Canadian and Hutterite datasets. We also used
a jackknife approach to generate samples similar to the French-Canadian dataset,

using subsets of available and simulated data (Text S1).

Power to detect variation among transmissions can be affected by low SNP density.
To evaluate the impact of different SNP density on our results, we used the --thin
option of PLINK toolset (Purcell et al. 2007) to keep only a random 80%, 40%, 30%,
20% and 5% of SNPs. Five percent of SNPs corresponds to analysis with an average
of 1000 informative markers per mother, which is the marker density used in the

Icelandic study (Kong et al. 2004). Four reduced datasets were created per SNP
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density. Recombinations were inferred for the 20 reduced datasets and the

maternal age effect was evaluated on family-adjusted values.

Using approximations for the ages of individuals can lower the power to detect a
correlation between maternal age at birth and recombination. Ages of all individuals
(children and parents) were rounded up to the nearest five years and maternal age
at birth was calculated by substracting the new child’s age from the new mother’s
age. Since linear relationship between recombination rate and maternal age is no
longer consistent with this data, the maternal age effect was evaluated by ANOVA,

categorising estimates based on approximate ages.

Analyses of the maternal age effect on recombination found in Hutterites

We were provided access to the list of recombination events inferred in the
Hutterite study and parental age at birth for individuals in 52 nuclear families,
providing information for 282 female meiosis out of 364 analysed by Coop and
colleagues (Coop et al. 2008). We evaluated the genome-wide correlation between
family-adjusted recombination counts and maternal age using Pearson and
Spearman correlation coefficients. In large families (>3 children), events that are not
unique within a family, for example, seen in at least two children, were called by
Coop et al. (Coop et al. 2008). All analyses were performed with the unique events

only (947 events were removed) and the results remained unchanged.

Effects specific to chromosomal regions and chromosomes were evaluated as
previously described. To obtain the probability, by chance alone, of at least two
chromosomes showing a significant decay, we assume that the shift has the same
probability to be either positive or negative. Using a binomial distribution, we
computed the probability of having at least k = 2 chromosomes out of n =22 atp =
0.0355, penr = (1- P(k = 0) - P(k = 1)) - 0.5 ~ 0.182 - 0.25 ~ 0.0455. We also performed
simulations where we redistributed, for each transmission, the recombination

events uniformly across chromosomes (Text S1) and computed the shift and
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significance by chromosome. We find that, among 5000 simulations, only 201 had at
least 2 chromosomes exhibiting a negative shift with a p-value lower than 0.036 (pcx,

= 0.0402).

To compare the results observed in the French-Canadian and Hutterite cohorts with
those obtained by Kong and colleagues (Kong et al. 2004), we treated maternal age
as a categorical variable. For each cohort, transmissions were grouped into 4
categories according to age of the mother at birth: under 25 years old, between 25-
29 years old, between 30 to 34 years old, 35 years old and above. We tested
differences among categories by ANOVA (French-Canadians: p = 5-:10™, Hutterites: p
= 0.091) and using Kruskal-Wallis rank sum test (French-Canadians: x* = 10.77 p =
0.013, Hutterites: x* = 6.32 p = 0.098). All p-values were obtained using the

randomization scheme described above.
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SUPPLEMENTARY METHODS

1. Spline smoothing with a linear mixed model

We used a linear mixed model to implement a semi-parametric regression model
(Gurrin et al. 2005) of the relationship between recombination counts and maternal

age at birth for nuclear families.
We seek to fit the following model :
rec.counts = m(age.at.birth)+h +¢€

where m is the smoothing function of ages at birth, with the random effects h, with
variance ¢, capturing the within family correlation structure and ¢ representing an

uncorrelated random error term, with variance 2.

We used the R packages 1lmeSplines and nlme to implement our model. The
package 1lmeSplines adds smoothing spline modelling capability to mixed linear
models. We located a knot at each distinct value of age, although choosing a smaller

number of knots did not change the results. The smoothing parameter A = 62/}

is estimated by maximizing the restricted log-likelihood.

This model was used to analyse the correlation between recombination counts and
maternal age at birth in the French-Canadian cohort and in the Hutterite cohort
(Coop et al. 2008). In the French-Canadians, the spline fit revealed new features of
the data (Figure 1) although the improvement in goodness of fit provided by the
linear spline model, evaluated by ANOVA, is not significant. In the Hutterites, the

spline fit is very close to the linear fit (Figure S2a).
2. Evaluation of chromosome-specific effects

To evaluate if the significant correlations found on 9 out of 22 chromosomes are due

to chromosome-specific effects and are not simply due to lack of power to detect
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the correlation on all the chromosomes, we used two simulation-based approaches.
The first approach was also used with the data from the Hutterite cohort (Coop et al.
2008) to evaluate the probability of having 2 chromosomes out of 22 exhibiting a

significant negative correlation.
2.1 Evaluation of the expected number of significant chromosomes

We performed 5000 simulations where maternal recombination events inferred in
each child were redistributed uniformly across chromosomes, while taking into
account the mean number of recombination events expected to occur on each
chromosome. Specifically, for each transmission, the number of crossovers for each
chromosome was drawn from a multinomial distribution with probabilities ¢ and
sample size n, where n is the total number of recombination events for that
transmission and ¢ = ( ¢3,Cy,...,C2> ) with ¢; the proportion of events found on
chromosome i across all transmissions. We grouped the transmissions into two
categories according to the age of the mother at birth: under 30 years old and 30
years old and above. For each simulation, we tested whether the shift in mean
between the two age groups was significant and evaluated the number of

chromosomes exhibiting a significant shift.

For the French-Canadian cohort, the maximum number of significant chromosomes
found among the 5000 simulations was 7 and only 28/5000 had more than 4
significant chromosomes. For the Hutterite cohort, only 201 simulations among
5000 showed at least 2 chromosomes exhibiting a negative shift and a p-value lower

than 0.036 (one tailed p = 0.0402).
2.2 Differences between significant and non-significant chromosomes

We separated the 9 significant chromosomes (SC) from the 13 non-significant
chromosomes (NSC) found in the French-Canadian cohort. No significant correlation
with maternal age was found for NSC (B =-0.13, r =-0.14, p = 0.101). We normalized

the values by dividing the recombination counts by the average number of
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recombinations observed for each chromosome across the cohort, we grouped the
SC and NSC together and computed the shifts between older and younger mothers
for the two groups separately. The normalized shift estimates are 0.251 for SC and
0.082 for NSC. We then permuted the normalized values among chromosomes, and
grouped the nine chromosomes having the largest shifts separately from the
remaining ones. The shifts between older and younger mothers for the two groups
were then calculated. The difference observed in the shifts between SC and NSC,
0.169, is significantly different from that expected based on simulations (p = 0.0012).
Even though we expect significant chromosomes to show a higher average effect
than the non-significant ones, such a significant difference between the two groups
was not seen in the simulations above (section 2.1) where the effect is distributed

uniformly across chromosomes.
3. Evaluation of effects in specific chromosomal regions

Maternal recombination events were divided in bins of relative distance from
centromere of 0.1 and were separated according to age group of the mother at time
of birth (under or over 30 years old). For each bin, we tested whether the shift in
mean between the two groups was significant. The five significant bins are 0.3-0.4,
0.4-0.5, 0.5-0.6, 0.7-0.8 and 0.8-0.9 (Table S3). For each bin, the recombination
counts were normalized by dividing each count by the average number of
recombination counts observed in the bin across the cohort, and the normalized
shifts were computed. The normalized shift estimates are 1.08 for the significant
bins and 0.13 for the remaining ones, leading to a difference in shift of 0.95. To
assess whether the normalized shift for the significant bins was significantly higher
than the shift found in non-significant bins, we permuted the normalized values
between bins. We then grouped the five bins showing the largest shifts separately
from the remaining ones and computed the difference observed in the shifts
between these two groups. The difference in shift observed in the data is

significantly higher (p = 0.0464) than what is expected based on these simulations.
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4. Evaluation of sample size effects

To evaluate the impact of sample size effects on the results, we used bootstrap and

jackknife procedures :
4.1 Bootstrapping over families

We randomly draw families with replacement from the set of 34 French-Canadian
families, to create 5000 simulated datasets and we examined the correlation
between family-adjusted recombination counts and family-adjusted maternal ages
at birth. For 4051/5000 bootstrap repetitions (81%), we obtain a significant negative
correlation. Only 2/5000 (0.04%) exhibit a positive §, but the correlations were not
significant. We performed the same experiment with the 52 families from the
Hutterite cohort. For 3200/5000 bootstrap repetitions (64%), we obtain a significant
positive correlation and 107/5000 (2.1%) exhibit a negative , but none of them
were significant. These results show that the confidence intervals for the correlation
coefficients observed in the French-Canadian (95% Cl -0.84 to -0.18) and Hutterite
cohort (95% ClI -0.10 to 0.43) do not deviate considerably from the negative and

positive point estimates, respectively.
4.2 Jackknifing over Hutterites families to match the French-Canadian cohort

We used the 52 families from the Hutterite cohort to create samples of 34 families
with the same number of children as in the French-Canadian families. Only 5/5000
simulations showed a significant negative correlation between family-adjusted
values. This analysis suggests that it is unlikely (one-tailed p = 0.001) to observe a
negative maternal age effect in a subset of 34 out of 52 families exhibiting a positive

maternal age effect of ~0.22 recombinations per year.
4.3 Simulation of the Icelandic cohort and jackknifing.

We used the informations provided by Kong and colleagues (Kong et al. 2004) to

simulate a dataset, with the same characteristics:
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the total number of nuclear families with at least 3 children (2177) ;

the number of sampled children per family (Table 1 in (Kong et al. 2004)) ;

the distribution of mother’s age at birth (Table 2 in (Kong et al. 2004)) ;
* the average number of recombination events per maternal meiosis of 44.6,
reported in (Kong et al. 2002), with standard deviation of o = 8

recombinations (OHutterites =7.90 and OFrench-Canadians = 828) ’

the estimated maternal age effect of 0.043 recombinations per year.

We then used this simulated dataset to create samples of 34 families with the same
number of children as in our French-Canadian families. Only 94/5000 simulations
showed a significant negative correlation between family-adjusted values. This
analysis suggests that it is unlikely (one-tailed p = 0.0188) to observe a negative
maternal age effect in a subset of 34 out of 2177 families exhibiting a positive

maternal age effect of ~0.045 recombinations per year.

5. MODEL: Recombination provides a reduced protection against non-disjunction

as women age.

We propose that a high recombination rate protects an oocyte ovulated earlier in
life from non-disjunction, but that this protection becomes less efficient with

increasing maternal age.

Let P, (r)be the probability of proper disjunction in an oocyte with r crossovers after
k years. Under our hypothesis, P, (r) decreases with k for r > € (with € > 0). Let Ry be

the number of crossovers observed in a properly disjoined oocyte after k years. The

mean number of crossovers in these normal oocyte (Ey) is :

E(R)= Y r-R(r)-P(R=r)

r=0
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with P(R =r) the probability of finding r recombinations in an oocytes, assuming
here that this probability does not depends on k. For x < x': P (r)> P.(r) therefore

E,(R)>E,(R.) (see Figure 4).

Under this model, the mean number of crossovers in properly disjoined oocytes (Ey)
is expected to decrease with maternal age, whereas the mean number of
recombination in non-disjoined oocytes (E,) is expected to increase with maternal

age.
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Figure S1. Recombination hotspots and maternal age

Congruence of Phase Il Hapmap recombination hotspots with events localized
between markers less than 30 KB apart. Positions of active hotspots on each
autosome in mothers under 30 years old (blue) and 30 years old and over (red) are

plotted. Black lines represent positions of centromeres.
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Figure S2. Maternal age effect in the Hutterite study.

(a) Scatterplot and fitted regression functions showing negative correlation between
the maternal age at birth and the number of recombination events in offspring. The
red dashed line represents the linear regression (3 = 0.17, p = 0.031, r’=0.012) and
the solid blue line represents the result of the linear spline regression with knots at
each distinct value of maternal age at birth (A = 17.05, p = 0.0354, r> = 0.012). (b)
Distribution of recombination events along chromosomal arms (see Figure 3 for
detailed description). Significance of the shift at the 5% level (*) is assessed by

permutations.
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Figure S3. Maternal age effect with age categories

Relationship between maternal age and recombination in autosomes using
categorised data for (a) the French-Canadian cohort and (b) the Hutterite cohort.
The number of recombinations for all transmissions are plotted (smaller dots),
sample means and standard errors for each age group are shown. The numbers of

transmissions (n) in each category are reported.
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Table S1. Significant variation among autosomes in number of recombination

events among male and female transmissions.

The mixed and adjusted models are described in (Coop et al. 2008) and significance
was assessed based on permutations (see Materials and Methods) using a
likelihood-ratio test. Significant p-values (p < 0.05) are reported, otherwise, they are
not significant (ns) is indicated. Values for chromosomes that were significant

among the Hutterites (see Table S1 in (Coop et al. 2008)) are presented in red.

Chr Males p-value Females p-value
Mixed model Adjusted model Mixed model Adjusted model

1 ns ns ns ns

2 ns ns ns ns

3 ns ns **0.005648 ns

4 ns ns ns ns

5 *0.0476 ns **0.006067 ns

6 ns ns **0.002188 ns

7 ns ns ns ns

8 ns ns **10.000868 ns

9 ns ns ns ns

10 ns ns ns ns

11 ns ns ns ns

12 *0.0452 *0.0400 **0.000738 ns

13 **0.00149 **0.00582 ns ns

14 ns ns ns ns

15 ns ns **0.00114 ns

16 **0.00872 ns **0.00391 *0.0262
17 *0.0189 ns ns ns

18 ns ns ns ns

19 **0.00750 *0.0294 *0.0251 ns
20 ns ns *0.04965 ns

21 ns ns *0.02196 *0.0272
22 ns ns ns ns
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Table S2. Exclusion of double recombinants.

Correlation between family-adjusted age of mothers at birth and family-adjusted
recombination counts was evaluated without double recombinants occurring

between 2, 5, 10 or 20 Mb intervals. Permutations were used to assess significance.

Exclusion interval ¢] P-value Pearson r
<2Mb -0.42 0.0012 -0.225
<5Mb -0.44 0.0013 -0.214
<10 Mb -0.42 0.0018 -0.207

<20 Mb -0.42 0.0056 -0.239
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Table S3. Correlations between recombination counts and maternal age along

chromosomal arms.

Shifts of the mean number of maternal crossovers between mothers under and over
30 years of age are presented at different distances relative to centromere position.
Linear correlations are evaluated using family-adjusted values grouped in 10 bins of
distance relative to centromere location. Permutations were used to assess

significance (p < 0.05) and significant results are reported in bold.

Bins Shift in recombination counts Linear correlation
between mothers under and over 30 using adjusted values

min max Shift Direction Shift p-value B Pearson r p-value

0 0.1 0.30 - 0.325 0.03 0.068 0.512
0.1 0.2 0.04 + 0.911 0.02 0.046 0.652
0.2 0.3 0.06 + 0.871 -0.04 -0.093 0.366
0.3 0.4 1.07 - 0.006 -0.12 -0.269 0.007
0.4 0.5 1.05 - 0.007 -0.06 -0.139 0.18
0.5 0.6 1.06 - 0.005 -0.04 - 0.091 0.375
0.6 0.7 0.01 + 0.984 0.004 0.009 0.927
0.7 0.8 0.99 - 0.01 -0.13 -0.268 0.007
0.8 0.9 1.39 - 0.003 -0.16 -0.247 0.014

0.9 0.0 0.37 - 0.479 -0.09 - 0.149 0.146
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Table S4. Mean number of recombination events among maternal transmissions

for each autosome in the French-Canadian and Hutterite studies.

For each study, transmissions are partitioned according to the age of the mother at
birth (mothers of 30 years-old are part of the over-30 group). Permutations were
used to test whether the shift was significant and significant results are reported in

bold.

Means in the Means in the
French-Canadian cohort Permutation test Hutterite cohort Permutation test
Chromosomes Mother Mother . p-values Mother Mother : p-values
under 30 over 30 Sign under 30 over 30 Sign
Chr 1 3.19 2.90 - 0.1843 3.29 3.15 - 0.4335
Chr2 3.18 2.92 - 0.1829 2.88 3.12 + 0.1869
Chr3 2.47 2.31 - 0.2641 2.46 2.71 + 0.1072
Chr 4 2.42 217 - 0.1585 2.39 2.60 + 0.1975
Chr5 2.58 2.15 - 0.0302 2.33 2.30 - 0.8127
Chr 6 2.71 2.00 - 0.0027 2.32 2.37 + 0.7512
Chr7 2.35 1.96 - 0.0302 2.09 2.25 + 0.2542
Chr8 2.32 1.75 - 0.0131 2.07 2.07 + 0.9792
Chr9 2.00 1.60 - 0.0421 1.90 1.99 + 0.5435
Chr 10 2.21 1.73 - 0.0163 2.26 2.02 - 0.0735
Chr 11 1.81 1.73 - 0.3621 1.81 1.76 - 0.6742
Chr 12 1.94 1.87 - 0.3746 1.92 2.00 + 0.5317
Chr 13 1.55 1.48 - 0.3574 1.45 1.42 - 0.7540
Chr 14 1.29 1.19 - 0.2981 1.34 1.49 + 0.1628
Chr 15 1.65 1.02 - 0.0005 1.39 1.36 - 0.7823
Chr 16 1.74 1.58 - 0.2267 1.60 1.54 - 0.5923
Chr 17 1.48 1.46 - 0.4469 1.58 1.43 - 0.2075
Chr 18 1.58 1.25 - 0.0338 1.39 1.47 + 0.5086
Chr 19 1.19 0.98 - 0.1007 1.07 1.02 - 0.5686
Chr 20 1.37 1.08 - 0.0267 1.37 1.14 - 0.0354
Chr 21 0.81 0.71 - 0.2303 0.66 0.59 - 0.4006
Chr 22 0.87 0.73 - 0.1556 0.77 0.60 - 0.0321

Autosomes 43.07 38.04 - 0.0011 40.10 40.63 + 0.5801
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ABSTRACT

One of the most rapidly evolving genes in humans, PRDMY, is a key determinant of
the distribution of meiotic recombination events. Mutations in this meiotic-specific
gene have previously been associated with male infertility in humans (Irie et al.
2009) and recent studies suggest that PRDM9 may be involved in pathological
genomic rearrangements. In studying genomes from families with children affected
by B-cell precursor acute lymphoblastic leukemia (B-ALL), we characterized meiotic
recombination patterns within a family with two siblings having hyperdiploid
childhood B-ALL and observed unusual localization of maternal recombination
events. The mother of the family carries a rare PRDM9 allele, potentially explaining
the unusual patterns found. From exomes sequenced in 44 additional parents of
children affected with B-ALL, we discovered a substantial and significant excess of
rare allelic forms of PRDMS. The rare PRDM9 alleles are transmitted to the affected
children in half the cases, nonetheless there remains a significant excess of rare
alleles among patients relative to controls. We successfully replicated this latter
observation in an independent cohort of 50 children with B-ALL, where we found an
excess of rare PRDMS9 alleles in aneuploid and infant B-ALL patients. PRDM9
variability in humans is thought to influence genomic instability, and these data
support a potential role for PRDM9 variation in risk of acquiring aneuploidies or

genomic rearrangements associated with childhood leukemogenesis.
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INTRODUCTION

Most effort in cancer genomics has focused on capturing somatic mutations from
the screening of tumor and normal somatic tissue genomes, to identify factors
mutated somatically during tumor progression. Genetic mapping approaches aim to
find genomic regions predisposing individuals to cancer, to capture inherited
predisposing mutations segregating in the population by using genetic linkage or
association studies. For late-onset cancers, such as breast and colorectal cancers
(Turnbull et al. 2010; Peters et al. 2012), many predisposing allelic variants have
been described, supporting a polygenic model of susceptibility (Easton and Eeles
2008) but only few genetic risk factors for pediatric cancer have been established
(Healy et al. 2007; Sherborne et al. 2010). Dominant mutations causing cancer early
in life are likely to be rapidly eliminated from the population, and as a result, it is
unlikely that affected children will share inherited mutations. Parental germline
events may play a role in pediatric cancer development, with early evidence for
epigenetically marking of imprinted genes during meiosis (Joyce and Schofield
1998), that may be involved directly in tumorigenesis for cancers of embryonal
origin, such as Wilms’ tumours, rhabdomyosarcoma, adrenocortical carcinoma and
hepatoblastoma. Besides this, little is known about the contribution of meiotic
events to the genetic instability driving the early onset of childhood cancer. In
particular, novel genomic changes that occur during meiosis will not be detectable
using standard genetic mapping approaches. However, interrogating normal and
tumor genomes from families of patients provides an ideal framework to study de

novo genomic events potentially linked to childhood malignancies.

Recent genomic studies using family data have shown that many early onset
diseases arise from defects caused by de novo genetic aberrations, be they point
mutations (Awadalla et al. 2010), copy number variants (Greenway et al. 2009),
structural rearrangements (Kloosterman et al. 2011) or aneuploidies (Hassold et al.

2007). Recombination rates in children correlate with maternal age at birth (Hussin
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et al. 2011), which may have implications for understanding aneuploid conceptions.
Intriguingly, children born with constitutional aneuploidies and rearrangements are
at an increased risk for various malignancies (Ganmore et al. 2009). For example,
children with Down syndrome have nearly a 20-fold increased risk for acute
leukemia (Ross et al. 2005), suggesting that carcinogenesis and congenital anomalies
may have a common basis for some pediatric cancers (Bjorge et al. 2008). Known
recombination associated factors, such as DNA repair and histone modifications, are
associated with genomic instabilities and cancers (Fernandez-Capetillo et al. 2004;
Helleday 2010), and congenital genomic rearrangements and aneuploidies have
been associated with errors in meiotic recombination (Hassold and Hunt 2001;

Sasaki et al. 2010). Such gross genomic events are frequent in pediatric cancers.

Cancer is the leading cause of death by disease among children in western countries,
and the overall incidence rate continues to rise steadily. The most common pediatric
cancer, acute lymphoblastic leukemia (ALL), is a hematological malignancy resulting
from chromosomal alterations and mutations affecting molecular pathways that
disrupt lymphoid progenitor cell differentiation (Greaves 1999). Childhood ALL is
likely explained by a combination of genetic predisposition and environmental
exposure during early development, in fetal life and in infancy. However, genetic
association studies for childhood ALL have been hampered by insufficient sample
sizes (Healy et al. 2007; Sherborne et al. 2010). Furthermore, ALL is a heterogenous
disease presenting many molecular subtypes, with different populations having
different incidence rates, such that the power of stratified analyses will be limited
due to small number of cases in each subgroup. Finally, there is well-established
evidence for prenatal initiation of the leukemogenesis process in children (Wiemels
et al. 1999; Greaves 2006), and focusing exclusively on child genetic material in ALL

association studies may be insufficient for understanding disease etiology.

To characterize the importance of parental germline events in susceptibility to

childhood ALL, we first set out to determine whether meiotic recombination
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patterns can lead to factors associated with the development of childhood ALL.
From exome sequencing and genotyping data, we characterized meiotic
recombination patterns in a unique family (referred herein as the ALL quartet) with
two siblings having hyperdiploid B-cell precursor ALL (B-ALL). We observed unusual
localization of maternal meiotic recombination events, with a small number of
crossovers taking place in previously well-characterized population recombination
hotspots. Such hotspots are short segments (1-2Kb) identified to be highly
recombinogenic in the human genome (Myers et al. 2005). The mother of the family
carries a rare PRDMS9 allele, potentially explaining the unusual placement of
recombination events observed (Berg et al. 2011). PRDM9 is a meiosis-specific
histone H3 methyltransferase that controls the activation of recombination hotspots
via it’s zinc finger (ZnF) DNA binding domain recognizing a short sequence motif,
which then triggers hotspot activity through modification of the chromatin state
(Grey et al. 2011). Analyses of next-generation sequencing and Sanger re-
sequencing read data from a cohort of parents with B-ALL affected children of
French Canadian descent, revealed a substantial excess of rare allelic forms of
PRDMS. This association was successfully replicated in an independent cohort of
children with B-ALL diagnosed in Tennessee, USA, where the effect was found
particularly in aneuploid and infant B-ALL patients. Not only has PRDM9 variability
been associated with with hotspot activation, but in humans it has been suggested
to influence genomic instability (Berg et al. 2010; McVean and Myers 2010). The
results presented here point to rare PRDMS9 allelic forms involvment in the
development of preleukemic clones in B-ALL patients and we propose that PRDM9
histone H3K4 methyltransferase activity in the parental germline could lead to the
genomic instability associated with childhood ALL, a plausible mechanism consistent
with the current understanding of molecular pathways of leukemogenesis and the

disease.
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RESULTS

The ALL family quartet

To study germline processes such as recombination, data from families with at least
two siblings is required. Within the Quebec Childhood ALL cohort, we identified a
family with two siblings having hyperdiploid B-ALL diagnosed at Sainte-Justine
University Hospital. Families with two cases of childhood ALL in a sibship are rare
and it is not clear whether siblings of children with ALL have an increased risk of
developing ALL themselves (Draper et al. 1996; Winther et al. 2001). From studies
published between 1951 and 2009 and registry-based childhood ALL data, an
international collaboration only identified three sibships that were concordant for
hyperdiploid ALL (Schmiegelow et al. 2011). However, the high concordance rate in
ALL subtype within sibships is somewhat incompatible with a scenario where all

cases in sibships occur randomly through independent events.

Sampling from the family included six biological samples from four family members:
the mother and father, sampled once, and their two sons, patients 383 and 610,
sampled at diagnosis and in remission (Figure 1). The brothers were both diagnosed
with B-ALL with FAB-L1 morphology, at the age of 2 for patient 383 and 3 years later,
at 14 years of age, for patient 610. At diagnosis, both siblings showed hyperdiploid
leukemia clones (>50 chromosomes, Supplementary Results), a childhood B-ALL
subtype that is very likely to be prenatally initiated (Gruhn et al. 2008). However,
chromosomal instabilities found in preleukemic clones are generated prenatally in
the normal population at approximately 100-times the rate of overt ALL (Mori et al.
2002), thus a second hit is required to trigger ALL during childhood, and results from
other genetic and/or environmental factors. Because the patients were both
diagnosed within a 3 year time period, it is likely that the second hit is due to

environmental exposure (Greaves 2006).
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Figure 1. The ALL quartet family pedigree

The ALL Quartet is composed of the two parents and two brothers (patients 383 and
610) affected by hyperdiploid B-cell precursor childhood ALL, sampled prior to and
after chemotherapy treatment. The brothers were diagnosed within a 3-year time
period. The parents report Moroccan origins. Both maternal and paternal
grandfathers are deceased from cancer. One of the father’s sisters had children with
poly-malformation syndromes, likely due to the high degree of consanguinity

reported. Age at death is shown for deceased individuals.
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De novo mutation and recombination events

Entire exomes were sequenced at high coverage using the SOLID platform (Table
S1A) to allow the full interrogation of the mutational and recombinational landscape
occurring in coding regions (Material and Methods). Among variable positions
discovered in the patients’ exome, we looked for de novo mutations (Supplementary
Methods). Given the human mutation rate, no more than one de novo point
mutation is expected in a normal exome (Conrad et al. 2011). We only identified a
single coding de novo point mutation in one of the patients (patient 383, Figure S1),
which suggests that the parental germline mutation rate in this family is not higher
than expected. Nevertheless, the putative de novo mutation identified is predicted
to affect the structure and function of SMAD6. SMADG6 functions as an inhibitor of
TGF-beta family signaling and was found to be a ligand-specific inhibitor of growth
arrest and apoptosis in mouse B-cells (Ishisaki et al. 1999). Furthermore, SMADG is
required for HL-60 myeloid leukemia cell line differentiation (Glesne and Huberman
2006) and is a key determinant of hematopoietic stem cell development (Pimanda et

al. 2007).

Combining the exome sequencing with genotyping data obtained from lllumina
Omni2.5 arrays, we identified over 816,000 high-confidence variable genomic
positions within the ALL quartet exomes that showed no aberration in allele
inheritance (Table S1B). We performed fine-scale dissection of meiotic
recombination events on autosomes and located a total of 102 and 47 crossovers in
maternal and paternal meioses, respectively (Figure 2A, Supplementary Methods).
We also identified nine short tracts flanked by crossover events, possibly indicating
gene conversion events (Supplementary Results, Table S2). The maternal and
paternal mean number of recombination per meiosis for the ALL quartet were
compared to the distribution of maternal and paternal means in a control cohort of
French-Canadian families (FC family cohort, Material and Methods). The mother of

the ALL quartet exhibits a high recombination rate with respect to the FC family



150 200
| |
.

Genomic position (Mb)
100

> _—

Maternal map

Paternal map
Crossovers Outside Hotspots
® Crossovers Overlapping Hotspots
Double Crossovers
High-resolution events (<30Kb)
Low-resolution events (>30Kb)

o

v

Proportion of events in
population hotspots

Figure 2. Map of recombinations events and hotspot usage in the ALL quartet

1.0

0.8

0.6

0.4

0.2

8 9 10 11 12 13
Chromosomes

0.6 0.8

population hotspots
0.4

Proportion of events in

0.2

3 4 5 6 7
V'S
T T T T T T T
10 20 30 40 50 60 70
Mothers

16 17 18 19 20 21 22

French-Canadians

I ALL Quartet Parents

T T T T T T
20 30 40 50 60 70

Fathers

99

(A) Single and double crossovers in the two meioses that give rise to the patients,

determined from analyses of SNPs from exome sequencing and genotyping data.

Analyses were performed using pre- and post-treatment samples and only kept

crossovers inferred in both. Using two somatic tissues allowed us to remove

genotyping errors and double recombination events resulting from errors. All

crossovers displayed are supported by at least 3 informative markers and high-

resolution events are localized between informative markers less than 30 Kb apart

(B) Fraction of high-resolution crossover intervals overlapping population hotspots

in the FC family cohort and in the ALL quartet. Mothers (triangles) and fathers

(circles) are ordered according to their proportion of overlap. We estimate that

11.78% (10.56-13.24 Cl 95%) of these crossover intervals are expected to overlap

population hotpots by chance.
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cohort, with her mean number of crossovers per gamete found to be at the end of
the spectrum (Figure S2). She carries two copies of the haplotype at the RNF212
locus associated with high recombination rates in females (haplotype [T, C] at SNP
rs3796619 and rs1670533) (Kong et al. 2008). The father carries one copy of the
rs3796619 T allele, which was estimated to decrease male genome-wide
recombination rate by 2.62% per copy. This is consistent with the lower

recombination rate seen in the father of the ALL quartet (Figure S2).

We next evaluated hotspot usage by computing the proportion of high-resolution
recombination events (localized between informative markers less than 30 Kb apart)
overlapping known population hotspots inferred from HapMap2 data (Myers et al.
2005). This measure does not directly evaluate hotspot usage, since a fraction of
crossovers is expected to map in population hotspots by chance alone, but it is a
good proxy to compare relative hotspot usage. Among recombination events
identified in the ALL quartet, 85 maternal events and 34 paternal events were
localized between informative markers less than 30 Kb apart. Fifty-four percent
(46/85) of maternal events and 79% (27/34) of paternal events overlapped with
HapMap2 recombination hotspots. These proportions are significantly different
between the parents (p = 0.0124, Fisher’s exact test). Since it was reported that, on
average, 70% of events are expected to overlap population hotspots (Coop et al.
2008; Hussin et al. 2011), this result suggests that the mother has a lack of
recombination in population hotspots. To validate this result, we further derived a
null distribution of the proportion of recombination events expected to overlap with
HapMap2 recombination hotspots in the FC family cohort (Material and Methods).
The paternal crossovers show the expected enrichment in population hotspots
inferred from HapMap2 data, while the maternal recombination landscape is
unusual with a particularly low proportion of meiotic recombination events

occurring in HapMap2 hotspots (Figure 2B).
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Characterising PRDM9 in the ALL family quartet

Variability in recombination hotspot usage correlates with variation in PRDM9, a
gene identified as a major hotspot determinant in mammals (Baudat et al. 2010;
Berg et al. 2010; Myers et al. 2010; Parvanov et al. 2010) and the only locus known
to be involved in hotspot specification in humans (Kong et al. 2010; Hinch et al.
2011). Allelic variation at the PRDMS9 locus consists of variable repeating units,
encoded by a minisatellite formed by tandem-repeat C2H2 zinc finger (ZnF), and has
a strong effect on recombination hotspots positioning and activity (Berg et al. 2010;
Berg et al. 2011). The reduced proportion of recombination events overlapping
population hotspots in the mother of the ALL quartet lead us to investigate genetic
variation at the PRDM9 gene. The sequencing data revealed that the father of the
two affected brothers is homozygote for the most common 13-repeat allele (allele
A) whereas the mother carries an allele A and a 14-repeat allele C, inherited by one
of the two brothers (Supplementary Results). We further validated the presence of
the C allele, which encodes major changes in the PRDM9 ZnF array (Baudat et al.

2010), by Sanger re-sequencing (Material and Methods).

Although this allele is rare in populations of European ancestry (~1%), it is more
frequent in individuals of African descent (~13%) (Berg et al. 2010). Because the
parents have Moroccan Arab ancestry (Supplementary Results, Figure S3), we
studied PRDMS9 diversity in 27 Moroccan individuals to establish whether the
presence of the C allele in the mother reflects a different distribution of Moroccan
PRDMS9 alleles relative to populations of European descent. Among 54 Moroccan
PRDMS9 alleles sequenced, no C allele was found (Figure S4), suggesting that the
frequency of the C allele in the Moroccan population is similar to the observed

frequency in populations of European descent (Supplementary Results).

Motifs overrepresented in recombination hotspots in European and African
American individuals have been inferred from population studies (Myers et al. 2008;

Hinch et al. 2011): a 13-mer motif is enriched in linkage disequilibrium-based
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hotspots inferred from HapMap2 data, whereas a 17-mer motif is overrepresented
in African-enriched hotpots. The A allele has been shown to bind to the 13-mer
CCNCCNTNNCCNC motif, whereas the C allele has demonstrated inability to activate
recombination hotspots presenting this motif (Berg et al. 2010). The C allele is
predicted to specifically bind to a 17-mer motif CCNCNNTNNNCNTNNCC (Berg et al.
2011), very close to the motif found to occur at an increased frequency in African-
enriched hotspots (Hinch et al. 2011). Compared to the distribution of these motifs
seen at recombination events in the FC family cohort, we observed that the 17-mer
motif is highly represented in the ALL mother’s recombination events whereas the
13-mer motif is under-represented (Figure S5, Material and Methods). These
observations confirm that the presence of the C allele in the mother is likely to have
caused the genome-wide shift from HapMap2 hotspots observed in the maternal

recombination landscape (Berg et al. 2011; Hinch et al. 2011).

Association between PRDM9 and ALL in parents

Recent studies suggest that PRDM9 is implicated in genomic rearrangements leading
to congenital diseases (Myers et al. 2008; Berg et al. 2010; Borel et al. 2012).
Because large-scale genomic rearrangements are common events in childhood
leukemia, we sought to type PRDM9 alleles in the parents of the B-ALL cohort. We
assayed PRDM9 ZnF alleles in a panel of 44 additional parents from 22 French-
Canadian families with children affected by B-ALL (FCALL cohort) by analysing reads
aligning to the PRDM9 ZnF array, in the parental trios where exome sequencing was
previously performed (Material and Methods). The read data allows for the
detection of all zinc finger repeats present in the common allele A, along with two
rarer repeats, k and /, present in the C allele (Figure S6). Around one fourth of the
parents (12/46, Table S3 and S4) have alleles with k finger repeats (k-finger alleles),
usually rare in populations of European descent (Berg et al. 2010), suggesting that k-
finger alleles are in excess in the FCALL cohort (p = 0.0181, Supplementary Results).

To validate this result, Sanger re-sequencing of the PRDM9 ZnF alleles was further
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performed in 13 pairs of parents from the FCALL cohort and in 76 parents from the
ethnically matched FC family cohort (Figure S7, Supplementary Results). Among the
26 B-ALL parents re-sequenced, evidence for the presence of rare alleles in the read
data had been found in 9 parents from 8 families, and all of them were confirmed.
Through re-sequencing, we discovered rare alleles in two additional families, which
were not originally detected in the exome sequencing reads. In contrast, only 5
parents from the FC family cohort carried k-finger alleles (Table S5). This confirms
the excess of rare alleles in the FCALL cohort with respect to controls (p = 3.22x107,
Figure 3), with 76.9% of B-ALL families with at least one parent carrying a rare
PRDMS allele. The rare alleles were preferentially carried by the mother (p = 0.0235,
Fisher’s exact test), although this maternal effect is not observed for k-finger alleles
alone. Furthermore, the observation is not restricted to families with children having
hyperdiploid B-ALL, since alternative PRDM9 ZnF alleles are also found in parents of
children presenting translocations and as yet uncharacterized genetic defects (Table
S6). Finally, we found no significant evidence for transmission distortion, as k-finger
parental alleles were transmitted to the affected child in 6 out of 11 cases with
carrier parents (Table S3 and S4), resulting in 25% of the children of the FCALL

cohort (6/24) carrying a k-finger allele.

Replication in a B-ALL patient cohort

The association was also detectable in the patients themselves (p = 0.0123). We
replicated this latter association in an independent cohort of 50 children, sequenced
whole genome, from St. Jude Children’s Research Hospital. The children were
affected by B-ALL from four subtypes: ETV6-rearranged, Phildelphia chromosome-
positive, hypodiploid and infant B-ALL. We observed an excess of B-ALL patients with
rare alleles in the St. Jude ALL cohort, with read data showing evidence for the k
and/or [ fingers in 10 children (Table S7). This excess is significant with respect to the
French-Canadian controls (p = 0.0143, Table 1) and to 1000 Genomes Project

controls from the CEU population (p = 0.0353, Supplementary Results). No k-finger
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Figure 3. Excess of rare PRDM3 alleles in parents from the FCALL cohort

(A) Pie charts showing frequencies of PRDM9 zinc-finger (ZnF) alleles obtained
through Sanger sequencing of 26 parents of patients with B-ALL and 76 parents from
the FC family cohort (controls). Alleles labeled as ‘Others’ are population-specific
alleles. Individuals’ alleles are detailed in Table S3 and S5. (B) Differences in allele
frequencies between parents of patients and controls. The p-value in parentheses
was calculated by including alleles inferred from exome sequencing reads for the 20
ALL parents for which PRDM9 ZnF arrays were not re-sequenced by Sanger (Table
S4). Applying a Bonferroni correction for performing the same test in two subsets of
alleles (non-A and k-fingers alleles) would yield a= 0.025, although this correction is
particularly conservative since subsets are correlated. (C) Allelic structure of PRDM9

ZnF array for alleles found in these cohorts (population-specific alleles not shown).
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Table 1. Replication of the association between PRDM9 k-finger alleles and in

patients from St. Jude ALL cohort

All Patients Patients of European Ancestry
ALL subtypes i (i
L -finger a L -finger a
Individuals alleles P-value Individuals alleles P-value
B-ALL 50 10 0.0143 39b 7 0.0396
Hypodiploid B-ALL 16 5 7.50x10° 12 4 8.85x10°
Infant B-ALL 18 5 0.0122 14 3 0.0630
ETV6 B-ALL 9 0 - 9 0 -
Ph+ B-ALL 7 0 - 4 0 -

? p-values from permutation tests based on one-tailed Fisher’s exact tests on counts between cases
and controls
® The 39 patients represent a subgroup of the cohort of 50 patients

Patient’s ethnicities were verified by principal component analyses on genetic variation using
Eigensoft package (Figure S8, Supplementary Results. Patients do not have African ancestry. Controls
consist of 76 French-Canadians individuals sequenced at the PRDM9 locus and showing a total of 5 k-
finger alleles (Table S5). Association testing between cases and controls was performed for subgroups
with sample size greater than 10 individuals. Applying a conservative Bonferroni correction to correct

for testing in two independent B-ALL subgroups would yield a = 0.025.
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alleles were detected in B-ALL patients from Philadelphia chromosome-positive and
ETV6-rearranged subtypes. In hypodiploid and infant B-ALL subtypes, the excess of
k-finger alleles is significant (Table 1). The children have no African ancestry, and 39
of them ethnically cluster with the controls of European ancestry, whereas the other
children have different levels of Hispanic, Asian and Native American ancestry
(Figure S8, Supplementary Results). Although the frequencies of PRDM9 k-finger
alleles in Chinese and Mexican individuals are likely similar to the ones observed in
Europeans (Parvanov et al. 2010), to be conservative we also tested for the
association between k-finger alleles and B-ALL when only non-admixed white
patients were included. The association remains significant overall and in the
hypodiploid subtype, although the effect becomes marginal in the infant B-ALL
subtype (Table 1).

PRDMS9 binding motifs and ALL translocations

Chromosome-number abnormalities and chromosomal rearrangements have been
associated with altered recombination (Hassold and Hunt 2001; Sasaki et al. 2010).
Given that PRDM9 may be responsible for causing recombination-associated
pathological genomic rearrangements (Myers et al. 2008; Berg et al. 2010; Borel et
al. 2012), the high frequency of translocations and aneuploidies in leukemia raises
the question of whether PRDM9 is implicated in the generation of preleukemic cells
early in development. In particular, the C allele accounts for an important fraction of
the rare alleles detected in the ALL cohorts, and its binding motif as been predicted
and validated (Baudat et al. 2010; Berg et al. 2011). To assess whether the C PRDM9
allele was more likely than the common A allele to bind to genes known to be
involved in ALL translocations (ALL gene list, Table S8), we performed a motif search
to identify putative A and C binding sequences in the human reference genome. We
found an enrichment of sequences potentially recognized by allele C relative to
allele A in the ALL gene list in comparison to the rest of the reference genome

(OR=1.53 [1.15;2.04]) and to other coding regions (OR=1.61 [1.21;2.15]) (Table 2).
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Table 2. PRDM alleles binding motifs in the Human Reference Genome.

Reference PRDM9 _ Number of Motifs
Motif

ALL
genome allele Genome Genes

gene list
A: G.Cvreer CC.cc....C.cC 12319 6953 34
Standard
C: G.Corrrrrrerne CC........ C...CC 176826 95241 748
A: G.Cvreer CC.cc....C.cC 13335 7504 42
Degenerate
C: G.Corrrrrreenn, CC........ C...CC 186374 100041 789
LL . .
. . ALL gene list vs ALL gene list vs Random
Motif comparisons Genome Genes ene lists
OR[CI] OR [CI] g
Cvs Ain Standard 1.53[1.15;2.04] ** 1.61[1.21;2.15] ** 43/1000
Cvs A in Degenerate 1.53[1.16;2.01] ** 1.60[1.22;2.12] ** 48/1000

** significant based on 95% Cl (one-tailed p < 0.025)

The motif search was performed on the Human Reference Genome (hgl8). Motifs consist in DNA
binding sequences predicted by Berg and colleagues (Berg et al. 2010) for each allele. The number of
motifs is reported for whole genome, coding regions and the ALL gene list. The ALL gene list was built
based on the most frequent ALL translocations reported in databases (Table S8). We compared
counts using odds ratios (OR), to measure the association between motifs and their occurrence in the
ALL gene list. For a given motif comparison, OR values were computed for 1000 random gene lists
(13) and we computed the number of times significant ORs (two-tailed) are seen for both whole

genome and genic regions. Results for unique and repetitive DNA are shown in Table S9.
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The excess of C binding motif relative to A binding motif within the ALL gene list was
found to be significant in unique DNA (OR = 2.39, Table S9) but not in repetitive
DNA, except for segmental duplications. The C motif is highly overrepresented
relative to the A motif in segmental duplications in the ALL gene list compared to
segmental duplication in other genes. Indeed, after correcting for the higher
proportion of sequences matching the C motif than the A motif in the genome, the C
binding motif is more than 4 times more likely to be found in a segmental

duplication within the ALL genes than the A motif (OR = 4.78, Table S9).

Infant B-ALL patients show an excess of C PRDM9 alleles in the St. Jude ALL cohort
and harbor leukemic clones with translocations involving the MLL gene on
chromosome band 11g23. We therefore scanned the nucleotide sequence of MLL
and found a motif matching the C putative binding sequence occurring within the
breakpoint cluster region (Figure 4A) whereas no A binding motif was present in
MLL. However, 75-90% of genomic DNA sequences are packaged into nucleosome
particles, blocking the DNA from interacting with DNA binding proteins (Segal et al.
2006). Studies suggest that the sequence itself is highly predictive of nucleosome
positioning, we thus used an in silico approach (Xi et al. 2010) to predict nucleosome
positioning within the MLL breakpoint cluster region (Material and Methods). The
tool predicts a potential starting position of the nucleosome at the end of the motif
identified (Figure 4B), suggesting that the motif might be accessible in a stretch of
unwrapped linker DNA. It follows that PRDM9 C allele can potentially bind the MLL
breakpoint cluster region, although this needs to be demonstrated in vitro and in
vivo. Additionally, we re-analysed translocation data from sperm cells in men with
known PRDMS alleles (Berg et al. 2010). The t(11;22)(q23;911) translocations, often
resulting in a MLL-rearrangements, occur at significantly higher frequencies in
European males with k-finger alleles compared to those without k-finger alleles (p =
0.0436, Kruskal-Wallis test). However, no significant difference in translocation
frequencies was observed between individuals of African descent with and without

k-finger allele (p = 0. 7998, Kruskal-Wallis test).
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Figure 4. PRDM9 C binding motif in the MLL breakpoint cluster region.

(A) Logo plot of the C allele binding motif (Baudat et al. 2010), predicted based on
the 3 indicated residues forming the binding unit of the ZnF repeats (positions -1, 3
and 6 of the ZnF alpha helices) and the consensus sequence motif simplified showing
the most strongly predicted bases (in lowercase for >80% consensus for a specific
base and in uppercase for >95% consensus (Berg et al. 2010) (B) Presence of a motif
at chr11:117857908-117857950 (hg18), within the breakpoint cluster region of MLL,
matching the predicted PRDM9 C allele binding motif for the 7 strongly predicted
bases shown in uppercase in the consensus sequence presented in (A), and 3
predicted bases shown in lowercase. Intronic regions are displayed in light blue.
Black arrows show the positions of all occurrence of sequences matching the motif
at uppercase characters. No PRDM9 A allele binding motif was found in MLL. (C)
Nucleosome starting positions predicted by NuPoP (Xi et al. 2010). The red line

shows the position of the predicted C binding motif.
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DISCUSSION

In this study, we examined germline processes in families with children having
childhood pre-B acute lymphoblastic leukemia (B-ALL). With exome sequencing and
dense genotyping data, we were able to capture parental germline recombination
events in a unique family with two affected siblings. We identified PRDM9 as being
associated with unusual recombination patterns and discovered a substantial excess
of rare allelic forms of PRDM9 in two independent ALL cohorts. In both the initial
and replication ALL cohorts, care has been taken in controlling for population
structure (Supplementary Results), the cause of many false-positive genetic
associations. These data support the hypothesis that PRDM9 rare allelic variants are
associated with ALL in children, but represent a relatively small dataset and the
findings require further support in independent cohorts. The association should also
be investigated in other types of childhood leukemias, such as T-lineage ALL and
acute myeloid leukemia, as well as in parents of children with constitutional
aneuploidies (Ganmore et al. 2009) or in woman experiencing molar pregnancies
(Roman et al. 2006). The minisatellite alleles of PRDM9 have to be carefully typed
from sequencing read data and rare alleles should be validated through re-
sequencing. These alleles are known to cause functional biological variation, as
variants in the PRDM9 gene influence recombination locations, although they have
little effect on the total genome-wide recombination rate (Kong et al. 2010). If
confirmed, this novel association suggests additional biological function for PRDM9

allelic variation that might impact other processes than meiotic recombination.

These findings raise many important questions about both leukemogenesis and
PRDMS9 function. First of all, PRDM9 activity is likely exclusive to parental germ cells
but it remains unclear if it acts in the patient somatic cells. The parents carrying rare
PRDMS alleles only transmit the susceptibility allele to half of their affected children
in the FCALL cohort, indicating that these alleles may act during meiosis, giving rise

to gametes that predispose the offspring to B-ALL. Furthermore, PRDM9 specific
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expression and function at early stages of meiosis (Hayashi et al. 2005) support the
parental model and point to a germline mechanism of ALL development. However,
PRDMS9 expression has been observed, albeit at low levels, in several hematopoetic
tissues including leukemia cell lines (Johnson et al. 2003). Genomic data from
additional family cohorts is needed in order to definitely resolve this question.
Additional family data will also be informative with respect to the sex-specificity of
the effect. Indeed, the higher frequency of maternal rather than paternal carriers of
rare alleles among parents in the FCALL cohort suggests a strong sex-specific effect,
at least for some alleles. Maternal-specific effects on recombination with
implications for child health have been demonstrated in humans, such as maternal
age effect on recombination (Hussin et al. 2011) and a maternal origin of most
division errors leading to trisomies (Hassold and Hunt 2009). The sex-specific effect
of PRDMO alleles on B-ALL risk could result from the differences in recombination
patterns along chromosomes and in hotspot usage between males and females
mammals (Paigen et al. 2008; Kong et al. 2010) or from sexual dimorphism in the

regulation of the meiotic process (Cohen et al. 2006).

The mechanism underlying this novel association is not known, yet previous
evidence suggests that PRDM9 may be responsible for chromosomal translocations
due to its ability to determine sites of genetic crossing over (Myers et al. 2008; Berg
et al. 2010; Borel et al. 2012). Therefore, PRDM9 could be implicated in the
generation of some chromosomal rearrangements found in leukemia, a hypothesis
supported by analysis of putative binding motifs of PRDM9 alleles occurring in a
subset of genes involved in chromosomal rearrangements frequently found in ALL
(Table S8). In these analyses, we used the in silico predicted binding motifs for the
PRDMS9 C and A alleles as predictors for the binding activity of PRDM9 ZnF array to
DNA sequences. PRDM9 binding properties are still mysterious (Segurel et al. 2011),
and PRDMS in silico-derived binding sites are not necessarily reliable for predicting
PRDM9 binding activity. This is because in silico predictions using zinc finger

databases and the algorithm developed by Persikov and colleagues (Persikov et al.



112

2009) give a vast excess of sites compared to those actually bound by PRDM9.
Nevertheless, the binding predictions for PRDM9 common allele A led to the
discovery of the role of this gene in human recombination (Myers et al. 2010) and
the predicted C binding motif matches almost perfectly the DNA motif found in
excess in African-enriched hotspots (Hinch et al. 2011). Therefore, it appears that
human alleles A and C are able to bind to at least a subset of these genomic motifs.
It follows that the significant excess of sequences matching the C motif compared to
A motif in the ALL translocated genes, although not a demonstration that C binds
these sequences, suggests that the C allele is more likely than the A allele to bind in
these fragile regions. In particular, we identified a motif matching the C allele
binding motif occurring within the breakpoint cluster region of MLL (Figure 4), a
gene translocated in infant B-ALL patients, however in vitro and in vivo binding of

PRDMS9 C allele in this region remains to be demonstrated.

Importantly, translocations in ALL patients generally occur somatically. In humans,
perturbation of the H3K4me3 dynamics at early stage of development specifically
leads to inappropriate differentiation of haematopoietic progenitor cells (Chi et al.
2010). Furthermore, the H3K4me3 mark, specifically placed by PRDM9 (Hayashi et
al. 2005), is a histone methylation event mis-regulated in many pediatric cancers
(Schwartzentruber et al. 2012; Wu et al. 2012; Zhang et al. 2012) and has been
linked to leukemia initiation (Chi et al. 2010). In particular, deregulation of factors
that mediate H3K4me3 interferes with RAG-mediated V(D)J recombination, crucial
for B cell maturation, and affects hematopoietic cell populations. For example, local
accumulation of H3K4me3 has recently been shown to occur within the breakpoint
cluster region of BTG1, a driver gene affected by deletions that result from aberrant
somatic recombination events in B-ALL (Waanders et al. 2012). Aberrant histone
methylation in germline may therefore help establish tumor-initiating cell
populations in early leukemogenesis. However, this hypothesis implies that
H3K4me3 marks would be passed on to the child and maintained until early

development. Transgenerational epigenetic inheritance has been recently reported
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for the H3K4me3 mark in C. elegans (Greer et al. 2011) and depends on chromatin
modifiers but also on the H3K4me3 demethylase RBR-2 acting in germline,
suggesting that other contributors, acting in concert with PRDM9, would be required

to disrupt normal H3K4me3 patterns.

As these results potentially link allelic variation at PRDM9 with childhood ALL risk, it
is reasonable to expect that higher frequencies of alternative alleles in individuals of
African descent (Berg et al. 2010; Hinch et al. 2011) would indicate a potentially
higher incidence of childhood leukemia in African populations. Incidence of
childhood leukemia in sub-saharian Africa is not well documented, however the
incidence rate among admixed African-American children is approximately half the
rate in children of European descent (Gurney et al. 1995). Therefore, PRDM9
potential role in ALL will likely involve multi-locus interactions arising in specific
genomic backgrounds. The significant difference in frequency of t(11;22)(q23;911)
translocations between men with and without PRDM9 k-finger alleles found in
Europeans but not in Africans suggests that different alleles, or combination of
alleles in a heterozygote, may not have the same impact on different genetic
backgrounds. These differences could arise due to the existence of variation
between European and African individuals in factors implicated in regulating
H3K4me3 in meiosis after DSB repair. Moreover, since PRDM9 interacts with specific
binding motifs to regulate histone methylation and recombination, these loci, if
mutated, could modify downstream PRDM9 deleterious functions. Two studies
(Jeffreys and Neumann 2002; Myers et al. 2010) have shown that self-destructive
drive due to biased gene conversion disrupts the common-allele binding motifs and,
in the African population, the same process appears to be eliminating binding motifs
for alleles at higher frequencies (Berg et al. 2011). Furthermore, a recent study
argued that genetic ancestry is critical to understand ALL risk and failure to go into
remission, an indicator of relapse risk in ALL (Yang et al. 2011). In this context, it

makes sense to consider that not only are PRDM9 alleles critical, but also that the
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ancestral background of the patients is a key factor for the role of PRDM9 in

leukemogenesis.

While PRDMS9 is known to be involved in sterility in human (Irie et al. 2009) and mice
(Hayashi et al. 2005), this is the first study to specifically implicate PRDM9 in human
disease and this novel association will hopefully inspire further investigation. PRDM9
clearly interacts with multiple factors to facilitate proper histone methylation and
recruit recombination, but its molecular partners remain largely unidentified
(Segurel et al. 2011) and the biological importance of PRDM9 is not fully understood.
Finally, if PRDM9 is implicated in a germline mechanism of ALL development, it
would mean that risk factors for ALL could be established as soon as during meiosis
in the parental germline. Therefore, the results reported here raise the intriguing
possibility that germline events and recombination processes play a role in the
susceptibility to pediatric cancer, which have considerable implications for mapping

strategies as well as prognosis and treatment of childhood leukemia.
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MATERIAL AND METHODS

Datasets

The initial French-Canadian B-cell precursor acute lymphoblastic leukemia cohort
(FCALL cohort) includes blood samples from 23 French-Canadian nuclear families,
which include 22 parental trios (both parents and an affected child) and one family
composed of both parents and two affected brothers, referred herein as the ALL
quartet. DNA from each sample was extracted from peripheral blood cells or bone
marrow as previously described (Baccichet et al. 1997). Exome sequencing using the
Applied Biosystems SOLID 4.0 System, read mapping and variant calling were
performed as outlined below. Study subjects are from the established Quebec
Childhood ALL cohort (Healy et al. 2010) diagnosed in the Hematology-Oncology
Unit of Sainte-Justine University Hospital, Montreal, Canada, between October 1985

and November 2006.

The replication cohort (St Jude ALL cohort) is composed of 50 unrelated children
affected with B-ALL treated at St-Jude Children’s Research Hospital, Memphis,
Tennessee, USA. Whole-genome DNA sequencing was performed using lllumina
HiSeq paired-end sequencing at coverage of 30X, aligned using BWA (0.5.5) aligner
to the human NCBI Build 36 reference sequence. The Institutional Review Board of
the respective hospitals approved the research protocol and informed consent was

obtained from all participants and/or their parents.

Exome sequencing data from two control cohorts were used in this study. The first
one is a French-Canadian exome dataset (FCEXOME) consisting of 68 French-
Canadian controls for whom exome sequencing reads aligning to PRDM9 ZnF array
were available. The second exome data control cohort comprises 99 individuals of
European descent from the CEU population sequenced in the 1000 Genomes Project
(The 1000 Genomes Project Consortium 2010). The read data from these control

cohorts are further described in Supplementary Results. PRDM9 re-sequencing data
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and genotyping data from two additional control cohorts were included: a cohort of
families of self-declared French-Canadian origin (FC family cohort) (Hussin et al.
2011) and a cohort of unrelated Moroccan individuals (Moroccan cohort) (Idaghdour
et al. 2010). Table S10 summarizes cohorts’ composition, data generated and
analyses performed on each dataset. We also used SNP data from the publicly
available HGDP (Cann et al. 2002) and HapMap3 (Consortium 2005) datasets as

controls in some ancestry and association analyses.

Exome Sequencing in the FCALL cohort

Exome capture was performed with the SureSelect Target Enrichment System from
Agilent Technologies using the protocol optimized for Applied Biosystems’ SOLID
sequencing. For each sample of the FCALL, single-end exome sequencing cohort was
performed and generated approximately 5 Gb of mappable sequence data per
sample. Color space reads were mapped to the NCBI Build 36 reference sequence
with BioScope v1.2 (Ondov et al. 2008). Base quality recalibration was performed
using GATK and BAQ (Li et al. 2009; McKenna et al. 2010). PCR duplicates were
removed using Picard implemented in Samtools (Li et al. 2009). In the ALL quartet,
SNP calling from exome data was performed as described in Supplementary
Methods. De novo mutation discovery was performed using the DND software
(Cartwright et al. 2012). In the 22 trios, we called SNPs in parents using Samtools

and only SNPs within targeted regions with Phred score above 30 were kept.

Genome-wide SNP Arrays

Genotyping data was available for all individual included in this study except for the
22 trios from the FCALL cohort. The ALL quartet samples were genotyped using the
llumina HumanOmni 2.5-quad BeadChips and the Affymetrix 6.0 arrays
(Supplementary Methods). Normal samples from children in the St Jude ALL cohort
were genotyped on Affymetrix SNP 6.0 (48 individuals) or 250k Nsp and 250k Sty (2

individuals). The Moroccan cohort comprises 163 unrelated individuals genotyped
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on the lllumina’s Human 610-Quad SNP Beadchip (Idaghdour et al. 2010). The FC
family cohort comprises 69 nuclear families with at least two offsprings, genotyped

on the Affymetrix 6.0 array (Hussin et al. 2011).

Recombination Analyses

Recombination events were called in two datasets using the algorithm described

previously (Hussin et al. 2011) available at www.iro.umontreal.ca/~hussinju/

NucFamTools.html, on two datasets :

(i) the ALL quartet recombination SNP dataset, which is obtained by combining the
exome and the Illumina SNPs (Supplementary Methods). The recombination events
were called separately for the pre-treatment and post-treatment samples. All
double recombination events separated by 1 and 2 informative markers were
ignored. The pre-treatment and post-treatment sets of recombination events were
subsequently compared and only events seen in both were kept. All events excluded
were double recombinants separated by less than 5 informative markers. Full
description of the recombination landscape in the parents of the ALL quartet is

provided in Supplementary Results.

(ii) the Affymetrix SNP dataset for the 69 families from the FC family cohort and the
ALL quartet. These samples were genotyped on the same chip, allowing direct
comparison of the ALL quartet recombination landscape with recombination
patterns observed in the FC family cohort. The 355,271 SNPs used in (Hussin et al.
2011) were selected and 20,118 SNPs were removed because of missing genotypes
or mendelian errors in the ALL quartet data. Recombination events were located
using two children in each family : for families with three offspring or more in the FC
family cohort, two of the latter were chosen at random to match the ALL quartet
family structure. We removed all double recombination events separated by less

than 5 informative SNPs.
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The congruence of HapMap2 recombination hotspots (Consortium 2005) was
assessed using events localized between informative markers less than 30 kb apart.
We estimated the proportion of recombination events that overlap a HapMap2
hotspot by chance using the approach described in (Coop et al. 2008). We also
investigated the overlap between the inferred maternal and paternal recombination
events and the putative PRDM9 alleles A and C binding motif. Again, we only
considered events localized between informative markers less than 30 kb apart. We
also excluded recombination events overlapping a DNA sequence matching both
motifs and, for each individual, we computed the proportion of events overlapping

sequences matching exclusively A or C predicted binding motifs.

PRDM3 Zinc Fingers Typing in Short Read Data

To identify PRDM9 zinc fingers (ZnF) repeat types present in an individual, we
analysed sequencing reads that aligned to the PRDM9 ZnF array (exon 11) of the
human NCBI Build 36 reference sequence (hgl8), corresponding to the region
chr5:23562605-23563612. The reads were extracted from BAM files before
removing PCR duplicates i.e. multiple reads starting at the same reference
coordinate. This is because applying this filter would cause the removal of reads
sampling additional ZnF repeats, absent from the reference genome, that will align
to the repeats present in the reference genome. Each read was aligned to the
known human PRDM9 ZnF types identified in previous studies (zinc finger repeat
types a to t, Figure S6). We computed the proportion of reads that aligned uniquely
and without mismatch to each ZnF type. Given the proportion of reads aligning to
types b, ¢, d and f, included in all PRDM9 ZnF alleles reported so far (Berg et al.
2010), we determine an inclusion criteria of 1% to infer the presence of a ZnF in a
sample. Validation experiments by Sanger sequencing allowed us to confirm the
accuracy of the 1% empirical criteria, since ZnF types predicted using this approach

were present in the re-sequenced PRDMO alleles.
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Sanger Sequencing of PRDM9 ZnF Alleles

We sequenced the ZnF array of PRDM9 in 26 parents from the ALL cohort (including
the ALL quartet parents), 76 parents from the FC family cohort and 27 unrelated
individuals from the Moroccan cohort, resulting in a total of 258 alleles sequenced.
PRDMS9 ZnF alleles were amplified from 5-20 ng of genomic DNA using the primers
HsPrdm9-F3 and HsPrdm9-R1 (Baudat et al. 2010), designed to discriminate PRDM9
from his paralogous copy PRDM?7. Alleles were sequenced from diploid PCR products
with primers 214F, 731F, 1742R and 1992R (Figure S9). Nonmixed sequence traces
matching the A allele of PRDMY, indicating A/A homozygosity, were identified. We
subsequently used the web-based tool Mutliple SeqDoc (Crowe 2005) to compare
mixed traces with nonmixed A/A traces. This algorithm produces aligned images of a
reference and a test chromatogram together with a subtracted trace showing
differences between chromatograms. These difference profiles allow rapid visual
identification of base substitutions, insertions and deletions in the test sequence.
The differences highlighted by the algorithm are then visually checked and
interpreted to avoid potential artifact calls often introduced by automatic base-
calling software. This procedure allowed us to determine allele status for all
individuals (Table S3 and S5, Figure S4). Most of the individuals were homozygotes
A/A (64%), and all remaining individuals were heterozygotes. We identified 10
previousely-characterized alleles (B, C, D, E, L1, L3, L9, L20, L24, L14) (Baudat et al.
2010; Berg et al. 2010) and 7 novel alleles found only in this study (L32-38). The

novel alleles are described in Supplementary Results.

Association Testing and Ancestry Analyses

Association between PRDM9 alleles and ALL in the FCALL cohort was evaluated using
randomization inference based on two-tailed Fisher's exact test with 10,000
permutations. For replication in the SIDALL cohort, one-tailed Fisher-based
permutation tests were performed. To test whether rare alleles of PRDM9 were

over-represented in ALL subtypes, we performed a permutation test where we
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permuted the 50 children from the St Jude cohort across subtypes 10,000 times and
computed how many times patients with k-finger alleles were only seen in
hypodiploid and infant B-ALL subtypes. The FC family cohort was used as control
cohort for association between PRDM9 ZnF alleles and disease and HapMap3 CEU
individuals were considered as controls for association between SNP rs12153202
and disease (Supplementary Results). Ancestry was studied by Principal Component
Analyses of genotyped genetic variation of subjects and controls using the smartpca
module from the Eigensoft package (Price et al. 2006). Detailed ancestry analyses

can be found in Supplementary Results.

Genomic Motif Search

A motif search was performed to identify PRDM9 ZnF allele A and C binding
sequences in the human genome. Motif search was performed on the human
reference genome (hgl8) and on a custom-made degenerate reference genome,
constructed using biallelic SNPs in dbSNP v134 that were validated (VLD flag, set if
the SNP has at least 2 minor allele counts). At each position where a SNP was
reported, the nucleotide in the reference genome was replaced by the IUPAC code
corresponding to allele variation. We then scan degenerate or non-degenerate
genomes to search for specific degenerate motifs, denoted A and C (Table 2),
representing DNA binding motifs predicted by Berg and colleagues (Berg et al. 2010)
for PRDM9 ZnF allele A and C, containing only nucleotides predicted with >95%
accuracy, based on the algorithm by Persikov and colleagues (Persikov et al. 2009).
The sequences found were then annotated based on their starting position using a
list of coordinates for regions of interest. We counted the number of non-
overlapping motifs occurring whole-genome, in genes and in segmental duplications
within genes. Coordinates of all annotated human genes and segmental duplications

were obtained from UCSC tables.
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Mapping PRDM9 binding motifs within the ALL gene list

We built an ALL gene list using an unbiased strategy based on Mitelman and dbCRID
databases (Kong et al. 2011; Mitelman et al. 2011) as of July 2011. Translocations
were selected only if they were reported in more than 10 entries for ALL in these
databases (Table S8A). We next retreived fusion genes involved in these
translocations from the databases and a final total of 38 genes were kept, following
a litterature search performed to verify that they have been implicated in ALL in
peer-reviewed publications (Table S8B). We computed the number of sequences
matching the A and C motifs occuring within and outside of selected ALL genes. Chi-
square tests are sensitive to sample size and will tend to reject the null when the
sample becomes sufficiently large. Because we have huge numbers for the motif

counts, we used Odds Ratios (OR) to compare the frequencies between motifs:

0R= pm:A/(l_pm=A)
pm=C/(1_pm=C)

with p, the ratio between the number of motifs m in the ALL gene list and the total
number of motifs m in a particular genomic dataset, such as the whole genome,
genic regions (repetitive and unique DNA, Table S9) and in segmental duplication
occuring in genes. This provides a measure of the strength of non-independence
between the motifs and their occurrence in the ALL gene list. Confidence intervals
were calculated following the procedure described in (Morris and Gardner 1988).
We generated 1000 lists of randomly chosen genes, with the inclusion criteria being
a gene length of 3Kb or more. The experiments described above were repeated with
each random gene list in place of the ALL gene list and we computed the number of
time significant OR were seen to obtain a two-tailed p-value. We used the program
NuPoP (Xi et al. 2010) to predict nucleosome positioning within the MLL breakpoint
cluster region (chr11:117857800-117858100, hg18).
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Translocation Data

We used t(11;22)(g23;q11) translocation frequencies previously published by Berg
and colleagues (Berg et al. 2010), based on de novo detection of translocations in
sperm from men with different PRDM9 alleles. We separated African from European
men and performed a Kruskal-Wallis test to compare men carrying k-finger alleles
and men carrying other alleles in each population. For Africans, the k-finger alleles
(C, L4, L6, L14-19) showed no significant influence on translocation frequency (x>
=0.0643, p = 0.7998). However, in Europeans, men with k-finger alleles (C, L20)

showed significantly increased translocation frequencies (x* = 4.0735, p = 0.04356).

Data Access

Sequences of the PRDM9 novel alleles have been deposited in GenBank under the
accession number JQ044371-)JQ044377. Genomic reads aligning to PRDM9 exon 12
from all individuals in the FCALL and control cohorts are deposited in NCBI Sequence

Read Archive (http://www.ncbi.nlm.nih.gov/sra) under the accession number

SRA060797. Whole-exome sequencing reads and genotyping data for the ALL
guartet will be made available through the Quebec childhood leukemia web portal

(http://childhoodleukemiagenomics.org). Genomic sequence data from the SJALL

cohort is available through the European Genome-Phenome Archive

(https://www.ebi.ac.uk/ega/) under the accession number EGAC00001000044 and

can be accessed by application to the Pediatric Cancer Genome Project (PCGP) Data
Access Committee. More information can be found at

http://explore.pediatriccancergenomeproject.org.
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SUPPLEMENTARY METHODS

1. SNPs in the ALL Quartet

In order to distinguish germline events from somatic events, each affected child
from the ALL quartet was sampled twice, pre- and post-treatment. The pre-
treatment samples had less than 20% tumor cells making it difficult to identify

tumor-specific mutations in these ALL cases.

1.1 Exome SNP Dataset

Exome sequencing was performed as described in Material and Methods. Basic
statistics are presented in Table S1A. To have the most accurate set of SNPs
possible, we used two approaches that make use of inheritance patterns to call SNPs

in the six samples:

Samtools dataset: Mismatches according to the hgl8 human reference genome
were called using Samtools and were considered as SNPs when the quality score
(Phred score) is > 20 and when the position is covered in all samples. Extra SNPs with
a quality score below 20 in the offspring (pre and post-treatment) were rescued
when the position is covered in each sample and the variant allele is confirmed in

30% of the reads in one parent.

Polymutt dataset: The program Polymutt implements a likelihood-based method for
calling SNPs in trio data (Li and Abecasis 2011). Each of the four trios was processed
independently and produced a list of genotype calls for SNPs in each individual and a
mean quality score for the trio as a whole. We selected the SNPs having a mean
quality score > 20 and covered in all samples. We removed 1343 SNPs for which the

genotype calls were inconsistent for the parents between the different trio analyses.

A total of 30,360 and 47,243 SNPs were inferred by the Samtools and Polymutt
approaches, respectively. A total of 28,747 SNPs, called by both methods, were

retained for further analysis. Genotypes called by Polymutt at these positions were



124

selected for the six samples, because the genotype mendelian error rate for the
Samtools dataset (9115 errors, mendelian error rate of 7.93%) was higher than for
the Polymutt dataset (511 errors, mendelian error rate of 0.44%). Finally, we
removed 4799 SNPs, homozygous with non-reference alleles in all six samples, and

obtained a final exome SNP dataset of 23,437 polymorphic positions.
1.2 Genotyping SNP Datasets

The ALL quartet samples were genotyped on two different platforms: the lllumina

HumanOmni 2.5-quad BeadChips and the Affymetrix 6.0 SNP arrays.

For the Illlumina Omni 2.5 array, 2,383,178 SNPs passed standard quality control
filters. The parents were genotyped twice, with a concordance rate of 99,987%. We
removed 617 discordant SNPs between duplicated parents, 1339 SNPs with
Mendelian errors, 21,532 SNPs with missing data and 1,552,225 SNPs homozygous
in all samples. We obtained a final lllumina SNP dataset of 808,082 polymorphic

markers.

For the Affymetrix 6.0 array, we obtained 909,515 SNPs after applying standard
quality control filters. We subsequently removed 2447 duplicated SNPs, 4403 SNPs
with Mendelian errors and 110,423 SNPs with missing data. The final Affymetrix SNP

dataset contained a total of 792,242 markers.
1.3 Recombination SNP Dataset

To obtain a complete recombination SNP dataset for the ALL quartet, that allows a
finer detection of recombination events in coding regions, we merged the exome
SNP dataset and the lllumina SNP dataset. Among Illumina Omni2.5 SNPs that
passed standard quality control filters, 16,839 SNPs are positioned in Agilent
SureSelect targeted regions used in the exome sequencing experiment. Among
these, we removed 161 positions detected as polymorphic in the exome sequencing
data but homozygous for all samples in the genotyping data. For 3347 polymorphic

Illumina SNPs that were not detected in the exome sequencing data, most of which



125

went undetected because the positions were not covered in all samples in the
exome data, genotype calls from the Illumina SNP dataset were kept. For the
remaining 13,331 coincident positions, the genotype concordance rate was 0.976.
We removed 3 SNPs that had different alleles in the two datasets and 1309 SNPs
that had the same alleles but at least one sample with discordant genotypes.
Combining the concordant SNPs with the remaining SNPs from both datasets, we
obtained a final recombination SNP dataset of 816,715 for the ALL quartet (Table
S1B).

2. De novo mutation discovery in the ALL quartet
2.1 DND Software (Conrad et al. 2011; Cartwright et al. 2012)

To discover de novo point mutation in sequencing data, we used a probabilistic
approach DND developed by our group (Conrad et al. 2011; Cartwright et al. 2012).
The method uses the relatedness between individuals in a pedigree to produce the
posterior probability of de novo mutation at each genomic site, given the error rate
of the sequencing technology, the somatic mutation rate and the population

mutation rate for the population from which the samples were drawn.

DND was run on four trios: [M, F, 383R1]; [M, F, 383R2]; [M, F, 610R1]; [M, F,
610R2], where M is the mother, F is the father, R1 denotes pre-treatment samples
and R2 denotes post-treatment samples for the two brothers, patients 383 and 610.
We used a sequencing error rate of € = 0.005, a somatic mutation rate of pu = 2x107
and a population mutation rate of 8 = 0.001, and examined all sites within targeted
regions covered by at least 15 reads in samples from each trios. Simulations
revealed that highest confident calls require a read depth of at least 15 in both
parents and the non-mutant allele (Cartwright et al. 2012). To infer a germline de
novo mutation in a child, we considered all positions that had a probability of de
novo > 0.90 in at least one of the two samples (R1 or R2), with the same alternative
allele present in at least one read in the other sample. We found 27 such candidates

in 383 and 15 in 610. We removed candidates for which at least two reads in the
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parents showed the alternative allele: previous validation experiments showed that
such de novo candidates are very likely to be false positives. Similarly, we removed
candidates where at least two reads with the same alternative allele was seen in the
sibling. This filter was applied if the children shared at least one parental
chromosome at that locus (Figure S10). Although these candidate de novo
mutations could reflect mutations that happened in premeiotic divisions in germinal
stem cells, it is more likely that the allele was not sampled in the sequencing
experiment for that parent or resulted from similar sequencing or mapping errors in
both children. Unfortunately, although 7 passed the parental filter, none of the de

novo candidates passed the sibling filter.
2.2 Sample-independent approach

Using the DND software with stringent parameters, we only interrogated regions
covered at more than 15X in the parents, which in this case corresponds to ~12Mb
of the human exome. To investigate other positions targeted by the sequencing
experiments, we used SNPs from the samtools dataset called via a sample-
independent strategy. We selected positions with at least 8X coverage in the parents
(25,286,190 bp) and considered all Mendelian errors. To be called a de novo
candidate, the variant allele must be seen at least 5 times in one of the child
samples, twice in the other sample from the same sibling and must not be seen at all
in the parental samples or in the other sibling. We identified one such mutation in
patient 383 (Figure S1), located on chromosome 5 at position 64,860,544 (hg18). At
this locus, the two brothers copied the same paternal chromosome and different
maternal chromosomes (Figure S10). If we assumed a binomial distribution with a
probability of 0.5 of sequencing the variant allele at a heterozygous position, the
probability that this variant was transmitted from the father and was not sampled in
neither the father nor patient 610 (total coverage of 27X) is p = 7.45x10°. On the
other hand, the probability that this variant was transmitted from the mother to 383
(coverage of 10X) is p = 9.77x107.
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SUPPLEMENTARY RESULTS

1. Patients’ Karyotype

The brothers from the ALL quartet family were both diagnosed, within a 3 years
period of time, with B-cell precursor childhood ALL with FAB-L1 morphology at
Sainte-Justine Hospital, Montreal, Canada, at the age of 2 for patient 383 and
subsequently, at 14 years of age for patient 610. At diagnosis, both siblings showed
hyperdiploid leukemia clones. Cytogenetic analyses were performed using standard
procedures. G-banded chromosomal analysis for patient 610 revealed clones with
the following karyotypic features: 55XY,+X,?del(2q),+5,+8,+10,+14,+17,+18,+21,
+21[5]/46XY[21]. By employing the Illumina Omni 2.5 genotyping data, we also
detected the following additional chromosomes in patient 610: +4,+?Y. For patient
383, clones were detected with karyotype: 5153,XY,inv(2)(p11q13),i(17)(q10),+4,+6,
+?12,+15,+417,+18,+21[9]/46,XY,inv(2)(p11q13)[23]. The additional chromosomes 17,
18 and 21, shared between siblings’ leukemic clones, are frequently gained in ALL
hyperdiploidy. Chromosome 2 pericentric inversion in patient 383 is also carried by
the mother and occurs at a higher frequency in African Americans compared to
individuals of European descent (Phillips 1978). This aberration is not associated
with a specific syndrome and no abnormal phenotype has been described (Srebniak
et al. 2004). However, such inversions may lead to recombinants gametes with
abnormal karyotes, through crossing over between the normal and inverted

homologues.
2. Fine-scale Dissection of Recombination Events

Recombination analyses were performed separately for the pre-treatment and post-
treatment samples, forming two quartets that will be referred to herein as quartet
Q1 (pre-treatment) and quartet Q2 (post-treatment). The algorithm used to call
recombination events (Hussin et al. 2011) first looks for errors, i.e markers that

create double recombinants (Material and Methods). This procedure identified 1214
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errors (433 in Q1, 456 in Q2 and 325 in Q1 and Q2). A total of 222 errors came from
SNPs from the Illumina SNP dataset and 992 came from the exome SNP dataset. The
highest density of sequencing errors detected by the recombination algorithm is
located in chromosome 6, between 29 and 34 Mb, in the the complex region of the
human leukocyte antigen (HLA) system, very likely caused by mapping errors, given

that assembly of this locus using single-end short reads data is difficult.

The algorithm identified a total of 236 switches in the quartet Q1 and 224 in the
guartet Q2. Switches not shared between quartets Q1 and Q2 were separated from
their closest neighbouring event by at most 5 markers and are very likely to be
caused by calling or alignment errors. All shared switches are presented in Figure
S$10. From this list, switches were called as crossovers only if they were separated
from their closest neighbour by more than 2 informative markers. They were divided
into two categories: single crossovers, when the nearest crossover is at more than
50Kb and double crossovers, when two crossovers were found within 50Kb of each

other (Table S2, Figure 1).

3. Putative Gene Conversion Events

A region on chromosome 16 was intriguing because both parents showed double
crossovers at exactly the same locus (separated by 4 and 8 markers in the father and
mother, respectively). Genotyping and sequencing markers both supported the
double crossovers. Although these double crossovers could reflect gene conversion
events, it is unlikely that such events happened in both parents in the same region.
A most likely explanation is that this region is not unique in the genome and that the
detected genotypes tag polymorphisms positioned somewhere else in the genome.
This is probably the case since these double recombinants occur in gene HYDIN, a
gene that has been duplicated very recently, with a nearly identical 360-kb
paralogous segment inserted on chromosome 1g21.1 (Doggett et al. 2006). We
therefore removed these double crossovers from our final list of paternal and

maternal recombination events.
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We identified nine other short regions (<50Kb) flanked by recombination events
(Table S2) having no known paralogous segment. All regions comprise genotyping
SNPs, they are not resulting from errors in mapping of sequencing reads. These
double crossovers could reflect meiotic gene conversions in the same meiosis or
recombination events occuring in the same genomic region in the two brothers,
since we can not distinguish to which child each event belongs. However, four
maternal double crossovers on chromosome 4, 8 and 17 (as well as four additional
double crossovers supported by only 2 markers on chromosomes 7, 8, 10 and 18 —
see Figure S10) occurred within 1 Mb of another clearly defined recombination
event. This would necessarily mean that, in one of the two children, at least two
recombination events happened closeby. Under the model of crossover
interference, however, the presence of one crossover event in a region reduces
significantly the possibility of a second event nearby in the same individual.
Therefore, these small double crossovers may reflect unique patterns of

recombination or gene conversion, not yet identified in humans.
4. PRDMS alleles in the ALL Quartet

Because of the reduced proportion of recombination events overlapping with
population hotspots observed in the mother of the ALL quartet, we investigated
whether variants in the PRDM9 coding region were identifiable based on the read
data. We detected two SNPs in the ZnF array domain of exon 11 of PRDM9, both
present in dbSNP v134 (rs74710141 and rs77287813). SNP rs74710141 corresponds
to the known C/G substitution in the sixth ZnF repeat, the only difference between
PRDM9 allele A and B. It appeared that the hg18 reference allele is the B allele. SNP
rs77287813 corresponds to a A/C substitution in the tenth finger, corresponding to
the only difference existing between ZnF type h and k. Due to the structure of the
PRDM9 ZnF array, the presence of this SNP is likely to reflect a supplementary

repeat instead of a point mutation in the H ZnF repeat.
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To infer which PRDM9 ZnF allele was carried by the mother, we identified the ZnF
types present in the read data for the mother (Material and Methods). Out of 1477
reads that mapped to the PRDM9 ZnF array, 26 (1.76%) aligned specifically to the k
ZnF type and 8 reads aligned specifically to the / ZnF type, which corresponds to
0.54% of the read data mapped in the array, a value below our inference criteria of
1% (Material and Methods). However, the / ZnF type, which is one mismatch away
from the e ZnF type, is two mismatches away from its closest match in the
reference: the ZnF type c of the b allele. This is expected to hamper the mapping of
reads sampling the / ZnF repeat (for example in cases where there is an error at the
end of the read). The two brothers did not copy the same maternal chromosome in
this region of chromosome 5. Child 610 had 4417 reads mapping to the PRDM9 ZnF
array and very few (a total of 6) aligning to either the k or / ZnF type. On the other
hand, child 383 had 59/2625 reads (2.25%) and 18/2625 reads (0.69%) aligning to
the k and I ZnF type, respectively. The unusual patterns of recombination in the
mother and the occurrence of 85 and 26 reads sampling the k and / ZnF type on one

maternal chromosome suggested the presence of the C allele in the mother.

Because SOLiD single-end short reads (50 bp) will not overlap a full ZnF repeat,
which is 84 bp long, our data does not allow to determine the order of repeats or
insertions in the ZnF array. The A/C genotype in the mother was thus validated by

Sanger re-sequencing of the ZnF array (Material and Methods).
5. Description of PRDM9 alleles and Novel ZnF Types

Labeling of the PRDM9 zinc finger (ZnF) alleles and repeat types follows that of Berg
and colleagues (Berg et al. 2010), but to differentiate “allele” from “finger”
nomenclature, alleles are in uppercase and fingers are written in lowercase italic
characters (for example, allele A has 13 repeats type and is coded: abcddecfghfij).

The ZnF repeat types a to x are presented in Figure S6.

In the 22 parental trios of the FCALL cohort, we detected 11 parents for which read

data show evidence for the k and/or / fingers. For 2 additional parents, the p and t
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fingers were detected (data not shown), suggesting the presence of ZnF allele L24.
We performed Sanger sequencing of the ZnF array for 12 families, which included 9
of the 11 parents with k, / or p and t fingers. Sanger sequencing experiments
confirmed these 9 PRDM9 alternative alleles andrevealed the presence of
undetected rare alleles in other families: the allele L3 and two alleles not reported in
previous studies, L30 and L31 (Table S3). Repeat structure for L30 is abcddecfghfqj
and for L31, abcddecughfqj, with repeat types described in Figure S6. Sanger
sequencing of PRDM9 ZnF array was also performed for 76 French-Canadian parents
from the FC family cohort and 27 Moroccans (Table S5, Fig S4). We discovered 5
novel alleles in this data denoted L32 to L36. The newly discovered allele L30 was
seen three times in Moroccans. The repeat structure for the novel alleles are:
L32=abcvdecfghfij, L33=abcdddecfghfij, L34=abcddecfghfwj, L35=abcddecxghfij and

L36=abrddecfghfij, with repeat types described in Figure S6.

In total, we sequenced 258 PRDM9 ZnF alleles and identified four novel ZnF types: u,

v, w and x (Figure S6):

The u repeat type is a mutated f repeat type, encoding a missense change at a well-
conserved position of the repeat sequence: GAG (E) = AAG (K). Only one
synonymous mutation was previously observed at this codon (repeat type O, GAG
(E) = GAC (E)). This change is not located within the binding unit of the ZnF repeat
but it is predicted by SIFT (Ng and Henikoff 2003) to have a damaging effect on the
resulting ZnF array (SIFT score = 0). This repeat type was found in the PRDM9 array

from one ALL parent.

The v repeat type is a mutated d repeat type, encoding a missense change, TAT (Y)
- TTT (F), at a position where only synonymous changes were previously observed
(TAT (Y) = TAC (Y) in repeat types g, i, j and m). This change is not located within the
binding unit of the ZnF repeat and is predicted as tolerated (SIFT score = 0.06). This

repeat type was found in the PRDM9 array of two individual of the FC cohort.
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The w repeat type is a mutated i repeat type, encoding a missense change, CGC (R)
- CTC (L), at a position not particularly conserved between repeat types. This
change is not near the binding unit of the ZnF repeat and is predicted as tolerated
(SIFT score = 0.14). This repeat type was found in the PRDM9 array of one individual
of the FC cohort.

The x repeat type is a mutated f repeat type, encoding a synonymous change (AAG
(K) = AAA (K)). This repeat type was found in the PRDM9 array of one individual in

the Moroccan cohort.
6. Ancestry Analyses
6.1 ALL quartet

The parents of the ALL quartet are reported to be distant cousins of Moroccan
ancestry. To verify their ethnicity and select the appropriate set of controls to use in
our analyses, we performed principal components analyses (PCA) of the genetic
variation using the smartpca and twstats modules from the Eigensoft package (Price
et al. 2006). We first performed a PCA using genotyping data from the parents of the
ALL quartet and 163 unrelated individuals from a Moroccan cohort (Idaghdour et al.
2010). We selected 27 Moroccan individuals among these with the closest
eigenvalues to the 2 first significant PCs (Figure S3A), where DNA were available. We
performed a second PCA including 28 unrelated French-Canadians individuals from
the FC family cohort (Figure S3B). The results suggest that the parents of the ALL
guartet have some Arab ancestry but are genetically closer to the French-Canadians
than the Moroccans, although they also are outlier individuals relative to the

French-Canadian cluster.
6.2 FCALL cohort and FC family cohort

We performed a PCA of genetic variation to study genetic ancestry of the parents
from the FCALL cohort (parents of patients). We include parents from the FC family

cohort (controls) and European and African individuals from the HGDP dataset using
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positions of SNPs in common between exome sequencing variant found in the FCALL
parents, genotyped SNPs in HGDP populations and the Affymetrix 6.0 array used to
genotype individuals in the FC family cohort. The analysis demonstrate that French-
Canadian parents of patients and controls cluster together with the French HGDP
individuals, although the FCALL parents do not exactly overlap with the other two
groups on the plot, likely because of the small differences in allele frequencies
driven by the different technologies used to type genetic variation (exome SNP
calling vs genotyping). In any case, the FCALL parents do not show a higher
contribution of African genetic background than individuals from the FC family
cohort. Therefore, differences in frequencies of PRDM9 ZnF allele C cannot be

explained by a higher African ancestry in individuals from the FCALL cohort.
6.3 St Jude ALL cohort

The entire B-ALL St Jude cohort includs 61 B-ALL patients for which reported
ethnicities were available. We verified these ethnicities by performing a PCA of the
patients” genotyping variation genome-wide and removed from subsequent
analyses children with an African genetic ancestry, for which we do not have
controls. The PCA confirmed the reported ethnicities for most patients, however five
individuals reported as “White” are potentially admixed (Figure S8). From the
individuals that were reported as “Other”, two individuals are likely mixed
(black/white), one is likely Asian and one is likely Hispanic or Native American. Fifty
patients showed no African component and were included in our analyses, with 39
children clustering with the French-Canadian controls. Therefore, association testing
was performed with and without the 11 children with Hispanic, Asian or Native

American ancestry.
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SUPPLEMENTARY FIGURES AND TABLES
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Figure S1. Identification of a de novo mutation in SMAD6 on chromosome 15.

The variant allele is evenly sampled in patient 383 samples but is not seen in any of
the other samples. Given the data, the probability that this mutation was inherited is

p = 9.77x10° (Supplementary Methods).
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Figure S2. Mean recombination rate in the parents from the ALL quartet and the

FC cohort.

Recombination events were called using genotyping data from the Affymetrix 6.0
array. The FC cohort is composed of 69 French-Canadian quartets. For the ALL
guartet, only children’s post-treatment samples were used to infer recombination.
Mothers (triangles) and fathers (circles) are ordered according to their
recombination rate. Genetic markers from Affymetrix 6.0 platform were used for all

individuals, including the ALL quartet parents.
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Figure S3. Genetic Ancestry of the ALL Quartet Parents.

We preformed a Principal Component Analysis of genetic variation using 61,454
SNPs from (A) the ALL quartet parents and 163 unrelated Moroccans; (B) the ALL
qguartet parents, the 27 unrelated Moroccans, chosen to be the closest to the ALL
guartet parents (falling in the red rectangle in panel A), and 28 unrelated French-
Canadians (Supplementary Results). The ALL quartet parents are closer to

Moroccans of Arab ancestry then to Moroccan Berbers (Amazighs).
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Individual ID Gender Alleles

A55 Female AA
A51 Female A/A
Ad1 Female A/L35
A109 Female A/A
B04 Female L36/L14
B08 Female A/L20
106 Female A/A
154 Female A/A
159 Female A/A
171 Female A/A mA
162 Female AA "B
166 Female B/L20
AB0 Female AE E
109 Female AA mL20
128 Female A/A » L14
A68 Female A/A
AB5 Female AIL37 m L37
152 Female NA L35
A46 Male A/A L36
A32 Male AA
A145 Male AA
A147 Male A/A
A150 Male AA
A117 Male L37/L20
A138 Male AIL37
119 Male A/IL37
A112 Male A/A

Figure S4. PRDM9 ZnF alleles in 27 unrelated Moroccan individuals.

Individuals were selected from the Moroccan cohort (ldaghdour et al. 2010) based
on ancestry, chosen to be the closest to the ALL quartet parents (Figure S3). PRDM9
ZnF alleles were assayed by Sanger sequencing. Alleles A, B, E, L14 and L20 are
described previously (Berg et al. 2010). Alleles L30, L35 and L36 are novel alleles,

described in Supplementary Results.
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Figure S5. Proportion of recombination events called near PRDM9 binding motifs.

We computed the proportion of recombination events overlapping the 17-bp and
13-bp predicted to be recognized by the C and A alleles of PRDM9, respectively, for
parents of the ALL quartet, compared to parents from 69 French-Canadian quartets.
The 13-bp motif, CCNCCNTNNCCNC is enriched in linkage disequilibrium-based
hotspots inferred from HapMap data, whereas a 17-bp motif,
CCNCNNTNNNCNNNNCC, is associated with African-enriched hotspots.
Recombination events were called using genetic markers from Affymetrix 6.0
platform for all individuals, including the ALL quartet parents for which only
children’s post-treatment samples were used to call recombination events. Mothers
(triangles) and fathers (circles) are ordered according to the proportion of motifs

found near their recombination events.
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G-A@ACAGGGGAGAAG IOTACGTCTGCAGGGAG
CACACAGGGGAGAAGCCCTATGTCTGCAGGGAG
ACCAGAGGAGACACACAGGGGAGAAGCCCTATGTCTGCAGGGAG
ACCAGAGGACACACACAGGGGAGAAGCCCTATGTCTGCAGGGAG
ACCAGAGGACACACACAGGGGAGAAGCCCTATGTCTGCAGGGAG
ACCAGAGGACACACACAGGGGAGAAGCCCTATGTCTGCAGGGAG
ACCAGAGGACACACACAGGGGAGAAGCCCTATGTCTGCAGGGAG

ACCAGAGGACACACACAGGGGAGAAGCCC GTCTGCAGGGAG
ACCAGAGGACACACACAGGGGAGAAGCCC GTCTGCAGGGAG

reviously reported rare alleles

ACCAGAGGACACACACAGGGGAGAAGCCCTATGTCTGCAGGGAG
ACCAGAGGACACACACAGGGGAGAAGCCCTATGTCTGCAGGGAG

ACCAGAGGACACACACAGGGEABAAGCCCTATGTCTGCAGGGAG
ACCAGAGGACACACACAGGGGAGAAGCCCTATGTCTGCAGGGAG
ACCAGAGGACACACACAGGGGAGAAGCCCTATGTCTGCAGGGAG
ACCAGAGGACACACACAGGGGAGAAGCCCTATGTCTGCAGGGAG

ACCAGAGGACACACACAGGGGAGAAGCCCTATEEHTGCAGGGAG

Zinc finger types in rare alleles from this study

u TGTGGGCGGGGCTTTAGCAATAAGTCACACCTCCTCAGA
v TGTGGGCGGGGCTTTAGCCGGEAGTCE TCCTCACT
w TGTGGGCGGGGCTTTCTCAATAAGTCACACCTCCTCAGA
X TGTGGGCGGGGCTTTAGCAATAAGTCACACCTCCTCAGA
-1 3 6

ACCAGAGGACACACACAGGGAAGAAGCCCTATGTCTGCAGGGAG
ACCAGAGGAGACACACAGGGGAGAAGCCCTTTGTCTGCAGGGAG
ACCAGAGGACACACACAGGGGAGAAGCCCEACGTCTGCAGGGAG
ACCAGAGGACACACACAGGGGAGRRACCCTATGTCTGCAGGGAG

Figure S6. ZnF repeat types of PRDM?9 alleles.

Modified from (Berg et al. 2010). Variable codons are colored. Red bases in ZnF

repeat types from K to X are differences with respect to the closest repeat type

present in the hgl8 reference genome (note that the hgl8 reference genome does

not encode the E finger and therefore, the L finger is two differences away from the

C repeat type). Repeat types M, N and S (Baudat et al. 2010; Berg et al. 2010) were

not found in this study. The 3 codons coding for the binding unit of each repeat

(positions -1, 3 and 6 of the ZnF alpha helices) are indicated.



140

0.2

0.1

(c-\l) [ ) [ ] [P
o - o ¢
< 7 o
°
g | Cohorts
! FCALL parents
() HGDP French
S0 ® HGDP Yoruba
S -
[ HGDP Bantu
French-Canadians
<
OI |

I I I I I
-0.15 -0.10 -0.05 0.00 0.05

PCA

Figure S7. Genetic ancestry of parents from the FCALL cohort.

We performed a Principal Component Analysis of genetic variation using 358 SNPs in
common between exome sequencing SNPs from the FCALL parents and genotyped

SNPs from HGDP populations and the FC family cohort.
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Figure S8. Genetic ancestry of SIDALL patients.

We preformed a Principal Component Analysis of genetic variation using 201 474
SNPs from 61 St Jude patients and 76 French-Canadians controls. The first Principal
Component (PC1) separates individuals of European descent from individuals from
African descent: the 11 individuals showing African ancestry (PC1> 0.05) were

removed from analyses.



HsPrdm9-F3 60°C

O

Target (1540 pb) HsPrdm9-R1 60°C

[nfznfzezdzn]znfzezn]znfzefzdzn] | o

1 277 1817 2042
214F
| I
1 189 214 2042
1742R 1992R
l' | ' I
2042 300 280 70 50 1
Primer name Sequence
HsPrdm9-F3 TGTAAGGAATGACACTGCCCTGA
HsPrdm9-R1 ATGTCCCCCGAACACTTACAGAA
214F TGATTGTTTCTTCATTTGATCTTCA
731F TGGAGAGTGTGGACAAGGTTT
1742R AGCAGAGGCTTGACCTATCG
1992R GTCATGAAAGTGGCGGATTT
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Figure S9. PCR primers used for amplifying and sequencing PRDM9 ZnF alleles.

The ZnF array in exon 11 of PRDM9 was amplified as described in (Baudat et al.
2010). Sanger sequencing was performed with primers 214F, 731F, 1742R and
1992R.
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Figure $10. Chromosomal crossover breakpoints and shared haplotypes in the ALL

quartet.

Graphical view of all paternal (blue) and maternal (red) crossover breakpoints that
occurred in affected children inferred based on exome and genotyping SNPs
(Supplementary Methods). When the lines are a part, the two brothers copied
different parental chromosomes and when they are close together, they copied the
same parental chromosome and share the same haplotype. White spaces represent
regions were no informative markers were available. Small dots between parental
tracks represent single markers that caused double crossover events and are likely
to be SNP calling errors (Hussin et al. 2011). For small double crossovers, occurring
within £50Kb and resulting from more than one marker, we indicated the number of
informative markers separating them. Small double recombinants are likely to be
false positive or reflect gene conversion events (see Supplementary Methods for
details on checks performed in order to control for false positive breakpoints). The

y-axis shows the position on the chromosome in tens of Mb. (next page)
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Figure S10 (continued)
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Table S1. Coverage and SNPs statistics in the ALL quartet.

146

A
Bioscope assembly Exome statistic on coverage
Total % of
% of A A
Sample number of °0 reads % Exome Mean verage vera.ge
reads . Base Mapping
mappable . aligned coverage coverage . .
aligned Quality Quality
reads exome
383 R1 52802074 77,49 62,27%  94,63% 45,96 28,63 76,81
383 R2 57835258 82,11 62,96%  96,46% 49,93 29,31 78,61
610 R1 52729534 83,07 63,83%  96,99% 45,89 29,40 78,82
610 R2 48 659 235 76,98 60,40%  96,84% 40,14 28,88 75,05
M 65453411 85,72 57,90%  96,73% 51,81 28,94 79,36
F 59254618 81,74 61,21%  96,02% 49,95 28,95 76,46
B
Number of All 383 R1 383 R2 610 R1 610 R2
SNPs samples  Hom Het Hom Het Hom Het Hom Het
Total 816715 366234 450481 366137 450578 370994 445721 371094 445621
Exome, 9945 4038 5907 3929 6016 3841 6104 3949 5996
Sequencing
Genotyping 794751 356905 437846 356917 437834 362002 432749 361994 432757
Overlap 12 019 5291 6728 5291 6728 5151 6 868 5151 6 868
Number of All Mother Father
SNPs samples  Hom Het Hom Het
Total 816715 363805 452910 368133 448582
Exome, 9945 3962 5983 4204 5741
Sequencing
Genotyping 794751 354363 440388 358297 436454
Only
Overlap 12 019 5480 6539 5632 6 387

R1 and R2 are the two somatic tissues sampled from both brothers. The exome is defined by the

regions targeted by Agilent SureSelect All Exon kit covering 37,806,033 bp (1,22% of the human

genome).
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Table S2. Number of maternal and paternal recombination events per

chromosome.

Total Maternal events Paternal events

number
Ch of Informative Q“(‘)"l'tm Qu(;;t “ Shared k>2 Informative Qu(;:(et Qu(;;tet Sl

markers ~MATKers o ko1 k2 Single Dowble "™ k=1 k>2 k1 k>2 Single Double
1 61451 22517 6 6 8 6 6 0 20368 4 4 10 6 4 0
2 66882 23826 11 11 13 11 11 0 22667 6 4 4 4 4 0
3 55477 19146 7 7 9 7 7 0 18703 5 3 3 3 3 0
4 52750 18497 14 14 14 14 8 2 18151 3 3 3 3 3 0
5 50401 1797 5 3 5 3 3 0 16910 1 1 1 1 1 0
6 51056 18760 10 6 8 4 4 0 17441 7 3 3 3 3 0
7 45728 16101 9 7 9 7 7 0 15891 5 3 5 3 1 1
8 43517 14836 9 7 9 7 5 1 15993 7 5 9 5 3 1
9 37351 12838 8 6 8 6 6 0 13168 3 1 1 1 1 0
10 43005 14528 1 7 1 7 7 0 15546 1 1 3 1 1 0
11 4077 13952 3 3 6 3 3 0 13738 2 2 4 2 2 0
12 39814 13785 100 10 12 10 8 1 13674 6 2 4 2 2 0
13 30103 9605 4 4 4 4 2 1 11324 3 3 3 3 3 0
14 28292 10643 3 3 3 3 1 1 9107 3 1 1 1 1 0
15 26049 8928 2 2 2 2 2 0 8984 2 2 2 2 2 0
16 28506 9827 10 8 8 8 6 (1) 9602 6 4 8 4 2 (1)
17 24570 8149 1 7 9 7 5 1 8804 4 2 10 2 2 0
18 23846 8080 6 4 6 4 4 0 8173 2 2 2 2 2 0
19 19424 6459 1 1 1 1 1 0 6665 2 2 4 2 2 0
20 21582 7930 3 3 3 3 3 0 7241 2 2 2 2 2 0
21 12137 3917 3 2 2 2 2 0 4379 2 2 2 2 2 0
22 13970 5164 1 1 1 1 1 0 4632 1 1 1 1 1 0
Total B16689 285463 147 122 151 120 102 7 281161 77 53 85 55 47 2

Quartet Q1 (parents + children’s post-treatment samples) and Q2 (parents + children’s pre-treatment
samples) were analysed separately. Parameter k is the number of informative markers that separate
any two consecutive recombination events. Crossovers shared between quartets are considered to
be real recombination events, separated into two categories: single crossovers, if the nearest
neighbour is within >50Kb, and double crossovers, if the nearest neighbour is within <50Kb
(Supplementary Methods). Double crossovers found in chromosome 16 in both parents were likely to

be artefacts resulting from the HYDIN duplicated gene and were ignored.
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Table S3. PRDMI alleles in the ALL quartet and 12 ALL trios based on read data and

re-sequencing.

Family Individual Coverage Proportion of Exome Sequencing Reads Aligning to PRDM9 ZnF Repeats Validation®
a b c d e f g h i J k
- F 67X 0.0103 0.0304 0.0556 0.0950 0.0274 0.0697 0.0215 0.0438 0.0222 0.0244 0.0014 0.0007 A/A
‘qc:; M 73X 0.0121 0.0345 0.0697 0.0941 0.0128 0.0724 0.0270 0.0433 0.0291 0.0264 0.0176 0.0054 A/C
8 610N 66X 0.0273 0.0287 0.0378 0.0570 0.0178 0.0516 0.0255 0.0278 0.0208 0.0144 0.0011 0.0002 -
383N 71X 0.0502 0.0499 0.0632 0.096 0.0121 0.0780 0.0300 0.0491 0.0331 0.0236 0.0224 0.0069 -
- F 11X 0.025 0.0607 0.0142 0.0392 0.0071 0.0821 0.0357 0.025 0.0107 0.0107 0 0 A/A
o M 14X 0.0088 0.0616 0.0352 0.0572 0.0088 0.0616 0.0176 0.0264 0.0220 0.0044 0 0 B/L24
375N 74X 0.0472 0.0340 0.0546 0.0874 0.0185 0.0941 0.0340 0.0394 0.0374 0.0148 0.0057 0.0010
° F 17X 0.0138 0.0635 0.0220 0.0580 0.0165 0.0165 0.0083 0.0110 0.0110 0.0027 0  0.0055 A/A
x M 18X 0.0401 0.0401 0.0321 0.0455 0.0053 0.0642 0.0080 0.0214 0.0160 0.0160 0.0053 0 A/B
380N 59X 0.0440 0.0343 0.0478 0.0994 0.0292 0.0816 0.0364 0.0575 0.0364 0.0296 0.0017 0.0008 -
° F 22X 0.0221 0.0287 0.0265 0.0486 0.0110 0.0464 0.0221 0.0221 0.0110 0.0066 0.0022 0 A/A
Q M 17X 0.0239 0.0418 0.0269 0.0239 0.0060 0.0537 0.0149 0.0447 0.0269 0.0149 0 0 A/L31
390N 73X 0.0349 0.0322 0.0728 0.0856 0.0311 0.0802 0.0325 0.0450 0.0349 0.0244 0.0024 0.0003 -
° F 30X 0.0101 0.0268 0.0385 0.0469 0.0168 0.0519 0.0084 0.0117 0.0101 0.0101 0.0117 0 A/L20
Q M 27X 0.0127 0.0362 0.0416 0.0398 0.0036 0.0307 0.0126 0.0325 0.0181 0.0145 0.0036 0.0108 A/C
420N 11X 0.0963 0.0229 0.0367 0.0505 0.0046 0.0826 0.0229 0.0092 0.0229 0.0092 0.0183 0 -
- F 32X 0.0296 0.0172 0.0250 0.0499 0.0094 0.0374 0.0109 0.0296 0.0125 0.0047 0 0 A/A
3 M 41X 0.0142 0.0303 0.0242 0.0763 0.0085 0.0303 0.0097 0.0097 0.0109 0.0109 0  0.0012 A/L24
443N 8X 0.0613 0.0123 0.0307 0.0675 0.0184 0.0429 0.0184 0.0308 0.0245 0.0429 0 0 -
o F 25X 0.0160 0.0321 0.0481 0.0561 0.0200 0.0401 0.0361 0.0341 0.0180 0.0140 0 0 A/A
= M 22X 0.0158 0.0271 0.0249 0.0633 0.0090 0.0520 0.0136 0.0113 0.0158 0.0181 0.0113 0.0023  A/L20
STON 10X 0.0653 0.0201 0.0402 0.0553 0.0151 0.0503 0.0201 0.0302 0.0050 0.0050 0 0 -
o F 21X 0.0238 0.0285 0.0404 0.0451 0.0024 0.0618 0.0071 0.0380 0.0166 0.0071 0  0.0071 A/L3
x M 25X 0.0121 0.0382 0.0221 0.0543 0.0101 0.0423 0.0141 0.0201 0.0121 0.0060 0.0020 0 A/L30
580N 20X 0.0483 0.0266 0.0193 0.0459 0.0097 0.0700 0.0266 0.0242 0.0193 0.0048 0.0024 0
“ F 37X 0.0134 0.0255 0.0282 0.0523 0.0094 0.0282 0.0121 0.0255 0.0255 0.0188 0.0013 0 A/A
2 M 17X 0.0060 0.0150 0.0300 0.0390 0.0030 0.0390 0.0120 0.0270 0.0150 0.0060 0 0 A/A
S9SN 26X 0.0594 0.0249 0.0287 0.1054 0.0096 0.0421 0.0115 0.0326 0.0192 0.0230 0  0.0038 -
o F 18X 0.0088 0.0352 0.0235 0.0323 0.0029 0.0557 0.0176 0.0029 0.0293 0.0088 0.0264 0 A/L20
Q M 17X 0.0254 0.0254 0.0226 0.0452 0.0085 0.0565 0.0056 0.0367 0.0226 0.0085 0  0.0028 A/B
728N 111X 0.0646 0.0704 0.0267 0.0602 0.0120 0.0508 0.0152 0.0218 0.0290 0.0120 0.0201 0.0027 -
. F 15X 0.0373 0.0271 0.0407 0.0237 0.0102 0.0305 0.0136 0.0237 0.0339 0.0034 0 0 A/B
0 M 20X 0.0170 0.0414 0.0365 0.0852 0.0024 0.0341 0.0024 0.0292 0.0073 0.0049 0.0097 0.0146 A/C
752N 127X 0.1768 0.0613 0.0223 0.0539 0.0055 0.0320 0.0152 0.0133 0.0156 0.0047 0.0141 0.0031
< F 13X 0.0197 0.0551 0.0433 0.0354 0.0079 0.0590 0.0079 0.0433 0.0315 0.0157 0 0 A/A
2 M 23X 0.0191 0.0404 0.0297 0.0489 0  0.0319 0.0064 0.0063 0.0234 0.0042 0.0021 0.0043 A/A
764N 92X 0.1136 0.0302 0.0210 0.0668 0.0005 0.0248 0.0081 0.0118 0.0065 0.0172 0.0011 0 -
< F 15X 0.0130 0.0519 0.0357 0.0519 0.0065 0.0390 0.0130 0.0422 0.0292 0.0195 0.0065 0.0032 A/A
[Q M 14X 0.0141 0.0141 0.0424 0.0212 0  0.0530 0.0141 0.0247 0.0247 0.0212 0.0212 0 B/D
794N 40X 0.1038 0.04 0.0375 0.0513 0.0175 0.0425 0.0188 0.0175 0.0075 0.0113 0.0088 0.0013 -

*Alleles A, B, C, D, L3, L20 and L24 are described in Berg et al. 2010 [8]. Alleles L30 and L31 are novel alleles, described
in Supplementary Results.

For fathers (F), mothers (M) and patients (N) in each family, the ZnF repeat types from PRDMS9 alleles

were first inferred from SOLID sequencing read data. Repeat types (a to /) are described in Figure S6.

Repeat types with a proportion above 0.01 (highlighted) are inferred to be present in the individuals.

Sanger sequencing was subsequently performed in the parents and genotypes with rare alleles are

highlighted. All k and / fingers inferred were validated (alleles C, D, L20). (next page)
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Table S4. PRDM9 alleles in an additional 10 ALL trios with B-ALL children based on

read data.

Family Individual Coverage Proportion of Exome Sequencing Reads Aligning to PRDM9 ZnF Repeats
a b c d e f g h i J k [
F 30X 0.101 0.053 0.0215 0.0381 0.0033 0.0712 0.0083 0.043 0.0248 0.0182 0 0
§ M 27X 0.0731 0.0567 0.0347 0.0475 0.0037 0.0969 0.0183 0.0457 0.0475 0.0201 0 0.0018
392N 78X 0.0829 0.0383 0.0625 0.074 0.0261 0.0778 0.0274 0.0657 0.0338 0.03 0.0019 0
F 33X 0.1161 0.0268 0.0357 0.067 0.0149 0.0818 0.0402 0.0685 0.0327 0.0298 0.006 0
§ M 26X 0.0854 0.0645 0.0361 0.0323 0.0114 0.0721 0.0209 0.0361 0.0304 0.019 0.0038 0
424N 47X 0.1876 0.0486 0.0423 0.0455 0.0095 0.0708 0.0381 0.0476 0.0275 0.019 0.0011 0
F 33X 0.1271 0.0651 0.0182 0.0272 0.0076 0.0227 0.0045 0.0605 0.0121 0.0136 0.0182 0.0106
\% M 12X 0.1548 0.0502 0.0418 0.0167 0.0084 0.0502 0.0209 0.0209 0.0251 0.0293 0 0
614N 76X 0.162  0.0567 0.0423 0.0476 0.0078 0.0495 0.015 0.0436 0.0267 0.0137 0.0007 0
F 13X 0.1231 0.0423 0.0346 0.0615 0.0346 0.0462 0.0423 0.0385 0.0231 0.0154 0 0
E M 11X 0.129 0.0599 0.0276 0.0276 0 0.0323 0.0184 0.0323 0.0323 0.0046 0.0046 0
617N 13X 0.1088 0.083 0.0226 0.1132 0.0113 0.0415 0.0226 0.0491 0.0302 0.0113 0 0
F 9X 0.1703 0.033 0.022 0.0385 0.0055 0.0604 0.011 0.0604 0.033 0.0165 0.0055 0
5 M 12X 0.1331 0.0403 0.0282 0.0524 0.004 0.0605 0.0161 0.0323 0.0403 0.0242 0 0
657N 5X 0.0612 0.011 0.0659 0.1099 0.0549 0.0659 0 0.0769 0.011 0.022 0.009 0
F 24X 0.0763 0.0495 0.0268 0.0392 0.0062 0.0763 0.033 0.033 0.0371 0.0186 0.0144 0.0051
% M 20X 0.2545 0.0375 0.03 0.04 00075 005 0025 005 0035 0.02 0.0025 0
685N 75X 0.1651 0.0617 0.0504 0.0338 0.0179 0.067 0.0239 0.0498 0.0319 0.01 0.002 0.0007
F 38X 0.0652 0.0417 0.0248 0.0495 0.0091 0.0717 0.0313 0.0456 0.0183 0.0209 0.0013 0.0013
[\E M 40X 0.0891 0.054 0.0151 0.0276 0.0025 0.0552 0.0113 0.0452 0.0213 0.0364 0.0025 0
761N 92X 0.1351 0.0346 0.0362 0.0324 0.0086 0.0789 0.0243 0.0546 0.0286 0.0178 0.0005 0
F 25X 0.097 0.0257 0.0436 0.0535 0.0119 0.0614 0.0158 0.0416 0.0238 0.0139 0 0
§ M 20X 0.0973 0.0389 0.0414 0.0389 0.0049 0.0681 0.0292 0.0316 0.0292 0.0292 0 0
762N 81X 0.1193 0.0555 0.0262 0.0366 0.0085 0.0634 0.0128 0.0469 0.0189 0.014 0.0018 0.0006
F 21X 0.1253 0.0394 0.0487 0.0557 0.0046 0.0626 0.0116 0.0232 0.0255 0.0093 0.0116 0
E M 32X 0.1144 0.058 0.0329 0.0502 0.0094 0.0533 0.0078 0.0094 0.011 0.0157 0.0204 0.0031
767N 80X 0.1277 0.0646 0.0292 0.0385 0.0062 0.0752 0.0143 0.0242 0.0311 0.0168 0.0242 0
F 18X 0.102 0.0737 0.0283 0.0255 0.0113 0.0567 0.0227 0.0482 0.0198 0.0368 0 0
E M 22X 0.1615 0.0664 0.0221 0.0442 0.0066 0.0708 0.0221 0.0243 0.0243 0.0243 0.0111 0
777N 59X 0.2017 0.0524 0.0304 0.0355 0.0127 0.0609 0.0144 0.0262 0.0262 0.0144 0.0203 0

ZnF repeat types present in PRDM9 were inferred based on SOLiD read data, for fathers (F), mothers

(M) and patients (N) in each family. Repeat types (a to ) are described in Figure S6. Repeat types with

a proportion above 0.01 (highlighted) are inferred to be present in the individuals.
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Table S5. PRDM9 alleles in 76 French-Canadian individuals.

A Individual Parent Alleles B Couple ID Alleles
ID M F
8 M A/A 15_11 A/A A/B
118 M A/L24 223222 A/A A/A
183 M A/A 304_303 A/L32 A/A
385 M A/A 348_347 A/A A/A
210 M A/A 38_39 A/A L20/L24
190 M A/L9 393_392 A/C A/A
229 M A/A 413 _412 A/A A/A
743 M A/L1 424 423 A/A A/A
51 M A/L24 428 427 A/A A/A
772 M A/A 43_48 A/A A/A
608 M A/B 460_459 A/L9 A/C
245 M A/A 584 585 A/A A/L33
20 F A/A 626_625 A/A A/A
257 F A/L20 647_651 A/A A/L34
270 F A/A 656_657 A/A A/B
596 F A/A 66_68 A/B A/L24
64 F A/A 692_691 A/L32 A/B
713 F A/A 728 311 A/A A/A
717 F A/A 740_739 A/A A/B
90 F A/A 748_749 A/A A/A
944 F A/A 755_756 A/A A/A
146 F A/A 75_74 A/A A/A
812_815 A/A A/A
818 817 A/A A/A
830_823 A/A A/A
854 853 A/D A/A
96_95 A/A A/B

Individuals are mothers (M) and fathers (F) of at least 2 children from 49 families (A) one parent was
sampled per family and with (B) both parents sampled per families. PRDM9 ZnF alleles were assayed
by Sanger sequencing. Genotypes with rare alleles are highlighted. Alleles A, B, C, D, L1, L9, L20 and
L24 are described in Berg et al. 2010 (8). Alleles L32, L33 and L34 are novel alleles, described in

Supplementary Results.
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Table S6. B-ALL molecular subtypes for the 24 patients included in this study.

. Molecular Detected Leukemic k-finger Parent

Child Sex . clone . . .
Group translocations . in Family Carrier
ploidy

610 Male H None 51-53 Yes M
383 Male H None 55 Yes M
375 Female T t(12;21) 46 No -
380 Female 0 n/d 46 No -
390 n/d H None 54 No -
420 n/d T t(12;21) n/d Yes M and F
443 Female T t(12;21) 46 No -
579 n/d 0 None 46 Yes M
580 n/d T t(12;21) n/d No -
595 Male 0 None 47 No -
728 n/d 0 None n/d Yes F
752 Male T t(9;12) 45 Yes M
764 Male H None 56 No -
794 Male 0 None 46 Yes M
392 Male T t(12;21) 46 No -
424 Male T t(1;19) 46 No -
614 Female T t(12;21) 46 Yes
617 n/d 0 None n/d No -
657 n/d T t(12;21) n/d No -
685 n/d 0 None n/d Yes F
761 Male H None 56 No -
762 n/d 0 None n/d No -
767 Female 0 None n/d Yes M and F
777 Female H None 49-54 Yes M

The patients present different subtypes of B-ALL: high hyperdiploid clones (H), clones with

translocation (T) and other uncharacterized translocations or genetic defects (O). There is no

significant difference between subtypes for the presence of k-finger alleles in a family (Freeman-

Halton test with 3 categories (Freeman and Halton 1951), p = 0.268). There is no significant difference

between maternal (M) and paternal (F) origin of the k-finger alleles (p = 0.369, Fisher’s exact test).
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Table S7. PRDM9 alleles in 50 children from SIDALL cohort based on read data.

Patients are separated in 4 B-ALL subtypes: ETV6 translocation (SJETV), hypodiploid
(SJHYPQ), infant (SJINF) and Philadelphia chromosome-positive (SJPHALL). Reported
ethnicities were verified by PCA of genotyped data (Figure S8). Illlumina read data
from tumor and normal sample sequencing were used. Repeat types found in the
read data with a proportion above 0.01 (highlighted) are inferred to be present in

the individuals. Repeat types (a to /) are described in Figure S6. (next page)



Table S7 (continued)

153

Reported
Sample ethnicity a b c d e f g h i j k I
(PCA)
SJETVO010 White 0,065 0,052 0,1194 0,1525 0,0437 0,169 00686 00792 0,0697 0,922 0 0,0012
SJETV022 White 0,0956 00566 0,127 0,1597 00314 0,1597 00616 00541 00717 0,073 0,0025 0,0025
SIETVO024 White 0,1004 0,0588 0,1136 0,1714 0,0385 0,1572 0,0619 00598 0,0619 0,0822 0,003 0
SJETV027 White 0,1155 0,0599 0,1484 0,1284 0,0485 0,1469 0,0728 0,0613 0,0542 0,0942 0,0014 0,0043
SJETV028 White 0,0906 0,0523 0,1115 0,151 00441 0,1521 0,0743 00476 0,0662 00952 0,0023 0,0012
SJETVO073 White 0,0871 0,0389 0,1191 0,1294 0,047 0,1569 0,0664 0,0825 0,0573 00653 00011 0,0034
SJIETV085 White 0,0947 00579 0,107 0,1719 00526 0,1377 0,0588 0,0675 00781 0,0895 00018 0
SJETV089 White 0,0952 0,0476 0,1125 0,1743 0,0547 0,1358 0,0689 0,0598 00912 0,075 0 0,001
SIETV194 White 0,1035 0,0472 0,1068 0,1631 0,0422 0,1548 0,072 00522 0,0927 0,0844 0 0,0025
SJHYPO004 White 1,4588 0,0547 0,1258 0,1569 0,0588 0,1422 0,0662 0,0596 0,0743 0,0825 0 0,0016
SJIHYPO006 White (adx) 0,0778 0,0488 0,1394 0,1092 00174 0,0871 00163 0,1254 0,0778 0,1045 0,0476 0,0395
SJHYPOO13 Other(Asian) 0,1008 0,0584 0,142 0,1386 0,0309 0,1581 0,0653 0,561 0,0687 0,0882 0 0,0046
SJHYPOO021 White 0,1084 0,0515 0,1041 0,1468 0,438 0,1391 0,0635 00624 00756 0,069 00011 0,0044
SJHYPOO022 White 0,0929 0,0506 0,0988 0,1247 0,0565 0,1412 0,0824 0,788 0,0624 0,0765 0 0,0024
SIHYPO040 White 0,0978 0,0422 0,0989 0,1578 0,05 0,13 00711 00222 008 0,0844 00322 0
SJHYPO042 White 0,0964 0,321 0,1358 0,1378 0,0394 0,1492 0,0591 0,0808 0,0881 0,0725 0,0259 00114
SJHYPO044 White 0,0912 0,0592 0,1208 0,1739 0,0567 0,1406 0,0629 0,0838 0,0826 0,0703 0,0012 0,012
SJHYPO046 White 0,0922 00454 0,121 0,121 0,055 0,1692 00646 0,0523 0,0688 0,088 0 0,0028
SJHYPOO51 White (adx) 0,1194 0,0525 0,1089 0,1325 00617 0,1483 0,0499 0,0604 0,0722 0,0682 0 0,0026
SJHYPOO052 White 0,0859 0,452 00914 0,1333 0,0562 0,1773 0,0617 0,0738 0,0804 0,0881 0 0
SJHYPOO055 White 0,1009 0,0482 0,1377 0,136 0,0684 0,1675 00667 00272 00614 00728 0,0342 0,0018
SJHYPOO056 White 0,0883 0,0331 0,1145 0,1283 0,0483 02 0,1034 0,0676 0,717 0,0952 0,0014 0
SJHYPO119 White 0,1138 0,0588 0,1077 0,1457 00465 0,12 0,06 00575 00612 00942 0,0037 0,0024
SJHYPO120 Other (Hisp) 0,1115 0,0632 0,0979 0,1586 00483 0,1561 0,0595 0,062 00595 00768 0,0012 0
SJHYPO123 White 0,0903 0,0593 0,1442 0,1226 0,013 0,1119 0,0472 00822 0,0916 0,0836 0,0202 0,0162
SJINF001 White 0,0989 0,053 0,0901 0,1325 0,0336 0,1237 0,0636 0,0601 0,0583 0,0901 0,0018 0
SJINF002 White 0,8073 0,0477 0,1134 0,1314 0,0322 0,1198 00619 0,058 0,0464 0,0851 0,0026 0
SJINF003 White 0,1079 0,0539 0,0991 0,1181 00466 0,1254 0,0729 00466 0,051 0,0802 00102 0,0029
SJINF004 White (adx) 0,0971 0,0659 0,0989 0,1099 0,0403 0,1337 0,0659 00513 0,0769 0,0842 0 0,0018
SJINF005 White 0,1058 0,0276 0,982 0,135 00537 0,138 00613 00675 0,0537 00813 0,0031 0,0015
SJINF006 White 0,1079 0,0468 0,1079 0,1571 0,0528 0,1439 0,0576 00635 0,743 00743 0,0012 0,0012
SJINF007 White 0,081 00444 0,1059 0,1752 0,0471 0,1529 0,1007 0,0458 0,0745 0,0706 0,0013 0,0013
SJINF009 White 0,1008 0,0485 0,1263 0,1505 0,0306 0,148 00842 0,0268 0,051 00663 0,0472 0
SJINFO11 White 00914 0054 0,1167 0,1189 00474 0,1355 0,0584 0,0727 0,0793 00771 00011 00011
SJINF012 White 0,0885 0,0369 0,1118 0,1339 0,0344 0,1413 00725 00762 0,0676 0,0909 0 0,0025
SJINF013 White 0,091 00556 0,1327 0,0999 00164 0,1466 00721 0,0708 0,0582 0,0999 0,0025 0
SJINFO014 Hispanic 0,098 0,059 0,1359 0,1258 0,0223 00991 0,029 0,1102 0,0724 0,0835 0,0379 0,0212
SJINFO015 White 0,129 0,0496 0,1042 0,1191 0,0323 0,1377 0,0658 00484 0,098 0,0744 0,005 0,0025
SJINFO016 Hispanic 0,0943 0,0432 0,1489 0,1 0,017 0,1034 00295 00693 0,067 0,0886 00625 00216
SJINFO017 Hispanic 0,1032 0,0523 0,0921 0,1004 00418 0,1402 00635 006 00676 00781 0,0021 0,0014
SJINF019 White 0,118 0,0504 0,0878 0,1468 0,036 0,1583 00647 00576 0,0619 0,0835 00014 0,014
SJINF020 White 0,1169 0,0438 0,1036 0,1474 00372 0,1421 0,073 0,0664 0,558 00704 0,008 0
SJINF022 White 09667 00516 0,1371 0,117 00189 0,1006 00239 0,0994 00516 0,073 0,0365 0,0352
SJIPHALLO01 White 00713 00526 0,132 0,1507 00654 0,1507 0,0841 0,0678 0,0759 0,0654 0 0
SJPHALLO003 White 0,0906 0,0482 0,1189 0,148 0,0532 0,1654 0,0657 00673 0,059 0,0798 0,0017 0,0025
SIPHALLO004 Asian 0,0902 0,0486 0,1266 0,1449 00466 0,1459 00811 00669 0,0719 00973 0,001 00041
SJIPHALLO005 White (adx) 0,0931 0,0486 0,1275 0,1306 0,0547 0,1528 0,0739 0,0628 0,0648 0,0921 0 0,002
SJIPHALLO06 White 0,085 0,0385 0,1023 0,1859 0,0332 0,1554 00637 0,0531 0,0491 0,085 0,0027 0
SIPHALL007  White (adx) 0,0847 0,0367 0,1195 0,159 0,0555 0,1515 0,0593 0,0724 0,931 0,0753 0,0028 0
SJIPHALLO008 White 0,089 0,503 0,1285 0,1533 0,055 0,154 0,0789 00557 0,0875 0,072 0,0008 00015
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Table S8: Most frequent translocations and fusion genes in ALL.

(A) The most frequent translocations involved in ALL found in the dbCRID and
Mitelman database (Kong et al. 2011; Mitelman et al. 2011) (B) The ALL gene list is
composed of fusion genes reported for the translocations from databases

interrogated in (A) and found to be implicated in ALL in peer-reviewed publications.

A
Entries in Databases
Translocations Cytogenetic bands
dbCRID Mitelman

t(1,11) 1p32/1q23 11923 0 11
1p32(p33) 14911 5 6

H1.14) 1921 14932 8 9
t(1,19) 1923 19p13.3 7 49
t(4,11) 4921 11g23.3 20 88
t(5,14) 5q34(q35) 14911/14932 3 9
t(6,11) 6q27 11923 1 10
t(7,9) 7934/q11 9934/p13 1 16
t(8,14) 8p24 14911/q32 3 24
t(9,11) 9p21/q34 11g23.3 5 21
t(9,22) 9q34 22q11.2 19 136
t(10,11) 10p12 11q14/q23 2 13
t(10,14) 10p24.31 14911.2/932 8 8
t(11,19) 11923 19p13.3 5 30
t(17,19) 17922 19p13 2 11

t(12,21) 12p13.2 21q22.12 29 58
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Nb of C
Gene Chr Start End Translocations (o motifs
motifs by Kb
TALL 1 47454550 47469974 t(1;14)(p32;q11) 5 0.314
EPS15 1 51592522 51757583 t(1;11)(p32;923) 3 0.018
BCL9 1 145479805 145564639 t(1;14)(q21;932) 2 0.02
MLLT11 1 149298774 149307597 (1;11)(q21;923) 0 5
PBX1 1 162795560 163082934 t(1;19)(q23;p13) 5 0.017
SEPT11 4 78089918 78178792 t(4;11)(921;923) 5 0.056
AFF1 4 88075186 88232005 t(4;11)(q21;923) 9 0.044
RANBP17 5 170221599 170659624 t(5;14)(q34;q11) 16  0.037
TLX3 5 170668892 170671743 t(5;14)(9q34;911/q932) 4 1.403
NKX2-5 5 172591743 172594868 t(5;14)(934;q932) 0 -
MLLT4 6 167970519 168115552 t(6;11)(927;923) 8  0.055
AUTS2 7 68701840 69895821 t(7;9)(q11;p13) 39 0.033
POM121 7 71987871 72059915 t(7;9)(q11;p13) 7 0.097
ELN 7 73080362 73122172 t(7;9)(q11;p13) 12 0287
TCRB 7 141674678 141987064 t(7;9)(q34;q34) 9 0.046
MYC 8 128816946 128820200 t(8;14)(924;911/932) 0 -
PVT1 8 128875960 129182681 t(8;14)(q24;q11/932) 16  0.052
MLLT3 9 20334967 20612514 t(9;11)(921;923) 9 0.032
PAX5 9 36828530 37024476 t(7;9)(q11;p13) 23 0.117
ABL1 9 132579088 132752883 t(9;22)(g34;q11) 4 0.023
NOTCH1 9 138508716 138560059 t(7;9)(q34;q34) 21 0.409
MLLT10 10 21863107 22072560 t(10;11)(p12;914/923) 8 0.038
TLX1 10 102880251 102887526 t(10;14)(p24;911) 3 0.412
LMO2 11 33836698 33870412 t(7;11)(q34;p13) 2 0.059
PICALM 11 85346132 85457756 t(10;11)(p12;q14) 2 0018
t(1;11)(p32;923),t(4;11)(921;923),t(6;11)(q27;923),
MLL 11 117812414 117901146 £9:11)(q21:623) 1(10:11)(p12:023) 1{11:19)(g23,p13) 6  0.066
CCND2 12 4253198 4284777 t(7;12)(q34;p13) 2 0.063
ETV6 12 11694054 11939592 t(12;21)(p13;922),t(7;12)(q34;p13),t(9;12)(q34;p13) 14 0.052
TRA@ |, 21432409 21604421 t(1;14)(p32;q11), t(5;14)(q34;q11), t(8;14)(q24;q11), 17  0.030
TRD@ 21987946 21995540 t(10;14)(p24;q11), t(11;14)(p13/923;q11) 0 -
BCL11B 14 98705377 98807575 t(5;14)(q34;932) 22 0215
IGH@ 14 105124270 105401515 t(1;14)(q21;q32), t(5;14)(q34;032), t(8;14)(q24;q32) 245 0.884
HLF 17 50697320 50757425 t(17;19)(q22;p13) 0 -
DAZAP1 19 1358583 1386682 t(1;19)(q23;p13) 13 0.463
TCF3 19 1560294 1603328 t(1;19)(923;p13) 20 0.465
MLLT1 19 6161391 6230959 t(11;19)(q23;p13) 19 0.273
RUNX1 21 35081967 35343511 (12;21)(p13;922) 64  0.053
BCR 22 21852551 21990224 t(9;22)(q34;911) 26 0.189
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PRDMS alleles binding motifs in unique and repetitive DNA

Unique DNA Repetitive DNA Segmental Duplications
Genes ALL gene list Genes ALL gene list Genes ALL gene list
A 3227 13 3726 21 371 3
C 30313 390 64928 458 5489 206
CvsA 2.39 1.81 4.78
OR [CI] [1.50;3.81]** [0.69;4.76] [1.84;12.46] **

** significant based on 95% Cl (one-tailed p < 0.025)

Number of motifs A and C, as presented in Table 2, in coding regions (similar results are obtained for

the whole genome) and in the ALL gene list (Table S8). We compared counts using odds ratios (OR),

to measure the association between motifs and their occurrence in the ALL gene list. The motif

search was performed on the non-degenerate version of the Human Reference Genome (hgl8).

Repetitive regions were obtained from UCSC tables, with regions found by RepeatMasker (Smit 1996-

2012) and Tandem Repeat Finder (Benson 1999) programs considered as repetitive DNA. Segmental

duplications coordinates were also obtained from UCSC tables.
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Table $10. Data and analyses performed in this study.

Individuals per

Dataset Families . Data Analyses
family
Ancestry analyses
Genotyping on
Illumina 2.5M
ALL quartet 1 2 p::cren'ts
+ 2 offsprings  Eyome Sequencing on De novo Mutation
SOLID 4.0 Discovery
- PRDMSO ZnF alleles
Sanger sequencing of determination
PRDMO ZnF alleles of
parents
Exome Sequencing on (UEEETRY ElEIEES
FCALL cohort 2 2 parents SOLID 4.0
+1 offspring : PRDM ZnF alleles
(Total of 22 5 parents Sanger sequencing of determination
parental trios) 12* P . PRDMO ZnF alleles of
+ 1 offspring
parents
SIDALL cohort 61 1 individual _ Ancestry analyses
(Tot.al of 61 50 1 individual Palred-t?nd WGS on PRDM9 Zf\F a!leles
children) Illumina HiSeq determination
2 parents
69 .
FC cohort +2 offsprings Ancestry analyses
(Total of 69 :
n 27* 2 parents Sanger sequencing of
families) PRDMO ZnF alleles of " ROM9 ZnF alleles
determination
22% 1 parent parents
Genotyping on
163 1 individual Illumina Human 610- Ancestry analyses
Moroccan cohort Quad
(Total of 163 indiv) 57 1 individual Sanger sequencing of PRDM9 ZnF alleles

PRDMS9 ZnF alleles determination

* A subset of the complete cohort

This study uses genetic information from a total of 639 individuals. The ALL quartet is part of the

FCALL cohort but is displayed seperately since many analyses were performed on this family only.
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ABSTRACT

A major prediction in evolutionary biology is that linkage between sites that are
simultaneously under selection will reduce the overall efficacy of natural selection in
finite populations. However, evidence that variation in recombination rate across the
genome leads to variation in the efficacy of selection is lacking in humans. In this
study, we use genomic data to investigate the differences in mutational load between
regions of high (>5cM/Mb) and low (<0.5cM/Mb) recombination in the human
genome. We built the genetic map of the Quebec population from genotyping data
and called SNPs from RNA sequencing (RNAseq) data in 521 French-Canadian
individuals recruited by the CARTaGENE Project. We calculated the differential
mutational load between high and low recombination regions by comparing the
amount of variants that are likely to impact fitness, characterized based on functional
annotations, conservation scores and frequency-based statistics. We find that SNPs in
low recombination regions are significantly enriched for highly-constrained, low
frequency nonsynonymous variants, relative to SNPs in high recombination regions,
both at a population-level and at the individual-level. These variants are observed in
linkage with each other more often in low recombination regions than in highly
recombining parts of the genome, which indicates that they accumulate on the same
haplotypes. Finally, we replicated our finding in the 1000 Genomes Project
populations and observed that the differential mutational load per individual varies
among human populations. These results strongly suggest that weakly deleterious
mutations are less efficiently removed by natural selection in regions of low
recombination rate in the human genome and this phenomenon might impact

disease susceptibility at the individual level.



162

INTRODUCTION

In sexually reproducing species, it is well documented that non-recombining genomic
regions, such as the Y chromosome (Charlesworth and Charlesworth 2000), tend to
accumulate deleterious mutations and lose functional genes faster than the rest of
the genome. This is because selection at one site will interfere with the action of
selection at linked sites, thereby reducing the efficiency of selection in non-
recombining regions (Hill and Robertson 1966; Felsenstein 1974). According to
theoritical expectations, variation in recombination rate along the chromosomes
should modulate the strength of interference between selected alleles. However,
little evidence supports the hypothesis that the observed variation of crossover rate
across the recombining chromosomes leads to variation in the efficiency of selection

across the human genome.

Several studies have specifically investigated this question in humans and other
species, mainly through an evaluation of between-species nucleotide divergence
across recombination environments (Pal et al. 2001; Haddrill et al. 2007; Bullaughey
et al. 2008). These studies assume that the local recombination rates will affect both
within-species nucleotide diversity and between-species nucleotide divergence in a
similar fashion. However, the pertinence of this prediction is questionable given the
existence of pervasive differences in recombination rates between species and the
distribution of genes between high and low recombination regions within species. In
fact, recombination rates are often not conserved between species, and vary at fine
scales between closely related species, such as humans and chimpanzees (Ptak et al.
2005; Auton et al. 2012). Furthermore, in humans, highly conserved genes implicated
in essential cellular processes are particularly enriched in regions of high linkage

disequilibrium (Smith et al. 2005) .

Another approach is to use patterns of diversity within populations to test whether

the efficiency of selection is reduced in autosomal regions with low recombination. In



163

low recombination regions, favorable mutations arising in different individuals of a
population will rarely be combined onto the same haplotype. Different alleles under
selection will, on average, interfere with one another’s fixation thus reducing the
efficiency of selection, a phenomenon known as Hill-Robertson interference (Hill and
Robertson 1966). Conversly, low recombination rates will cause disadvantageous
mutations to accumulate on the same haplotype, which will lead to an increase in the
average number of unfavorable mutations per genomic region. This is known as
Muller’s ratchet mechanism (Muller 1964; Felsenstein 1974). At the population level,
this increased mutational load is expected to be quantitatively more important than
interference between favorable mutations, because weakly deleterious mutations are

occurring in larger numbers than advantageous ones.

The population mutational load, defined as the cumulative effect of deleterious
mutations at the population level, results in a reduction in fitness for the population
compared to a case where all individuals would have the most favored genotype at
each site (Muller 1950; Agrawal and Whitlock 2012). Mutational load in a given
genomic region can be estimated from genomic data as the number of deleterious
variants present in that region. To assess whether a variant is deleterious, genic
sequences are annotated based on the protein sequence they code for as
synonymous or nonsynonymous (missense and nonsense). Coupled with prediction
tools such as Polyphen (Adzhubei et al. 2010) and SIFT (Kumar et al. 2009) that classify
missense variants as being either damaging or benign, this approach is widely used in
medical genetics to characterize the putative impact of a variant on protein function.
Furthermore, it has been shown that the degree of conservation at the variant site is
one of the most reliable methods for assessing its pathogenicity (Flanagan et al.
2010). Conservation scores such as GERP (Davydov et al. 2010) and PhyloP (Siepel et
al. 2006) are therefore powerful measures to identify mutations that are likely
deleterious. Finally, measures based on allele frequencies are generally good
indicators of the functional importance of a variant. Indeed, low frequency variants

are enriched for mutations affecting protein function (Marth et al. 2011; Nelson et al.
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2012) and the minor allele frequency (MAF) of a mutation correlates negatively with
the level of evolutionary constraint at the mutated site (Cooper et al. 2010; Goode et

al. 2010; Hodgkinson et al. 2013).

In this work, we use genomic data to investigate whether patterns of variation in
recombination rates in the human genome lead to differential efficacy of natural
selection in removing deleterious alleles. Fine-scale variation in human recombination
rates consists of large coldspots with very low recombination rates, punctuated by
short hotspots of recombination, where most of the crossover events occur. Here, we
guantified the differences in mutational load between coldspots and regions with
high density of hotspots. SNPs were called from RNA sequencing (RNAseq) data and
population recombination rates were estimated from genotyping data in French-
Canadian individuals recruited by the CARTaGENE Project (Awadalla et al. 2012).
Mutational load is evaluated separately in low and high recombination regions, by
characterizing variants based on functional annotations, conservation scores and
frequency-based statistics. We find that SNPs in low recombination regions are
significantly enriched in low frequency and nonsynonymous variants and are found at
constrained positions moreso than SNPs in high recombination regions. These
variants are likely mildly deleterious, hence impacting fitness. This enrichment is seen
at both the population-level and the individual-level and deleterious variants are
observed in linkage with each other more often in low recombination regions than in
highly recombining parts of the genome. This finding indicates that they accumulate
on the same haplotypes in coldspots, in line with the predicted outcome of Muller’s
ratchet mechanism. Finally, we observed a positive correlation between the
differential mutational load per individual and the risk of cardio-vascular diseases.
These results strongly suggest that deleterious mutations are less efficiently removed
by negative selection in regions of low recombination rate and that this phenomenon

likely impacts human health at the individual level.
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RESULTS

The French-Canadian Study Population

The six million French-Canadians in Quebec are descendants of about 8,500 settlers,
mostly of French origin, who colonized the province between 1608 and 1759 (Scriver
2001). The CARTaGENE project (CaG) collected biologicals and data from 20,000
participants recruited throughout the province of Quebec (Awadalla et al. 2012), and
high-density genotyping and RNA sequencing data was generated for 521 French-
Canadians participants (Material and Methods). Sampling includes individuals from
three distinct metropolitan regions of Quebec: the Montreal area (MTL), Quebec City
(QCC) and the Saguenay region (SAG) (Figure 1). Regional origins of the individuals
were validated with a principal component analysis (PCA) of genetic diversity using
genotypic data and including individuals from the Reference Panel of Quebec (RPQ)
(Roy-Gagnon et al. 2011). The Saguenay population stands out in this graphical
analysis whereas MTL and QCC cluster with the CEU population from HapMap3.
Pairwise Fs; between regional populations was computed using genotyping SNPs and
shows little differentiation between CEU, MTL and SAG, although SAG is more
differentiated than CEU and MTL (Figure S1). This likely results from the very recent
regional founder effect that occured in the Saguenay region. This territory was
colonized during the 19th century by a reduced number of settlers, who contributed
massively to the genetic pool of individuals living in this region today (Bherer et al.

2011).

Recombination Rates, Coldspots and High Recombination Regions

We examined patterns of linkage disequilibrium (LD) and inferred recombination
rates for the regional populations of Quebec. We compared these patterns with those

found in CEU and YRI populations from HapMap3 (Material and Methods).
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Figure 1. CARTaGENE sampling in three regional populations of Quebec

Sampling includes individuals from the Montreal area (MTL), Quebec City (QCC) and
the Saguenay region (SAG). Regional origin of individuals was confirmed by a principal
component analysis of genetic diversity in CARTaGENE (CaG) individuals compared
with genetic diversity within the Reference Panel of Quebec (RPQ) and in the CEU
population from HapMap3. Other populations included in the RPQ are: GAS:
Gaspesia Region, ACA : Acadians, LOY : Loyalists, CNO : North Shore Region. [Canada

map from http://atlas.gc.ca ]
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For patterns of LD, no notable differences were observed between MTL and CEU
whereas SAG shows slower LD decay, more linkage between distant SNPs and a
smaller number of small LD blocks (<5Kb) (Figure 2A and 2B). These patterns are likely
due to the recent demographic history of the region. Genetic maps for all
chromosomes were computed based on population recombination rate estimates,
converted into centiMorgan (cM) per Mb using the deCODE genetic map (Kong et al.
2010) (Material and Methods). As expected, the concordance of genetic maps
between populations is extremely high (Figure 2C), although they differ slightly from
the HapMap genetic map (HapMap Consortium et al. 2007), computed with the 2002
version of the deCODE map.

We used these genetic maps to locate coldspots and hotspots of recombination.
Coldspots are defined as non-centromeric regions of more than 50 Kb with
recombination rates consistently lower than 0.5 cM/Mb in CaG, CEU and YRI
populations (Material and Methods) and are likely shared among human populations.
We obtained a list of 7,851 autosomal coldspots, with a mean size of 133.4 Kb,
spanning about a third of the human genome, for a total of 1.049 Gb (Table S1). A
hotspot is defined as a short segment (<15Kb) with recombination rates falling in the
90th percentile (> 5 cM/Mb). The vast majority of hotposts are shared, but occasional
differences exist between CEU and CaG populations (Figure 2D) and between SAG and
MTL/QCC (Supplementary results). Finally, we define high recombination regions
(HRRs) as regions with a high density of hotspots, such that the distance separating
neighbouring hotspots (>5 cM/Mb) is smaller than 50 Kb. We identified 12,500 HRRs
genome wide shared between CaG, CEU and YRI populations, with a mean size of
50.74 Kb, covering a total of 634.2 Mb (Table S1). The definition of coldspot, hotspot

and HRR are illustrated in Figure S2.

Increased Diversity at Nonsynonymous Positions in Coldspots

Regions of low crossing-over have reduced levels of neutral genetic variation in

humans and other species (Begun and Aquadro 1992; Nachman 2001). This is likely
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Figure 2. Patterns of linkage disequilibrium and recombination in French-Canadians.

(A) Average LD over the genome for CaG populations (MTL: Montreal area, QCC:

Quebec city, SAG : Saguenay region) and CEU and YRI populations from HapMap3. (B)

Distribution of linkage disequilibrium (LD) block length across populations. LD blocks

and mean D’ were computed using 96 individuals from each population with

Haploview. (C) Graphical representation of the Chromosome 1 genetic map for MTL,

SAG and CEU populations computed using recombination rates inferred by LDhat and

the deCODE 2010 map, compared to the currently available HapMap genetic map. (D)

Hotspot of recombination detected in CaG populations and not observed in CEU

population. The mutation rate estimated by 8, is not markedly different between

populations.
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due to stronger linkage between neutral variation and strongly selected mutations in
low recombination regions. Using RNA sequencing SNPs, called in exons with high
coverage at all positions (Material and Methods), we observed a SNP density in
coldspots of 4.46 SNP/kb, which is significantly lower than the SNP density outside
coldspots (5.08 SNP/kb, Odds Ratio (OR) = 0.87 [0.864;0.889 95%Cl]) and within HRR
(7.30 SNP/kb, OR = 0.61 [0.596;0.620 95%Cl]). This result holds for variants at all
minor allele frequency (MAF) classes, although the effect is smaller for low frequency
variants (Figure 3A). We further observed a significant positive correlation between
SNP density and mean recombination rate per exon (B=0.073, p<2x10™*¢, Table S2),
after accounting for GC-content, average gene expression and exon size, indicating
that these potential confounding factors do not fully account for the observed

correlation between recombination and SNP density.

The consequence of a mutation on the protein sequence is a measure of the
deleterious impact of a variant. Many studies have reported that the majority of
nonsynonymous mutations are weakly deleterious and are expected to reduce fitness
(Eyre-Walker et al. 2006; Boyko et al. 2008; Li et al. 2010). We annotated all SNPs in
highly covered exons from the RNA sequencing data using public databases (Material
and Methods) to identify sites that are putatively functional and classified them either
as synonymous or nonsynonymous, and for nonsynonymous, as missense or
nonsense. Next, for each given functional category, we compared the fraction of
mutations between coldspots and HRRs using Odds Ratios (ORs) (Material and
Methods). We observed an excess of nonsynonymous mutations in coldspots relative
to HRR (Figure 3B). The corollary is an excess of synonymous mutations in HRRs
relative to coldspots. This effect is mainly due to missense mutations, as they
represent the majority of nonsynonymous mutations. On the other hand, the
observed nonsense mutations were not significantly overrepresented in coldspots,
although a relatively low number of nonsense were called (n = 363), which may affect
the power to detect a significant enrichment. Overall, these results indicate that,

despite the overall decreased diversity in low recombination regions, SNPs in
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coldspots and HRRs.

Differential load is computed using Odds Ratios (ORs). OR < 1 corresponds to an

enrichment in HRRs relative to coldspots, OR > 1 corresponds to an enrichment in

coldspots relative to HRRs (A) OR comparing SNP density between coldspots and

HRRs. (B) OR comparing the proportion of SNPs in each functional category between

coldspots and HRRs. SIFT and Polyphen were used to predict the impact of missense.

OR for consensus predictions (Material and Methods) are reported in the left panel.

OR for SIFT and Polyphen predictions separately are reported in the right panel.



171

coldspots are more likely to impact protein function than SNPs in regions of high

recombination.

The functional impact of missense mutations are either benign, when they do not
affect the protein function, or damaging when they lead to appreciable protein
changes. Polyphen (Adzhubei et al. 2010) and SIFT (Kumar et al. 2009) are widely
used computational approaches to predict amino acid changes affecting protein
function and activity. We used a combination of the two to reduce the number of
false positives (Material and Methods) and annotated all missense variants as
“Benign” (when both methods predict the mutation as being benign/tolerated),
“Damaging” (when both methods predict the mutation as being damaging) or
“Potentially Damaging” (when only one method predicts the mutation as being
damaging). We compared these groups of mutations in our dataset and observed that
benign and potentially damaging mutations are seen in excess in coldspots relative to

HRRs, whereas damaging mutations are not enriched in coldspots (Figure 3B).

These results suggest that damaging mutations are likely removed from sequences
with the same efficiency in low and high recombination regions and that the strength
of purifying selection acting on highly deleterious mutations is similar between
coldspots and HRR. However, the overrepresentation in coldspots of other mutations
causing a change in the amino acid, which are likely to be weakly deleterious,
indicates that these variants are less efficiently removed from sequences in regions of

low recombination.

Enrichment of Highly Conserved Mutations in Coldspots

Genomic regions that remain conserved across multiple species are likely to be
involved in essential cellular functions and have previously been used to identify
putative functional sequences in the human genome (Pennacchio and Rubin 2001;
Boffelli et al. 2003). Therefore, the level of conservation across multiple species at a

given nucleotide is another measure of the functional impact of a mutation arising at
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this position. We used conservations scores caculated by PhyloP (Siepel et al. 2006)
and GERP (Davydov et al. 2010) to estimate the level of constraint at all positions and
at all SNPs in the sequenced exons (Material and Methods). Positions with high GERP
and PhyloP values represent sites that have accumulated fewer substitutions than

expected under a neutral rate of evolution.

In the human genome, regions of strong linkage disequilibrium are more conserved
than regions exhibiting high recombination rates, likely because low recombination
regions are enriched with highly conserved genes with essential cellular functions
(Smith et al. 2005). Indeed, coldspots show an excess of positions with high values of
both GERP and PhyloP relative to positions in HRRs (Figure 4A). To evaluate if a
mutated position is more likely to be found at a conserved position in coldspots, we
thus need to take into account the baseline excess of conserved positions in coldspots
compare to HRRs (Material and Methods, Figure S3). Interestingly, the excess is
significant at mutated positions, as there is an enrichment of SNPs with GERP scores
above 3 in coldspots compare to HRR after correcting for the baseline effect (Figure

4B).

SNPs in coldspots also tend to have higher PhyloP scores than SNPs in HRRs, however
the enrichment is marginally significant for extreme PhyloP scores (>5). Because
damaging mutations were not observed in excess in coldspots (Figure 3C), this result
is likely due to an enrichment of damaging mutations in the extreme PhyloP class
(Supplementary results). However, we note that the majority of damaging mutations
(63%) are found to have PhyloP scores ranging from 1 to 5 (Table S3). These results
indicate that positions under strong evolutionary constraint are more likely to be
polymorphic in coldspots than in regions of high recombination. Therefore, mutations
at conserved sites, which are likely deleterious or weakly deleterious, appear to be
less efficiently removed from sequences by negative selection in coldspots than in

HRRs.
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Frequency-based Measures of Mutational Load

Low frequency variants represent the majority of genetic variants in human
populations (Keinan and Clark 2012) and are enriched with functional mutations that
affect protein function (Marth et al. 2011; Nelson et al. 2012). For example, variants
segregating at nonsynonymous sites tend to be at lower frequency than those at
synonymous sites, regardless of the function of the gene (Blekhman et al. 2008).
Furthermore, a strong inverse relationship has been described between evolutionary
constraint and allele frequencies of mutations segregating in human populations
(Cooper et al. 2010; Goode et al. 2010; Hodgkinson et al. 2013). Therefore, the
frequency of an allele segregating at a site is generally a good indicator of its

functional importance.

The enrichment of variants at nonsynonymous positions and at conserved sites in
coldspots is driven almost entirely by alleles with minor allele frequency (MAF) below
0.01 (Figure 5). Furthermore, we confirm the previously reported positive correlation
between average MAF per exon and recombination rates (Lohmueller et al. 2011),
which is significant after correcting for GC-content, average gene expression and exon
size (Table S2). We also examined the impact of recombination rates on the
accumulation of novel variants and singletons (Figure 5B). Novel variants are new
variants that have neither been reported in dbSNP (Sherry et al. 2001) nor been seen
in genomic data from the 1000 genome project (The 1000 Genomes Project
Consortium 2010). These variants are at very low frequency and likely arose as private
mutations in founders or originated de novo since the founding of the French-
Canadian population. Novel variants are enriched in coldspots, suggesting that the
reduction in the efficiency of negative selection in coldspots may be observed over
very brief evolutionary time scale, as short as fifteen to twenty generations (Roy-
Gagnon et al. 2011). Singletons are novel variants seen only once in the population
and are not enriched in coldspots of recombination, consistent with the idea that

these mutations correspond to the
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Figure 5. Differential mutational load based on frequency-based statistics

Differential mutational load is computed using Odds Ratios (ORs). OR < 1 corresponds
to an enrichment of SNPs in that frequency classes in HRRs relative to coldspots, OR >
1 corresponds to an enrichment in coldspots relative to HRRs. (A) OR in each minor
allele frequency class for SNPs in functional and conservation categories. (B) OR in
frequency-based categories for all SNPs. Novel SNPs are SNPs not observed in dbSNP
and 1000 Genome Project. Singletons are novel SNPs seen only once in the CaG

sample.
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most recent mutations in the population, on which natural selection is unlikely to
have had enough time to act, even in HRR. In line with this observation, a recent study
looking at mutations in 14002 individuals revealed that little difference between the
proportions of variants in intronic, untranslated exonic, synonymous and
nonsynonymous classes are seen when minor allele count is low (Nelson et al. 2012).
The most recent class is formed by de novo mutations, which are not expected to
occur preferentially in coldspots if they are randomly distributed in the genome. Also,
singletons are likely enriched with sequencing errors that occur at random in the
genome and are unlikely to cluster in regions of low or high recombination.
Alternatively, mutations that are highly damaging in the homozygous state will be
maintained at very low frequencies by purifying selection and may be observed as

singletons in our sample.

Robustness to Potential Confounding Factors

Altogether, our analyses indicate that SNPs in coldspots are enriched in low frequency
and nonsynonymous variants and are found at constraint positions moreso than SNPs
in HRRs. This result implies that the efficiency at which selection removes slightly
deleterious variants depends on recombination rate variation in the human genome.
However, other genomic features that correlate with either recombination or
efficiency of selection may influence this effect as well. We evaluated the linear
correlation between recombination rates and SNP density per exon for
nonsynonymous, damaging, novel, singletons and high conservation score variants.
We accounted for potential confounding factors such as GC-content, average gene
expression levels, exon size and total SNP density (Table S2). Recombination rates
correlates negatively with the density of nonsynonymous, novel and high
conservation score variants at the exon level, which validates our previous
observations. Importantly, we verified that our results are robust to a wide array of

recombination rate thresholds for defining coldspots and HRRs (Table S4).
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We further considered two main confounding factors: GC-content and gene
expression. GC-content is known to correlate with recombination rate in many taxa,
including humans (Meunier and Duret 2004). Exons were ranked based on their GC-
content and stratified into four categories of equal size and analyses were performed
separately for each category, so that coldspots and HRRs contain similar proportion of
GC (Table S5). The higher mutational load observed in coldspots remains significant
for all GC categories, with the exception of high conservation score and missense
mutations that are not significantly enriched in coldspots for the highest GC-content
exons. This result may reflect a lack of power in this category, given that coldspots

with high GC-content are likely to be quite rare.

Similarly, we separated exons in four categories according to their average gene
expression levels across the entire population sample (Material and Methods).
Expression level of a gene is one of the best predictors of its evolutionary rate (Pal et
al. 2006) with the efficiency of selection being weaker in lowly expressed genes.
Furthermore, within-gene recombination rates appear to correlate with transcription
patterns, such as expression breadth and allelic expression (Necsulea et al. 2009).
Indeed, we observed a very weak but significant negative correlation between
recombination rates and mean gene expression in our data (Table S2), providing
further support for a negative association between recombination and transcription
in humans (Necsulea et al. 2009). Despite this, the increased mutational load seen in
coldspots remains significant for all gene expression categories (Table S5). Singletons,
that were found not to be in excess in coldspots in previous analyses, are significantly
enriched in coldspots for regions of low gene expression and high GC-content. This
result may reflect the heterogeneity of this class of mutations that likely contains de
novo mutations and sequencing errors as well as deleterious mutations maintained at

very low frequencies.
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Coldspot Mutational Load in Regional Populations and Per Individual

Despite their short divergence time and relatively similar geographic and
environmental range, the regional populations of Quebec are stratified and
differences in disease prevalence exist (Scriver 2001). In particular, the Saguenay
population is famous for the discovery of genes underlying Mendelian disorders
because of the high carrier rate for many recessive mutations. We computed the
differential mutational load in the regional populations separately. Overall, all three
populations show an increased mutational load in coldspots, based on functional
annotations, conservation scores and frequency-based measures (Figure 6A),
however no significant differences are seen between populations. One interesting
difference, however, is that the SAG and QCC population show a significant excess of

mutations predicted as damaging in coldspots whereas the MTL population does not.

To obtain a better picture of the differences between regions, we computed the odds
ratios between coldspots and HRR per individual (indOR) for all mutational load
measures (Table 1). Most individuals show an enrichment of missense, low frequency
and high conservation score variants, showing that SNPs in coldspots are likely to
affect fitness at the individual level. Interestingly, a large proportion of individuals
show an excess of damaging mutations in coldspots, which contrasts with the general
result at the population level, where damaging mutations were not significantly
enriched in coldspots overall (Figure 3). This observation suggests that the
accumulation of damaging mutations in coldpots may be limited to a subset of

individuals in the population.

Next, we tested whether regional populations have different distributions of indOR
using a non-parametric Mann-Whitney U-test. Significant differences are observed
between SAG and the other populations for indOR computed for frequency-based
measures. To understand the nature of these differences, we plotted the indOR

distributions for low frequency (MAF<0.01), novel and private variants in the three
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Figure 6. Differential mutational load in CaG regional populations

Populations : the Montreal area (MTL), Quebec city (QCC) and Saguenay region (SAG).
Differential mutational load is computed using Odds Ratios (ORs). OR < 1 corresponds
to an enrichment of SNPs in that frequency classes in HRRs relative to coldspots, OR >
1 corresponds to an enrichment in coldspots relative to HRRs. (A) OR based on
conservation, functional and frequency-based annotations. (B) Distribution of OR per

individuals (indOR) in the three regional populations.
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regional populations (Figure 6B). The curves from the SAG population are consistently
below the ones from populations in Metropolitan Quebec (MTL and QCC), suggesting
a difference in the amplitude of the effect observed. This result may be explained by
the difference in effective population size (N.) between regions of Quebec, due to the
different demographic histories. In particular, the population in the Saguenay region
originated from a smaller number of founders (Bherer et al. 2011). We computed N,
by regional population from recombination rate estimates (Supplementary Results,
Table S6), and found N, to be significantly reduced in SAG relative to MTL and QCC. A
smaller N implies a reduction in the efficiency of selection, impacting both low and
high recombination regions. This observation may therefore explain the slightly
smaller indOR in SAG, since the efficiency of selection is also reduced in high

recombination regions.

Increased linkage of rare and deleterious variants in coldspots

The results presented in Table 1 show that slightly deleterious mutations accumulate
preferentially in coldspots at the individual level. Because recombination is limited
and does not redistribute variants among haplotypes in these regions, the theory
predicts that many deleterious mutations will be found linked to each other on the
same chromosome (Felsenstein 1974). To test this hypothesis, we obtained “mini-
haplotypes” by extracting pairs of SNPs found on the same sequencing read or read
pair, which are hence phased (Material and Methods, Figure S4). Separately for
variants in coldspots and HRR, we compared the number of mini-haplotypes where
two minor alleles are linked to each other with the number of mini-haplotypes where
a minor (Min) and a major (Maj) allele are coupled together. Because intermediate
frequency alleles at neighbouring SNPs are more likely to be found linked to one
another than low frequency alleles, we looked at haplotypes with pairs of rare

variants, with MAF < 0.01.
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Table 2. Differential load of mini-haplotypes in coldspots (CS) and HRRs.

Rare OR Within CS Within HRR
Variant 95%Cl
Type CAG Min/Min Min/Maj Min/Min Min/Maj
all rare 2.64 [2.38;2.93] 1782 71026 453 47706
conserved 8.04 [6.25;10.35] 1433 22187 64 7970
nonsyn 1.01 [0.89;1.15] 750 27526 398 14762
damaging 13.50 [1.79;101.99] 16 1709 1 1443

Number of mini-haplotypes with two minor alleles linked to each other (Min/Min) and with a minor
allele linked to a major allele (Min/Maj) for rare variants (with MAF<0.01) in coldspots (CS) and HRRs.
Odds Ratios (ORs) with confidence intervals were computed to compare the proportions of Min/Min
between CS and HRRs. OR < 1 corresponds to an enrichment of Min/Min mini-haplotypes in HRRs

relative to coldspots, OR > 1 corresponds to an enrichment in coldspots relative to HRRs.

Mini-haplotypes are 2.64 times more likely to carry two paired rare alleles rather than
a rare allele paired with common allele in coldspots compared to HRRs (Table 2). This
excess of Min/Min haplotypes for low frequency variants in coldspots indicates that
selection is unable to efficiently remove these haplotypes in coldspots. Furthermore,
coldspots are strongly enriched for mini-haplotypes with two rare alleles at conserved
positions (OR = 8.04) compared to HRRs, where there is a severe lack of haplotypes
with two rare mutations at conserved sites. A larger proportion of mini-haplotypes
with two rare damaging mutations were found in coldspots compared to HRR (OR =
13.50), although these mini-haplotypes are very unfrequent. These results directly
show that rare and weakly deleterious mutations arising on the same haplotype

accumulate in coldspots and are not removed as efficiently as in HRRs.

Replication in the 1000 Genomes Project Populations

In order to replicate our findings, we performed all analyses using SNPs called from

exome data in the African, Asian and European populations of the 1000 Genomes
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Project (Material and Methods) in our selected exons. Overall, the results remain the
same as the one seen in the CaG population, with categories of mutations enriched in
slightly deleterious mutations overrepresented in coldspots (Figure 7). However,
differences in the amplitude of the effect are observed between populations, with
African exomes showing the weakest effects and the French-Canadian data showing
the more pronounced effect, suggesting that demography is affecting this effect. We
also compared the distribution of indOR between populations (Figure 8). For indOR
computed for rare variants, the distribution differ significantly between populations,
with the mean indOR for the ‘out of Africa’ populations being shifted to the right. We
also observe an increased variance in the CAG population relative to the 1000
Genomes populations. For indOR, the distribution are similar among populations from
the 1000 Genomes Project but the CAG dataset shows a shift in mean to the right,
suggesting that the French-Canadian population has an increased mutational burden
in coldspots relative to other populations worldwide. This effect may be due to
greater variance in French-Canadian differential mutation load due to demographic
events or relaxation of selection following the founding of the population, but it might
also be caused by the differences in DNA vs. RNA mutational load. Finally, we
replicated the mini-haplotype analyses in populations from the 1000 Genomes Project
(Material and Methods) and very similar results were obtained, with mini-haplotypes

with two rare variants linked together enriched in coldspots (Table S5).
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Figure 7. Differential mutational load in populations from The 1000 Genomes

Project.

Neutral SNPs are synonymous variants at non-conserved positions. Common variants

have MAF>0.05 and rare variants have MAF<0.01.
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DISCUSSION

The genomics era has greatly improved our ability to estimate the abundance of
deleterious mutations in a population and within individuals. In this study, using SNPs
called from RNAseq data in 521 French-Canadians and several mutational load
measures, we demonstrated empirically that, although diversity is reduced in
coldspots of recombination, mutations in these low recombining regions are likely to
have a stronger negative impact on fitness than mutations segregating in high
recombination regions in the human genome. This indicates that negative selection
works less efficiently at removing weakly deleterious mutations in regions of low
recombination. To our knowledge, this is the first empirical demonstation that the
efficiency of selection varies across the human genome owing to the variation in the
local recombination rate. Generally, these results show that patterns of
recombination rates in humans will likely alter the rate at which functional mutations

accumulate in individuals.

In our analyses, we used three different types of measure to estimate the amount of
deleterious mutations: functional annotations, conservation scores and frequency-
based statistics. For each of these categories, we computed the differential
mutational load between high and low recombination regions. We observed that
low-frequency variants and nonsynonymous alleles are found significantly enriched in
low recombination regions. Furthermore, SNPs in these genomic regions are found at
constraint positions moreso than SNPs in high recombining regions, even after
correcting for the overall higher conservation of coldspots in the human genome.
Importantly, these observations remain valid when controlling for potential
confounding, such as gene expression levels and GC-content. The effect observed is
also robust to the recombination parameters used to define low and high
recombining regions. Because evidence for the reduction in the efficiency of selection

mainly come from non-recombining chromosomes (Charlesworth and Charlesworth
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2000) and organelle genome (Lynch and Blanchard 1998), we favored an approach
that contrasts coldspots of recombination and highly recombinogenic regions in the
human genome. However, we detected a weak but significant linear correlation
between recombination rates and densities of deleterious alleles after correcting for
GC-content and gene expression levels, although the reduction in the efficiency of

selection is unlikely to be linear in the recombination rate.

We used prediction tools, widely used in medical genetics, to assess the potential
impact of a mutation on the function of a protein. Mutations that were predicted as
damaging were found to be differentially distributed between coldspots and HRRs in
in two out of three French-Canadian populations. Furthermore, at the individual-level,
damaging mutations are enriched in coldspots half of the individuals (263/521, Table
1). The reduction in the strengh of selection may also affect the amount of damaging
mutations segregating in coldspots. Mutations with harmful consequences
accumulate preferentially in these genomic regions and per-individual differential
mutational loads for damaging mutations are significantly higher in individuals in the

French-Canadian population compared to other populations world-wide (Figure 8).

Singletons are not significantly enriched in coldspots in our data. These are novel
variants seen only once in our sample. They therefore represent the most recent class
of mutations and include de novo mutations, on which selection is unlikely to have
had enough time to act. It has previously been suggested that double-strand break
may generate mutations, but if this were the case, an enrichment of singletons in high
recombination regions would have been expected. This observation adds further
support to the view that recombination is not mutagenic and that the correlation
between recombination and diversity is driven by natural selection (Lohmueller et al.

2011).

Muller pointed out that mutations will tend to accumulate on non-recombining
genomes in finite populations, and described this mechanism as a ‘ratchet’ (Muller

1964). This accumulation is due to the effect of genetic drift that can cause the loss of



188

haplotypes with the lowest number of weakly deleterious mutations despite their
higher fitness. The ‘least-loaded’ class may only be reconstituted by recombination. In
the absence of recombination, there will be a gradual and irreversible buildup of
deleterious mutation, and the loss of each least-loaded class can be seen as a turn of
the ratchet. This argument also applies to any non-recombining genomic region. In
regions where recombination rates are extremely low, it is hard to predict how
pronounced this process would be. Here, we showed not only that human coldspots
are enriched in deleterious variants overall, but also that the variants accumulate
linked to each other on the same haplotype, in line with predictions from Muller’s

ratchet mechanism.

Because the buildup of negative linkage disequilibrium (when deleterious mutations
are linked to beneficial ones) is inevitable in this situation, Muller’s ratchet also
predicts, in the long run, an increased rate of fixation of deleterious alleles under
particular circumstances. This is because every deleterious mutation linked to a
beneficial one driven to fixation by positive selection, will be swept to fixation with it.
Under this model, both the mutational load and the rate of fixation of deleterious
variants should be increased and the rate of fixation of advantageous mutation
should be decreased. However, regions of strong linkage disequilibrium in the human
genome have been found to be more conserved than regions exhibiting high
recombination rates (Smith et al. 2005). Our results confirmed this finding, as
positions in coldspots are significantly more conserved across multiple species than
positions in HRR (Figure 4A). Furthermore, Bullaughey and colleagues found no
correlation between recombination rates and the ratio of the rates of
nonsynonymous and synonymous substitution (dn/ds) (Bullaughey et al. 2008). These
observations suggest that the accumulation of deleterious mutations in coldspots

does not result in a higher rate of fixation of nonsynonymous substitutions.

Several factors may explain why the increased mutational load in coldspots does not

result in an increased rate of fixation. First, these genomic regions still have a small
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amount of recombination. In the CaG population, the mean recombination rate across
coldspots is 0.1348 cM/Mb [0.1269-0.1359 95%Cl]. Although this value is very low, it
is possible that it is high enough to prevent deleterious alleles to increase in
frequency up to fixation. Likewise, it is possible that the fine-scale recombination
rates evolve rapidly enough to break down negative associations of alleles before
deleterious alleles are fixed. Both these hypotheses are testable by simulations.
Finally, it has been demonstrated that when mutations are close enough to recessivity
(i.e. they have low dominance coefficients) in diploid individuals, the decoupling of
fixation and turns of the ratchet is likely to occur (Charlesworth and Charlesworth
1997). Furthermore, if the reduction in homozygous fitness is sufficiently severe, the
probability of fixation will be decreased to a negligible level, since the selective
advantage of favorable alleles will not be able to counter balance the harmful effects

of these deleterious mutations.

Interestingly, most of the genes in low recombination regions are implicated in
essential cellular processes, and are responsible for many genetic diseases in humans
(Smith et al. 2005). The accumulation of slightly deleterious mutations in genes that
are primordial for response to DNA damage or cell cycle progression, for example, can
ultimately be detrimental to the health of individuals and are expected to explain an
important fraction of the genetic etiology of human disease. Therefore, the effects
observed probably result from different evolutive pressures. On one side, purifying
and background selection will dominate in genes with essential cellular functions.
These essential genes have been under selection for few billions of years to improve
the performance of the biological machinery and may not need any more
improvement through generation of new haplotypes. These genes show low
recombination rates and are therefore less exposed to events of unequal crossing-
over that would cause major mutations (such as large insertions, deletions, inversions
or translocations) likely deleterious to the survival of the individual. Recombination
thus needs to be redirected away from these coding sequences. The down side of

this effect is the irreversible accumulation of weakly deleterious mutations. Each
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individual will thus receive a burden of unfavorable mutants, which continually
increases over successive generations in the absence of recombination. If selection
against these deleterious mutations is very weak, these variants may even drift to
intermediate frequencies. Higher recombination rates, on the other hand, will break
down random associations of alleles, will reduce the average number of unfavorable
mutations segregating in the population and will prevent weakly deleterious variants
from accumulating on the same haplotypes. These results further imply that selective
sweeps in humans are more likely to occur in high recombination regions, where
advantageous alleles are more efficiently decoupled from deleterious alleles, and

arise on haplotypes that did not accumulate high amount of deleterious alleles.
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MATERIAL AND METHODS

Ethics Statement

The ethics committee of CARTaGENE approved the study and all participants gave
their informed consent. The study was in accordance with the principles of the

current version of the Declaration of Helsinki.

Cohort Description

Participants in this study were recruited as part as the CARTaGENE (CaG) population-
based health study in Quebec, Canada. CaG randomly targeted 20,000 participants of
40-69 years of age, the segment of the Quebec population that is most at risk of
developing chronic disorders, from three areas in Quebec : the Montreal (MTL) Area,
the Quebec city (QCC) Area and the Saguenay Lac-St-Jean (SAG) region. The
participants from the CaG project were not recruited for a particular disease but
represent a random selection among the population. A total of 6500 participants
were earmarked for RNA work by sampling whole blood in Tempus tubes. Based on
data from these participants, 521 individuals were chosen to represent different
regional populations of Quebec and were selected based on cardio-vascular
phenotypes. Our selection is enriched with individuals representing high and low risk
of developing cardiovascular diseases, based on their Framingham Risk Score (FRS)
(D'Agostino et al. 2008). Specifically, we stratified participants by region and gender
and ranked them based on their FRS, while excluding individuals treated for
hypertension. We then selected participants based on their ranking from high to low
and from low to high scores ensuring similar samples sizes for men and women.
Regional origin of participants was verified by principal component analysis (PCA) of
genetic diversity using the EIGENSTRAT method (Price et al. 2006). Specifically, the
PCA was performed using SNPs genotyped in the 521 CaG individuals and in 140

individuals from the Reference Population Panel of Quebec (RPQ) sampled in seven
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sub-populations of Quebec characterized by different demographic histories (Roy-
Gagnon et al. 2011). The final selection consist in 264 participants from MTL, 99 from
QCC and 158 from SAG.

Genomic data: RNA-sequencing and Genotyping

Approximately 3 mL of blood was collected for RNA work in Tempus Blood RNA Tubes
(Life Technologies). Total RNA was extracted by using a Tempus Spin RNA Isolation kit
(Life Technologies) followed by globin mRNA depletion by using a GLOBINclear-
Human kit (Life Technologies). RNAseq 100bp pair-ends indexed libraries were
constructed using the TruSeq RNASeq library kit (lllumina). Sequencing was done on
HiSeq machines (lllumina), multiplexing three samples per lane. After initial filtering
based on sequencing read quality, paired-end reads were aligned using TopHat
(V1.4.0) (Trapnell et al. 2009) to the hgl9 European Major Allele Reference Genome
(Dewey et al. 2011). PCR removal was performed using Picard (picard_tools/1.56,

http://picard.sourceforge.net).

Raw gene-level count data was generated using htseq 0.5.3p3 (Anders and Huber
2010). These counts were then normalized using EDASeq v1.4.0 and a procedure that
adjust for GC-content as well as for distributional differences between and within
sequencing lanes (Bullard et al. 2010; Risso et al. 2011). Average normalized gene
expression levels per gene were determined by averaging expression levels of each
gene across all individuals (Idaghdour et al. 2013. In preparation). Every exon of a

gene was attributed the gene-level value.

SNP were called from RNAseq data using a procedure similar to SNP calling in exon
sequencing data. However, prior to SNP calling, bowtie2 (0.12.7)(Langmead et al.
2009) was used to removed abundant sequences (polyA, polyT, tRNA). Only reads
that were properly paired and uniquely mapped were kept. Mapping quality score
were recalibrated using GATK (McKenna et al. 2010) and SNP calling was performed
with samtools (0.1.18) (Li et al. 2009). Filtering of SNPs was done using vcftools v0.1.7
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(Danecek et al. 2011). We kept SNPs with variant quality of 30 and genotype quality of
20 (Phred scores). Minor allele frequencies (MAF), the proportion of individuals with
non-missing genotypes and Hardy-Weinberg equilibrium (HWE) p-values were
computed using plink v1.07. SNPs showing departures from HWE at p > 0.001 were
excluded. We obtained a total of 178,486 polymorphic SNPs (MAF > 0) in the 521
French-Canadians individuals. All 521 individuals were also genotyped on the Illumina
Omni2.5M array. A total of 1,554,440 autosomal SNPs were obtained after filtering
(Quality control HWE p<0.001, Missingness < 0.05, MAF>0).

Estimation of Recombination Rates and Genetic Map Construction

We used the genotyping SNPs and the interval program from the LDhat package
(McVean et al. 2002) to estimate population recombination rates p on the autosomes,
in units of 4N.r per Kb, where N, is the effective population size and r is the
recombination rate per meiosis in cM. The largest chromosomes (1 to 12) were
broken into two segments (p and g arms) and all genomic segments were phased with
Shape-IT (Delaneau et al. 2008). Because the pre-computed likelihood tables for the
interval program accept a maximum number of 192 haplotypes, we selected 96
unrelated individuals from each CaG subpopulations. For each population, we ran the
interval program on each genomic segment for 30,300,000 iterations with a burn-in of
300,000 iterations and the estimate of the recombination rate p between each pair of
adjacent SNPs was computed by taking the average rate across iterations of the
riMCMC procedure implemented in interval (McVean et al. 2002). To convert the
population recombination rate estimates in units of 4N.r per Kb into units of
centiMorgan per Megabase (cM/Mb), we inferred N. for each population using the
estimates of r computed for the 2010 deCODE map in cM units (Kong et al. 2010).
Specifically, we identified chromosomal segments where both CaG data and deCODE
SNP positions allowed estimates of rates and we summed rates across these genomic
regions to obtain the total estimated distance (4N¢R) and the total genetic distance (R

in cM units) from the deCODE map. To calculate 95% confidence intervals, we
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sampled the riMCMC every 15,000 iterations and computed N, using these 2000
samples of p values. Using the same methods, we estimated population
recombination rates and constructed genetic maps using 96 unrelated individuals
from the CEU and YRI populations from HapMap3. To allow comparison between
populations, we further computed recombination rates in the five populations using

the subset of SNPs genotyped in the CaG and HapMap3 populations.

Coldspots of recombination are defined as regions of more than 50Kb with
recombination rates between adjacent SNPs below 0.5 cM/Mb in CaG, CEU and YRI
populations. We excluded centromeric regions and required that at least 5 SNPs
support the coldspot, to avoid regions with dramatically reduced power to estimate
recombination rates. A hotspot is defined as a short segment (<15Kb) with
recombination rates falling in the 90th percentile (> 5 cM/Mb). We define high
recombination regions (HRRs) as regions with a high density of hotspots of any length,
such that the distance separating neighbouring hotspots (>5 cM/Mb) is smaller than
50 Kb. See Figure S2 for an illustration of these definitions. The recombination rate
thresholds used to define coldspots and hotspot were chosen to maximize the overall
number of SNPs included in the analyses while minimizing the difference between the
number of SNPs in coldpots and in HRRs. Changing these threshold values do not

change the conclusions of the study (Table S4).

RNA-seq SNPs annotation and exon inclusion

For each of the 178,486 RNAseq SNPs called, we retrieved functional annotations and
conservation scores from publicly available databases and ressources. Functional
annotations were obtained from four different sources (as of october 2012):

Seattleseq (http://snp.gs.washington.edu/SeattleSegAnnotation137/), dbSNP

(dbSNP135), SIFT (http://sift.jcvi.org/) and wAnnovar (http://wannovar.usc.edu/)

(Chang and Wang 2012). A SNP is annotated as ‘nonsense’ if at least one annotation
tool annotated it as ‘stop gain’ or ‘stop loss’. Similarly, a SNP is annotated as

‘missense’ if at least one annotation tool characterized it as ‘missense’. The other
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coding SNPs were annotated as ‘synonymous’ mutations. The remaining SNPs
reported as intronic, in untranslated regions (UTR) or in non-coding RNA were labeled
as ‘other’. The functional impact of missense mutations was obtained with widely
used prediction tools: PolyPhen (Adzhubei et al. 2010) predicts functional effects
using sequence conservation, physiochemical properties, proximity to functional
domains and protein structure. SIFT (Kumar et al. 2009) relies on the alignment of
highly similar orthologous and paralogous protein sequences and predicts functional
effects based on conservation in protein families. These methods have high sensitivity
but low specificity (Flanagan et al. 2010), we therefore used a combination of the two
to annotate RNAseq missense mutations and reduced false positives. A SNP was
annotated as ‘benign’ if it is predicted as “tolerated” by SIFT and “benign” by
Polyphen. It is annotated as “damaging” if it is predicted as “damaging” (low and high
confidence calls) by SIFT and “possibly damaging” or “probably damaging” by
Polyphen. When SIFT and Polyphen prediction do not agree, the SNP is annotated as

“potentially damaging”.

To estimate the level of contraint at nucleotides in DNA sequences, we retrieved
GERP and PhyloP conservation scores for all positions within the human exome. These
score were used in order to compare conservation levels between coldspots and HRRs
and to annotate RNAseq SNPs. GERP scores were obtained from the Sidow lab

website  (http://mendel.stanford.edu/SidowLab/downloads/gerp/index.html) and

PhyloP scores were obtained from UCSC Genome Bioinformatics website

(http://hgdownload.cse.ucsc.edu/goldenpath/hg19/phyloP46way/). Scores from both

methods are obtained based on an alignment and a model of neutral evolution. Sites
predicted to be conserved are assigned positive scores, while sites predicted to be
fast-evolving are assigned negative scores. GERP quantifies position-specific
constraint in terms of “rejected substitutions”, the difference between the neutral
rate of substitution and the observed rate at individual alignment positions, estimated
by maximum likelihood. The PhyloP method is based on a phylogenetic hidden

Markov model and computes p-values based on prior and posterior distributions of
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the number of substitutions that have occurred. The absolute value of PhyloP scores

represent -log p-values under a null hypothesis of neutral evolution.

Frequency-based statistics were computed for all RNAseq SNPs called. We obtained
minor allele frequencies overall and within each regional population using the --freq
option in PLINK (Purcell et al. 2007). We obtained SNP frequencies in the 1000
genomes project (as of february 2012) from wAnnovar annotation and obtained the
dbSNP id of each SNP present in dbSNP135 from Seattleseq annotation. This allowed
us to identify novel SNPs, not reported in dbSNP or as part as the 1000 genomes
project. Among novel SNPs, we further defined private SNPs, seen only in one

regional population of CaG, and singletons, seen only once in the sample.

To insure that sequencing SNPs are called throughout the length of exons, and to
reduce the possible biases due to read depth, we selected exons with all positions of
their sequence covered at a minimum of 20X in more than 50% of the sequenced
individuals (i.e. at least 261 individuals). We used BAMStats-1.25 to obtain the
minimum coverage per exon per individual for 208,226 autosomal exons. A total of
89,390 exons (hereafter termed Min20x exons) passed this stringent filter containing
a total of 73,630 SNPs. For each exon, we tabulated the number of SNPs called,
average MAF, exon size, GC-content, average recombination rates in CaG, CEU and
YRI populations, average gene expression, average GERP and PhyloP scores. We also
computed, for each exon, the density (SNP/kb) of synonymous, missense, damaging
and novel SNPs, singletons, and SNPs with high GERP (>3) and PhyloP scores (>1). To
evaluate the effect of confounders, exons were ranked based on their proportion of
GC or based on their expression level. In each case, they were stratified in four
categories of equal sizes : low (25% lowest values), low median (ranked between 25

and 50%), high median (ranked between 50 and 75%) and high (25% highest values).
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Mutational Load and Odds Ratios

We computed the differential mutational load between coldspots and HRRs using

Odd Ratios (OR). The OR is computed as :

OR = Nes " Xprr

Nyrr * Xcs

with n., and n,,; are the number of mutations of a given type in coldspots and HRRs
respectively, and x.g and x,, are the number of other mutations in coldspots and
HRRs, respectively. Confidence intervals were calculated following the procedure
described in (Morris and Gardner 1988). If the OR value is significantly larger than 1
for a given type of mutation, this type of mutation is enriched in coldspots. Conversly,
if the OR value is significantly smaller than 1, the given type of mutation is enriched in
HRRs. ORp;, was calculated for evaluating differential diversity between coldspots and
HRRs. In that case n. and n,,, correspond to the total number of SNPs, and x. and
Xyrr cOrrespond to the total number of non-mutated positions in coldspots and HRRs,
respectively. Similarly, ORcons Was computed for evaluating differential level of
constraint between coldspots and HRRs, with n., and n,; corresponding to the total
number of positions in a given conservation score category and x.; and Xy
corresponding to the total number of positions outside this category, in coldspots and

HRRs, respectively.

Differential mutational load was evaluated considering all SNPs found in the CaG
cohort, per regional population and per individual. OR were computed for all
categories of functional annotations (synonymous, nonsynonymous, missense,
nonsense, benign, potentially damaging, damaging) and frequency-based measures
(low MAF, novel, private, singletons). For conservation scores, SNPs were stratified in
bins of GERP and PhyloP scores of size 1, from -11 to 7 for GERP and from -9 to 7 for
PhyloP. When less than 30 SNPs were found in a category, the OR was not computed

for that category. Because the conservation score distribution at the sequence level
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differ significantly between coldspots and HRRs, we computed ORc.,s for each
category and used this value to correct counts and adjust for the baseline differential
constraints observed. For results with uncorrected OR, see Figure S3. For most
analyses, we used GERP > 3 and PhyloP between 1 and 5 to assess the differential
mutational load based on conservation scores (Supplementary Results). Linear
regression models were also built to evaluate the correlation between recombination
rates and mutational load per exon, while adjusting for counfounders such as

expression level, GC-content, exon size and SNP density.

The ORs were also computed for each individual (indOR) based on the variants he/she
carries. We used a non-parametric Mann-Whitney U-test to test whether distributions
of indOR between groups of individuals are significantly different. Individuals were
grouped according to their regional populations or based on phenotypic information

and disease status.

Extracting Mini-Haplotypes from Mapped Paired-end Reads

We took advantage of sequencing paired-end reads to create mini-haplotypes
consisting of pairs of SNPs that are found on the same read of read pair. We first
considered the 178,486 polymorphic SNPs detected in CaG individuals by our SNP
calling procedure (minimum variant quality of 30, minimum genotype quality of 20).
We used bedtools (Quinlan and Hall 2010) to extract all mapped read pairs that
overlap with these positions, with the exception of reads for which the position of the
SNP falls in the two first or two last nucleotides of the read, since these bases are
generally of lower quality. We then kept only read pairs overlapping with at least two
SNP positions and where the read base qualities at the SNP positions were above 13.

We found that 33.63% of extracted reads covered at least one other SNP position.

For each individual separately, we called mini-haplotypes for all pairs of SNPs covered
at least 20 times (Figure S4). In order to keep the data independent, we excluded

mini-haplotypes for which the two SNPs in the pair were already part of another pair
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considered in this individual. Each mini-haplotype had to be seen at least 5 times and
in more than 10% of the total number of read pairs covering the pair of SNPs in the
individual. For each pair of SNPs, a diploid individual is expected to carry at most two
mini-haplotypes, however, we observed pairs of SNPs harboring more than two
highly-covered haplotypes (Figure S4, Case 4). This is likely due to paralogy or
mapping errors, we thus excluded these pairs of SNPs from further analyses. Based on
the allele frequencies of SNPs in the sample, each mini-haplotype was classified as
Min/Min, if two minor alleles are linked with each other, as Maj/Maj, if two major
alleles are linked to each other, or as Min/Maj, if the minor allele at one position is
linked to the major allele at the other position. Mini-haplotypes are classified either
as coldspots mini-haplotypes, if both SNPs in the pair are found in the same coldspot
region, or as HRR mini-haplotypes, if both SNPs are found in the same HRR region.
Mini-haplotypes with SNPs found in different regions are rare, and were ignored in

our analyses.

SNP data in Populations from The 1000 Genomes Project

Phase 1 SNP data from the 1000 Genomes Project were downloaded from the 1000
genomes ftp site and consists of 1092 individuals from 14 populations. For these
analyses, we used SNPs called from the high coverage exon-targeted data, that is
sequenced to an average coverage of 50-100x, and only SNPs falling within targetted
exons were extracted from exome vcf files. The false discovery rate of exome SNPs is
1.6%. Details on 1000 Genomes populations, sequencing protocol, snp calling, and
validation can be found in the 1000 Genomes phase 1 publication (Abecasis et al.

2012).
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SUPPLEMENTARY RESULTS

1. Comparison of Hotpots Locations in CaG populations and CEU population

For these analyses, recombination hotspots were determined using LDhat rates (p)
computed for the subset of SNPs shared between HapMap3 and CaG data (Material
and Methods). A hotspot is inferred as a segment (<15Kb) with p values in the 95th
percentile per chromosome per population. A hotspot is shared if at least one p value
in the segment is in the 90th percentile in at least one other population. Conversly, a
hotspot is population-specific if no other population has p values in the segment in
the 90th percentile. The vast majority of hotposts are shared which is expected given
the short time since the population diverged. However occasional differences exist
between CEU and CaG populations and SAG population and all others. For example, a
strong hotspot in the ABCB4 gene, not seen in the CEU population, was inferred in all
Quebec populations (Figure 2D). This result was validated by the LDHOT approach
(Auton et al. 2012). Although the allele frequencies in this region are very similar
between populations, the haplotype diversity is larger in CaG populations. Similar
differences are found within the SAG population (Table S1 and Figure S2). For
example, some hotspots consistently found in humans are not detected in genes such
SHANK2, COL9A1 and FOXP1 in SAG population. These genes have important
biological functions (Nikopoulos et al. 2011; Bacon and Rappold 2012; Tse 2012), and
the unique patterns of linkage disequilibrium found in this population suggest that
using population-specific linkage map may be important when performing disease

mapping, at least in some genomic regions.

2. Comparison between functional annotations and conservation scores

Conservation scores, such as GERP and PhyloP, are widely used to identify mutations
that impact protein function. In general, mutations at sites that are conserved across
multiple species are highly deleterious. Other approaches have been developed to

predict the functional impact of missense SNPs, such as Polyphen and SIFT. When
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looking at annotations from theses two prediction tools separately, we found that
Polyphen finds all categories of missense mutations equally enriched in coldspots,
whereas differences between categories are seen for SIFT annotations (Figure 3B),

with the ones predicted as being damaging not preferentially found in coldspots.

We compared the annotations obtained using GERP and PhyloP conservations scores
with Polyphen and SIFT predictions (Table S3). We consider a mutation to be
conserved if it has a GERP score higher than 3 and/or a PhyloP score higher than 1.
Sites with PhyloP score higher than 1 are the top 10% of conserved sites in the human
genome. The GERP threshold was chosen to be comparable to PhyloP, so that the
overall proportion of RNAseq SNPs and missense SNPs found to be conserved is
approximately the same for both methods (Table S3). Overall, more than half
missense mutations and a large proportion of damaging mutations (78.2%) are
conserved according to both conservation scores. Polyphen predictions for damaging
mutations concord slightly better with conservation annotations than SIFT
predictions, as 73.5% of SIFT damaging mutations vs. 78.2% of Polyphen damaging
mutations are predicted to be conserved. In our analyses, sites with extreme PhyloP
conservation scores (>5) behave differently than sites having PhyloP score between 1
and 5 (Figure 4). This is not seen for GERP annotation. Although only 20% of damaging
mutations are seen in this category, 38.7% of sites with extreme PhyloP scores are
damaging whereas only 23.9% of sites with extreme GERP scores are damaging. This
difference is highly significant (Chi-square test, p<0.0001), indicating that there is an
enrichment of damaging mutations in the class of mutations having extreme PhyloP

values.

3. Power and confounding for phenotypic analysis

Different results were obtained across regions and they may be due to true signal, or
to lack of power to capture the effect. We investigated three factors that can be
affecting power : the distribution of FRS across populations, the sample size and the

proportion of individuals with high enough coverage per SNP.
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The distribution of FRS is different between CAG populations (Figure S5). SAG has the
most individuals in average FRS values (between 6 and 12) compared to MTL and
QCC. We expect the power to detect an effect to be increased when the majority of
individuals have extreme values, such as in MTL population. The distribution of FRS
for QCC and MTL are similar, however the size of the QCC sample is smaller and may
be too low to allow the detection of an effect. To test this, we resampled 100 times
MTL individuals to create datasets matching QCC sample size and number of
individuals with cardiometabolic disorders. In the majority of samples (64/100), the
effect seen in MTL with all individuals was not detected for ORs computed for rare
variants (MAF<0.01). Furthermore, only 11 datasets showed significant results for all
five measures of mutational load where the effect was initially detected (rare, non-

synonymous, damaging, conserved, novel).

The observation of a significant correlation between FRS and indOR across mutational
load measures led us to test several linear models to evaluate the correlation of FRS
with other factors that could explain the observed association. We found that the
total number of SNP is also correlated with FRS. We therefore corrected for the effect
of the total number of SNPs when evaluating the correlation between indOR and FRS.
In our analyses, we considered all exons that are entirely covered at 20x in more than
50% of individuals. When we consider all SNPs covered in more than 80% of
individuals, we detected the same effect between FRS and indOR and between
cardio-vascular disease status and indOR (Table S7) even though the power decreases
as a result of the smaller number of SNPs considered to compute indOR. However,
the linear correlation between FRS and the total number of SNPs remained
significant, which suggest that this effect is not only due to differences in expression

patterns between individuals.
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SUPPLEMENTARY FIGURES AND TABLES
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Figure S1. Genetic differentiation between MTL, SAG and CEU

Fst computed to compare the genetic differentiation between MTL, SAG and CEU
populations using SNPs in common in CEU, MTL and SAG. The top 1% values are
plotted for each chromosome and mean and quartile values for each comparison are

presented.
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Figure S2. lllustration of the definition of coldspot (CS), hotspot (HS) and high

recombination regions (HRRs).

CS are defined as regions of more than 50Kb with recombination rates between
adjacent SNPs below 0.5 cM/Mb. HS are defined as a short segment (<15Kb) with
recombination rates above 5 cM/Mb. HRRs are regions with a high density of hotspots
of any length, such that the distance separating neighbouring hotspots (>5 cM/Mb) is
smaller than 50Kb. CS and HRRs have to be conserved across CaG, CEU and YRI

populations to be kept in our study.
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Figure S3. Uncorrected odds ratios (ORs) for SNPs compared to ORs for exomic

positions for conservation categories.

As described with corrected ORs (Figure 4B-C), SNPs with GERP score >3 and for
PhyloP score between 1 and 5 are significantly enriched in coldspots and this
enrichement is significantly larger than the enrichement observed at the position

level.
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Figure S4. Calling “mini-haplotypes” from sequencing data.

Sequencing reads are aligned to the hgl19 European Major Allele Reference Genome
(Dewey et al. 2011). SNPs are called from sequencing read data and SNPs that pass
quality control filters in at least one individual are kept. Each read (or read pair)
covering two SNP positions are retreived. For each individual, the mini-haplotypes are
called for each pair of SNPs covered by at least 20 reads (e.g. S; and S,). In case 1, all
reads except for one show the reference (major) alleles at both SNPs. The
Simaj/S;min haplotypes is likely cause by a sequencing error at S, and is ignored. In
case 2, the same haplotype is covered by more than 5 reads and is called. In case 3,
the four haplotypes are seen, but only two are called because they are covered by
more than 5 reads. In case 4, three haplotypes are detected and are covered with
more than 5 reads. No call is made because no more than 2 haplotypes are possible in

diploid individuals.
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Table S1. Distribution of Coldspots (CS) and High Recombination Regions (HRR)

genome-wide and in analysed exons.

Regions cs HRR

Whole genome  1,048,937,114 634,243,758
Whole exome 25,302,008 17,768,017

Min20x exons 6,906,137 2,036,963

The whole-exome includes 66,617,267 bp of sequences and the Min20x exons include 15,333,786 bp of

sequences.
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Table S2. Summary of linear models evaluating the correlation between
recombination rates per exon and various variables.

Correlations are evaluated using per-exon values, considering only exons covered

with minimum coverage of 20x at all positions in more than 50% of individuals.

Variable r:tee(;a cor?t(;nt Expression ES)::: SNPs/Kb R?
SNP density + ¥EX 4 Frk 4 FxE ns NA 0.038
MAF 4 KRk 4 FEX 4 FEX 4 KRk NA 0.046
Expressionb - Kk + ¥** NA ns NA 0.016

Density of :

GERP >3 - owk ns ns - Rxk + Fx* 0.267
PhyloP [1;5] Rk Rk Rk kKK T 0.323
Nonsynonymous -* - kAR - Kk - KKk 4 ¥E* 0.538
Damaging ns ns - kAR - KKk 4 ¥E* 0.151
Novel - Kk 4 Fx* ns ns + ¥EX 0.387
Singletons ns 4 KX 4 KHk + ¥ 4 KX 0.292

*** p<0.001; ** p<0.01; * p<0.05; ns=non-significant; +/- = positive/negative correlation; NA : non-
applicable. P-values for the linear correlation are based on a Student’s t-test that tests whether the
coefficient for the term differs significantly from zero.

? Average recombination rates per exon in cM/Mb are computed based on the genetic map calculated
based on 96 individuals from MTL and scaled using the 2010 deCODE map.

This correlation is evaluated considering all exons covered with minimum coverage of 20x in at least
ten individuals.
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Table S3. Comparison between conservation scores and functional annotations

for 178,486 polymorphic SNPs called from RNAseq data.

GERP PhyloP
Types of SNPs
>3 [3;5] [5;7] >1 [1;5] [5;7]
0.269 0.179 0.09 0.272 0.245 0.027
All SNPs
0.584 0.33 0.254 0.593 0.497 0.096
Missense
Consensus Damaging 0.813 0.401 0.413 0.834 0.631 0.203
Benign 0.455 0.292 0.163 0.455 0.413 0.042
C
2
2 Possibly Damag. 0.7 0.383 0.317 0.708 0.593 0.115
&
Probably Damag. 0.812 0.393 0.419 0.83 0.631 0.199
Tolerated 0.343 0.226 0.117 0.341 0.307 0.034
'_
% Damaging (LC) 0.585 0.347 0.238 0.61 0.53 0.08
Damaging 0.77 0.392 0.378 0.797 0.614 0.183

LC : low confidence

The proportions of conserved SNPs from different functional categories are reported. Funtional impact
was predicted by Polyphen and SIFT. SNPs classified in the Consensus Damaging class are mutations
predicted as damaging by both methods.
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Table S4. Robustness of the effect to recombination parameters.

Parameters used in this study are presented in red and were chosen to maximize the
overall number of SNPs included in the analyses while minimizing the difference

between the number of SNPs in coldpots and in HRRs.

T::A;:;s; Odds ratios Coldspots vs HRRs Number of SNPs
L H PhyloP[1;5] Missense MAF<0.01 Novel inCS in HRR  in between
5 1.55 1.29 1.34 1.2 9263 15208 49159
0.1 10 1.57 1.25 1.33 1.19 9263 10406 53961
20 1.49 1.2 1.26 1.11 9263 7517 56850
5 1.38 1.24 1.32 1.18 20482 15054 38094
0.25 10 1.39 1.21 1.31 1.17 20482 10210 42938
20 1.32 1.16 1.24 1.08 20482 7272 45876
5 1.31 1.23 1.31 1.18 30789 14902 27939
0.5 10 1.33 1.21 1.31 1.18 30789 9903 32938
20 1.27 1.17 1.25 1.1 30789 6857 35984
5 1.23 1.19 1.27 1.15 41034 14770 17826
1 10 1.24 1.17 1.27 1.16 41034 9620 22976
20 1.17 1.13 1.2 1.07 41034 6352 26244
5 1.2 1.15 1.24 1.13 49583 14915 9132
2 10 1.22 1.15 1.25 1.14 49583 9389 14658
20 1.17 1.12 1.19 1.06 49583 5892 18155

Coldspots Regions : SNPs within a 50Kb region with no recombination rate higher than L

High Recombination Regions (HRRs) : SNPs within 50Kb of at least two hotspots with rate higher
than H



Table S5. Robustness of the effect to GC-content and gene expression levels.
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Feature Category PhyloP [1;5] Missense Novel MAF<0.01 Sing.
lower 1,467 1,543 1,185 1,407 ns
low median 1,503 1,510 1,268 1,584 ns

GC-content
high median 1,302 1,273 1,269 1,412 ns
upper ns ns 1,192 1,230 1,177
lower 1,153 1,226 1,338 1,317 1,587
low median 1,230 1,182 1,184 1,257 ns

Average

Expression . .
high median 1,280 1,085 1,198 1,272 ns
upper 1,424 1,328 1,174 1,435 ns
All categories 1,305 1,232 1,179 1,305 ns

ns: non-significant

Odds Ratios values comparing numbers of variants in a SNP category between coldspots and HRR are

reported. Gene expression levels and GC-content were computed per exon (Material and Methods).

Exons were ranked according to their values, and categorised as lower, low median, high median and

upper depending on their ranking (first 25%, 25-50%,50-75% and last 25%, respectively).



Table S6. Effective population size estimation

rates.
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based on inferred recombination

Population Estimate of N, Cl 95%
MTL 11401 [10718; 11724]
Qcc 11202 [10585 ; 11512]

9123 [8598 ; 9439]
10427 [9821; 10792]

Ancestral N, is computed based on population recombination rates estimates calculated with LDhat

(McVean et al. 2002) and the deCODE 2010 pedigree map (see Material and Methods).

Table S7. Mini-haplotype analysis in the 1000 Genomes Project Populations.

Rare Variant Type OR 95%Cl . V_Vlthm C,S . . WIFhm HBR )
AFR Min/Min  Min/Maj  Min/Min Min/Maj
all rare 3.13 [2.22;3.14] 409 25134 113 21785
conserved 6.62 [4.34;10.08] 251 6168 24 3904
non-synonymous 9.66 [6.72;13.87] 371 11809 32 9840
damaging 0.75 [0.20;7.33] 2 964 2 724
Rare Variant Type OR 95%Cl . V_Vlthm C,S . . WIFhm HBR )
CEU Min/Min  Min/Maj  Min/Min Min/Maj
all rare 2.65 [2.22;3.14] 535 30070 171 25439
conserved 7.29 [3.93;13.50] 136 11 5624 3316
non-synonymous 11.22 [7.53;16.71] 363 12570 26 10101
damaging 0.71 [0.10;5.05] 2 683 2 485




CHAPTER V: Discussion

THE COSTS OF RECOMBINATION
IN HUMANS
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DISCUSSION AND PERSPECTIVES

Recombination is a decisive phenomenon driving the individual’s genetics and
phenotype, this is what makes us so different from each other. In this thesis, |
highlighted some of the main costs of recombination for human populations and
individuals. First, the cost of requiring recombination for proper chromosome
segregation, in meiosis, predisposes humans to aneuploidies. Second, mutations
arising from recombination processes are frequently associated with pediatric
cancers and may not be independent of past meiotic events and mechanisms. Third,
the non-random distribution of recombination rates in the human genome leads to
an accumulation of deleterious mutations in essential cellular genes, found in low
recombination regions. These costs, associated with patterns of variation in

recombination rates, impact fitness at the population and individual levels.

Disease, Maternal Effects and Parental Genetics

In our first study, we looked at variation in recombination patterns in a cohort of
French-Canadians families, and replicated findings from other studies, except for
one result: the maternal age effect on recombination. Two studies had reported a
positive maternal age effect (Kong et al. 2004; Coop et al. 2008) whereas we
observed a negative correlation between maternal age and recombination. After our
study was published, another group found a negative maternal age effect on
recombination in an asian pedigree cohort (Bleazard et al. 2013). The fact that the
direction of the correlation varies between studies either reflects methodological
differences or real populational differences. Nevertheless, all studies have found a
significant correlation between maternal age and recombination suggesting that,
contrary to males, one or more factors are influencing the number of recombination
within eggs along the life of human females. The same factors may be associated

with age-dependent aneuploidies.
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The source of the maternal age effect on aneuploidy remains unknown. To explain
this effect, it has been proposed that insults to the meiotic process as women age
become more frequent, or that meiotic checkpoints become less stringent (Hassold
and Hunt 2009). Under such circumstances, the number of crossovers that generally
protects against aneuploidies when no insult has been made may not be protective
anymore. Under this “protection” model, aneuploid conceptions will tend to have
more crossovers at older age than at a younger age of the mother, and as a result, a
decrease of recombination with maternal age could be seen in the normal
population (Chapter Il, Figure 5). Presumably, the number of crossovers in properly
disjoint oocytes remains higher than in aneuploid conceptions, regardless of

maternal age.

If there is a negative correlation between maternal age and recombination in normal
conceptions, the maternal age effect on aneuploidy should be less pronounced in
woman with low recombination rates than in woman with high recombination rates.
In this situation, the number of low recombining viable oocytes will be decreased
less so than the number of high recombining viable oocytes. Alternatively, if women
with higher rates of recombination are less prone to age-related aneuploidies than
women with low recombination rates, then the correlation between recombination
and maternal age would be positive. These considerations imply that age-related
aneuploidies should be studied in the context of factors associated with maternal
recombination rates. For instance, it will be important to establish whether women
experiencing age-related aneuploid pregnancies are likely to carry particular alleles
at loci associated with variation in mean recombination rates, such as the RNF212
gene and the inversion at 17g21.31. Because not only the number, but also the
placement of recombination events on some chromosomes is linked with
aneuploidies, typing PRDM9 alleles in women of all ages experiencing aneuploid

pregnancies may also be informative.

Although aneuploidies mainly occur sporadically, recent studies have suggested

genetic predispositions to non-disjunctions in humans (Gair et al. 2005; Kovaleva
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2010; Silva-Grecco et al. 2012). So far, most studies of trisomy 21 have only used
parental genetic information to identify the parental origin of the meiotic errors and
study recombination patterns. However, because it is clear that the causal event for
most human trisomies occur during meiosis, genetic variation in the parental
meiotic genes should be further investigated in studies that aim to find genetic

variants associated with aneuploidies in humans.

In our second study, we once again observed maternal effects. We discovered a
large number of rare allelic forms of PRDM9 in families of children affected with
childhood acute lymphoblastic leukemia. In almost 77% of the families where
PRDM9 was fully resequenced (Chapter Ill, Figure 3), we observed at least one
parent with a rare allele of PRDM9, preferentially carried by the mother. However,
other tests for subsets of alleles did not yield a significant maternal enrichement.
Since the publication of our study, we analysed more families of affected children

and further confirmed this maternal bias (p=0.0077, Table 1).

Table 1. Supplementary data on PRDM9 association with pre-B and pre-T ALL.

Number of With PRDMS k-finger alleles

Study Families Total (transmitted) Maternal Paternal
B-ALL®

Hussin et al. 2012 23 11 (6) 8 5

Unpublished data 30 12 (6) 9 3
Total 53 23 (12) 17° 8
T-ALL

St. Jude cohort® 12 NA (4) NA NA
Ste-Justine cohort 12 6(2) 4 2

® Families from Ste-Justine cohort
® The effect is preferentially maternal (Chi-square test, p = 7.708x107%)
“ Patient samples only. Total number of families with k-finger alleles and parental origin not available.
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The higher frequency of maternal rather than paternal carriers of rare PRDM9 alleles
suggests a sex-specific effect, possibly resulting from differences in hotspot usage in
the two sexes. The mechanisms of sex-specificity in hotspot formation are currently
unknown, but one possibility is that differential DNA accessibility during male and
female meiosis leads to differential epigenetic marking. Human chromatids are less
compacted in females than in males (Tease and Hulten 2004), different PRDM9
alleles may thus show differences in sex-specificity, with some alleles showing a very
strong gender bias and others less so. The maternal bias we observe may suggest
that the capacity of different unusual alleles to induce chromosomal instabilities

depends on whether these alleles act in male or in female meiosis.

PRDM9 Function and Beyond

The association we found between PRDM9 and childhood leukemia is puzzling in
one major aspect: if PRDM9 acts in meiosis and is not preferentially transmitted to
the patient, how can it be associated with a carcinogenic process appearing during
hematopoetic differentiation? My hypothesis is that abnormal PRDM9
trimethylation activity in germ-line predisposes the resulting gametes to genomic
instabilities, that may be triggered during later stages of development and
differentiation, and particularly during hematopoetic differentiation. This hypothesis
is based on three major observations. First, the PRDM protein family is formed by 17
methyltransferases, with at least 11 involved in cancer. Second, V(D)J recombination
centres resemble hotspot environments, as they both display enrichment of
H3K4me3 and are regulated by specific DNA motifs. Third, incomplete erasure of
histone marks can lead to the propagation of meiotic events to the new generation.
Transgenerational inheritance of H3K4me3 has been observed in C. elegans and

depends on a demethylase activity.

Many other PRDM proteins exist and the majority are involved in human diseases
and cancer. They all contain a SET domain and Zinc Finger (ZnF) domains (Fog et al.

2011). Except for PRDM9, human genetic diversity of these ZnF domains has not
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been characterized yet. Next-generation sequencing data, de novo assembly
computational tools and sperm-typing techniques will be useful to characterize the
variation within these ZnF arrays in population and disease cohorts. The main
mechanism by which they trigger carcinogenesis is likely by promoting aberrant
histone methylation in a tissue-specific manner (Fog et al. 2011). Therefore, the
critical function of PRDM9 likely associated with leukemogenesis is its
methyltransferase activity, which subsequently triggers DSBs. Whether PRDM9 plays
a direct or indirect role in recruiting SPO11 to these sites also remains unknown.
Recently, Brick and colleagues observed that PRDM9 is not essential for DSB
formation, but rather drives DSB activity away from transcription starting sites (Brick
et al. 2012). Why are PRDM9 marks preferentially recognized by the recombination
machinery? The molecular role of H3K4me3 in DSB formation is not fully

understood.

Although meiotic and V(D)) recombination result from different molecular
pathways, the DSB initiation process has three important similarities. First, DSBs
cluster in narrow regions, either called meiotic recombination hotspots or V(D)
recombination centres. Second, in both cases, the initiation involves in both cases
the recognition of specific DNA motifs. Such motifs are found in thousands of
locations in the human genome and only a subset of these are functional targets.
Third, these highly active regions display enrichement in H3K4me3 marks. To initiate
V(D)J recombination, RAG2 recognizes H3K4me3 and acts as an anchor for RAG1,
that will catalyze DSB formation. The recognition of a pseudo recombination signal
sequence (RSS) in environments that behave like recombination centres can result in
genomic instabilities leading to leukemia initiation. Some alleles of PRDM9 may by
chance put H3K4me3 marks in close vicinity of pseudo RSS, which is more likely in
heterozygotes as their number of potential targets is expected to be largely

increased compared to homozygotes.

The factors that regulate H3K4me3 demethylation at DSB sites remain unidentified

in mammals. H3K4me3 at TSS is abundant in leptonema and zygonema and is
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decreased in pachynema (Godmann et al. 2007). Are the H3K4me3 marks near
recombination hotspots removed by the same mechanisms as TSS marks? H3K4me3
is @ mark of active chromatin viewed as "long-lived", as it is involved in memory
during cell state inheritance in metazoans and has been suggested to play a role in
epigenetic inheritance in Drosophila and Budding Yeast (Ringrose and Paro 2004;
Radman-Livaja et al. 2010). In C. elegans, perturbation of H3K4me3 during meiosis
leads to transgenerational inheritance of longevity (Greer et al. 2011). RBR-2 is a
H3K4me3 demethylase important to achieve incomplete erasure of histone marks
and transgenerational inheritance. In human, little is known about the
demethylation processes occuring in meiosis and early developement, however the
potential involvement of histone demethylases in human diseases, including cancer,
has been highlighted (Cloos et al. 2008). Our work support a new hypothesis to
explain how congenital abnormalities predispose children to cancer, they possibly

both result from the same unstable epigenomic patterns.

There are other hypotheses that might explain the association between PRDM9
unusual alleles and childhood leukemia. When transmitted to the affected child, the
rare PRDM9 alleles may be aberrantly expressed in hematopoetic differentiating
cells and directly creates defects. However, under such a model, transmission of the
rare allele to the affected child would have been expected. This model therefore
fails to explain why the excess of rare alleles is seen in parents more so than in the
affected children. Another hypothesis is that unusual PRDM9 alleles activate
retrotransposon elements during meiosis, that can be integrated in the genome
later during developement, causing somatic mosaicism that may have a role in
initiation of the leukemogenesis process. For instance, it has been described that
activation of the Long Interspersed Element 1 (L1) in germ cells can be carried over
through fertilization and can integrate during embryogenesis, thus creating somatic
mosaicism during mammalian development (Kano et al. 2009). Furthermore, L1
activity has been proposed as one cause for genomic instability observed during the

progression of leukemia (Kirilyuk et al. 2008). PRDM9 binding sites have been found
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within specific retrotransposons, however the link between PRDM9 and activation

of retrotransposons remains to be established.

We are now following up on these results in several ways. First, we are exploring the
possible association between PRDM9 C-like alleles and chromosomal aberrations,
through a collaboration with the Camerini-Otero group at the NIH, who developed
DSB hotspot maps for human PRDM9 A homozygotes and AC heterozygotes (Kevin
Brick, personal communication). Second, preliminary data suggest that the
association is also present in T-ALL patients (Table 1). We are now obtaining more
data for different types of leukemias and for other types of pediatric cancers, such
as pediatric brain tumors (Schwartzentruber et al. 2012). Finally, genome-wide
H3K4me3 ChIP-Seq profiling of samples of the ALL cohort will be performed,

including the quartet family analysed in our study.

PRDM9 and Allelic Incompatibilities

An additional question regarding PRDM9 concerns the impact of heterozygosity at
this locus in human populations. It might not be the effect of a particular PRDM9
allele that is important to understand it’s link to leukemia, but rather the effect of

two PRDMS9 alleles interacting in the same cell during meiosis.

Prior to finding its role in meiotic recombination, PRDM9 had been identified as the
first gene involved in speciation in mammals (Mihola et al. 2009). Most of the
speciation genes were identified in Drosophila and many of them appear to be DNA
binding proteins functioning in epigenetic modifications pathways (Bayes and Malik
2009; Ferree and Barbash 2009; Phadnis and Orr 2009). Genetic conflict between a
DNA binding protein and its target sequence can contribute to genome instabilities
through the Dobzhansky-Muller model (Brown and O'Neill 2010), which proposes
that epistatic interactions between loci are incompatible in heterozygous hybrids
(Dobzhansky 1937; Muller 1942). In the case of PRDMY9, hybrid infertility in mouse is

thought to result from aberrant H3K4me3 distribution in germ cells and altered gene
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expression (Hayashi et al. 2005; Mihola et al. 2009). This means that conflict

between PRDMS9 alleles exist in nature and may have very serious consequences.

Within humans, competition between PRDM9 alleles has been reported. In the
Hutterite population, the allele I, specific to that population, out-competes the allele
A in determining hotspot usage within heterozygotes (Baudat et al. 2010). Some
alleles have recently been qualified as “destabilizers”, which are low frequency
PRDM9 variants potentially capable of destabilizing their own coding sequence
(Jeffreys et al. 2013). Interestingly, complex defects are seen with the C and D
alleles, both carrying a k-finger repeat and found associated with childhood

leukemia in our study.

Furthermore, heterozygotes may be differentially tolerated on different genetic
backgrounds, which could explain the differences in allele frequencies between
European and African populations. Variation in Europeans is considerably low,
which could be attributed to drift alone, or may result from selection against some
incompatible alleles. As our results link allelic variation at PRDM9 with the risk of
childhood ALL, one might expect that the increased diversity in individuals of
African descent, and in particular the higher frequencies of C-type alleles (Chapter |,
Figure 4), would indicate a higher susceptibility to childhood leukemia in African
populations. However, incidence of childhood leukemia in sub-saharian Africa is
reported to be lower (Stiller and Parkin 1996), although it is hard to tell whether this
is due to a genuinely lower risk or to under-ascertainment or under-diagnosis.
Furthermore, information on the distribution of ALL subtypes among African
affected children is lacking. Interestingly, these populations do not show evidence
for the early childhood peak of incidence between 2 and 5 years old, seen in
populations of European descent. In admixed African-American children, the
incidence rate is approximately half that among children of European descent
(Gurney et al. 1995), largely because of a much reduced early childhood peak (Stiller
and Parkin 1996). This suggests that children from African descent may have a

reduced chance of acquiring a second hit, critical for the development of leukemia.
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Alternatively, the role of allelic forms of PRDM9 in the development of ALL may
involve multi-locus interactions arising only in specific genomic backgrounds. Since
PRDMS9 interacts with specific binding motifs to regulate histone methylation and
recombination, these loci, if mutated, could modify downstream PRDM9
deleterious functions. To test this, we performed supplementary analyses to
compare the rate at which mutation accumulate within PRDM9 binding targets
(Table 2). Genome-wide, we observed a higher proportion of SNPs within sequences
matching the common allele binding motif than within those matching the C-type
allele binding motif (p < 0.0001, x> test). Conversely, for motifs found within known
ALL genes (Chapter lll, Table S8B), the sequences matching the C-type allele motif
are significantly more mutated than the common allele motifs (p = 0.0337, x° test).
Additionally, two studies (Jeffreys and Neumann 2002; Myers et al. 2010) have
shown that self-destructive drive due to biased gene conversion disrupts the
common-allele binding motifs. In the African population, the same process appears
to be eliminating binding motifs for alleles at higher frequencies (Berg et al. 2011).
The finding that C-type binding targets in genes implicated in ALL are more
frequently mutated in humans suggests that drive against these motifs may act in
African genomes, which may implicate genomic background as a critical factor for

the role of PRDMY in leukemogenesis.

Table 2. SNPs within sequences matching the common allele binding motif (A) and

the C-type allele binding motif (C).

. . - Positions SNP
Genomic . Motif Positions . .
. Motif . a2 Wwithout proportion AvsC
Region Counts  with SNP a
SNP Psnp
Genome- A 13293 9015 457710 0.0193 Peo(Core) > Peyo(C)
wide C 185585 111896 6970316  0.0158 OR=1.23[1.20;1.25]
Within ALL A 42 18 1452 0.0122 p_ (Core) < Psyp(C)
gene list c 789 604 29378 0.0201 OR=0.60 [0.38; 0.97]

4SNP positions are from dbSNP v134 with validated (VLD) status.
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Taken together, these new observations raise the intriguing possibility that PRDM9
ZnF incompatibilities contribute to disease in humans in some populations but not
necessarily in others, which may translate into reproductive incompatibilities in the

population.

A Model of Heredity for Childhood Leukemia

This work raises the possibility that the presence of abnormal meiotic events,
happening during gamete formation and triggered by key meiotic genetic players
such as PRDMY, can predispose the resulting children to leukemia. The susceptibility
to develop childhood leukemia may therefore be partially heritable, because a
significant number of children with ALL inherit the rare PRDM9 gene variant. | thus
propose a possible heredity mechanism that predisposes children to ALL and puts
their own children at risk of having ALL-predisposed offspring. In this model, the
abnormal genetic variant associated with predisposition to leukemia does not need
to be passed from parent to child for offspring to develop the disease. Instead, it is
the result of the genetic abnormality within the gamete that gives rise to the
children that would predispose them to leukemia. However, children who inherit the
genetic variant run the risk of transmitting ALL predisposition to their offspring. As
all gametes of a parent may not be affected by the genetic abnormality, the
predisposing factor is not necessarily segregating along with the predisposition
itself. Furthermore, while an abnormal gamete may lead to ALL development, this
condition alone is not enough. Triggering the process of cancer cell proliferation
inevitably requires a second hit, such as other mutations and/or environmental
factors. A number of different outcomes are thus possible, as described in Figure 1.
In line with this model, pre-leukemic clones are present in the blood of children at
birth in the normal population, and only 1 on 100 children will subsequently develop

ALL (Mori et al. 2002).

The early onset of ALL, with a peak incidence between 2 and 5 years old, is thought

to result from inherited genetic predisposition interacting with environmental
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factors during early development, in fetal life and infancy. While several somatic
genetic defects have been identify to drive pediatric ALL (Zhang et al. 2012;
Holmfeldt et al. 2013), few established genetic risk factors for ALL have been
identified through genome-wide association studies (GWAS). The model proposed
here may explain why GWAS fail to find convincing hits explaining suceptibility to
childhood leukemia. Researchers generally focus on studying the children, their
tumors and their environment, with genetic data from parents rarely being taken
into account. Our findings demonstrate the importance of including parents’ genetic
information for the understanding of childhood leukemia, as well as other early

childhood diseases.

Spermatocyte pool Oocyte pool
- with normal and destabilized cells
° ® %
First hit \

Fertilized cells

o O O O

1] 264 5
rd A

r 1

Leukemic child Leukemic child % Carrier of a rare PRDM9 allele

Second hit

Figure 1. Proposed model of heredity for childhood acute lymphoblastic leukemia.

The predisposition comes from meiotic events in germline, triggered by the action of
genetic factors, that affect genome stability (destabilized germ cells). Children who
result from a destabilized germ cell (children 1 ,4 and 5) have an increased risk of
developing leukemia. The onset of cancer depends on the occurrence of a second hit
(children 1 and 4). Only children that received the predisposition factor risk
transmitting the predisposition to their descendants (children 1 and 3). The

predisposition segregates with onset of leukemia only in child 1.
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Adaptative Patterns of Linkage

The third study included in this thesis (Chapter IV) presents unpublished results.
Supplementary analyses are ongoing to replicate this effect in other populations and
genomic datasets, including data from the 1000 genomes project (The 1000
Genomes Project Consortium 2010). It is, to my knowledge, the first study in
humans establishing the reduced efficacy of selection on weakly deleterious
mutations in regions of low recombination, in accordance with theoritical
predictions made decades ago by Fisher, Muller and Hill and Robertson (Fisher 1930;
Muller 1932; Muller 1964; Hill and Robertson 1966). A similar demonstration has
been made recently in Drosophila (McGaugh et al. 2012). These results indicate that
recombination rates have an important impact on how selection shapes diversity

across the genome.

The advantageous effect of recombination comes from its capacity to create novel
positive associations on which natural selection acts efficiently. Therefore, the
action of natural selection in a species depends on the patterns of linkage between
loci that have been built over time. These patterns themselves result from historical
recombination rates and natural selection acting on genetic diversity. High
recombination rates preserve variation within species that would otherwise be
eliminated by natural selection. These regions are enriched with common variants,
that drifted to intermediate and high frequencies mainly by genetic drift or, in some

cases, by positive selection (Bersaglieri et al. 2004; Yi et al. 2010).

The ideal form of recombination would therefore be one that breaks down unfit
combinations with a higher probability than fitter combinations of alleles. Coldspots
are enriched for essential or ‘housekeeping’ genes that are relatively conserved
across species (Smith et al. 2005), suggesting that in these regions, any mutation is
very likely to be harmful and very unlikely to be favorable. Positive associations
between negatively selected alleles are expected to be prevalent, which is

supported by our demonstration that deleterious alleles are more frequently linked
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to each other in coldspots than in high recombination regions (see Chapter IV, Table
2). Because a lack of recombination decreases the chance of de novo
rearrangements within these regions, this distribution of recombination is likely
beneficial for the fitness of the species. However, the cost associated is that
individuals accumulate weakly deleterious mutations in conserved and essential
genes, likely involved in diseases such as cardio-metabolic diseases, or late-onset
cancers. It is therefore possible that the local rate of recombination is adaptative
and the different selective forces acting among lineages may partly explain the

extensive variation in recombination found among and within species.

During periods of rapid evolutionary change, selective pressures may act on local
modifiers of recombination rates, such as PRDM9. PRDM9 ZnF array is evolving
rapidly, with compelling evidence of positive selection acting at the DNA-binding
determinant residues (Thomas et al. 2009; Ponting 2011). Strong sites that influence
DSB activity are expected to be replaced by weaker ones by gene conversion, and
erosion of PRDM9 binding sites has been observed in humans (Myers et al. 2010),
providing a possible mechanism explaining why hotspots are short-lived. This
erosion is likely compensated by the fast evolving nature of the minisatellite that
form the PRDMY9 ZnF array (Jeffreys et al. 2013). Therefore, the rapid turnover of
recombination hotspots is consistent with the rapid evolution of PRDM9 DNA
sequence (Ponting 2011). According to simulations, mutation and genetic drift alone
could account for current PRDM9 diversity (Jeffreys et al. 2013), although this model
does not explain the clear signature of strong and sustained positive selection at
DNA contact residues within individual ZnF. Novel PRDM9 alleles would be positively
selected if they increase recombination rates between linked polymorphisms under
selection and disrupt linkage between deleterious alleles. Modifier alleles that
increase recombination in a given genomic region also increase the fixation
probability of beneficial alleles and subsequently hitchhike along with these variants
to high frequencies. Conversly, novel PRDM9 alleles that increase crossover rates

within essential ‘housekeeping’ genes may be selected against, as they can cause
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deleterious effects by increasing the probability of unequal crossing-over causing
rearrangements. Therefore, PRDM9 may be viewed as a component of a system that
searches through the space of recombination landscapes, with the fittest PRDM9
alleles being the ones that reduce the mutational load at the population level while
redirecting crossovers away from genomic regions associated with conditions that

impact survival and fertility.

Mutation and Recombination

Indirect evidence suggests that mutation and recombination rates are associated in
humans, as nucleotide diversity is weakly but significantly correlated with local
recombination rates (Hellmann et al. 2003; Spencer et al. 2006). It remains unclear
whether these factors are causally linked at the molecular level or if this correlation
is driven by the action of natural selection. Recombination mechanisms, such as DSB
formation and mismatch repair, might be mutagenic or indirectly affecting mutation
rates. For example, recombination-associated mismatch repair in mammals is GC-
biased while mutation rate is greatly influenced by base composition (Nachman and
Crowell 2000). Another possibility is that both mutation and recombination rates
covary with processes such as replication timing or chromatin organization

(Stamatoyannopoulos et al. 2009; Schuster-Bockler and Lehner 2012).

Although the main goal of the third study presented in this thesis was to test for
reduced selection in coldspots of recombination, we explored some aspect of the
correlation between mutation and recombination rates as well. First, we found
increased diversity in high recombination regions relative to coldspots at all minor
allele frequencies. The correlation between SNP density and recombination rate
remains significant after accounting for GC-content, suggesting that, within coding
regions, the association between recombination and diversity is not fully explained
through covariance of both factors with base composition (Spencer et al. 2006).
Second, we found a significant correlation between minor allele frequency and

recombination rate at the exon level. Along with the observation that these



228

correlations are stronger in genic regions than in non-genic regions (Lohmueller et
al. 2011), these results suggest that the correlations observed are partly driven by
natural selection. Finally, we found that the most recent mutations that arised in the
sample, singletons, are observed in the same proportions across recombination
environments. If the recombination process directly resulted in higher mutation
rates, a slight enrichment of singletons in highly recombinogenic regions relative to

coldpots would have been expected.

However, the mutational class formed by singletons is likely heterogeneous and may
include sequencing errors and highly deleterious mutations kept at very low
frequencies. Hence, our results do not directly show that the recombination process
is not mutagenic. Furthermore, recombination has been shown to influence genetic
diversity at the hotspot level (Spencer et al. 2006), therefore this effect may need to
be evaluated at a finer scale than at the exon level. Biological samples analysed
using NGS technologies now provide direct estimates of the number of new
mutations occuring during meiosis in humans. In comparing DNA sequences from
members of a nuclear family, de novo mutations can be directly observed, providing
the most accurate estimates of the human mutation rate to date (Awadalla et al.

2010; Conrad et al. 2011; Cartwright et al. 2012).

Using powerful computational tools and genomic data from families, it is now
possible to locate both recombination events and de novo mutations that occur
during one meiosis and to determine whether they are directly associated. However,
a large number of families are required to answer this question and more than two
offsprings are needed to accurately assign recombination events to individuals.
Alternatively, one may compile all de novo mutations identified in population and
medical genomic projects so far, and assess whether they more likely occur near LD-
based hotspots (or PRDM9 binding targets) than expected by chance. This should be
done separately for males and females, as gender and age effects not only modulate
recombination rates, but also mutation rates. In humans, males have a higher point

mutation rate than females, possibly because men have more germ-line cell
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divisions than women. Furthermore, the human mutation rate is known to increase
with paternal age (Crow 1997; Kong et al. 2012) while no effect of maternal age on
mutation rate has been observed. Age and gender impact mutation and
recombination rates in opposite ways, suggesting that these effects result from

different factors, and need to be accounted for in the analyses proposed here.
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CONCLUSION

Sexual reproduction in eukaryotes arose about 850 million years ago and have been
maintained ever since. Meiosis is a major evolutionary innovation and allows for
recombination between homologous chromosome. In this thesis, | analysed genomic
data generated by new biotechnologies, that have transformed the field of medical
and population genetics in recent years. | developed and used bioinformatic and
statistical approaches to explore the recombination process and the variability it
creates. The results presented here, combined with results from other studies,
highlight the fact that variation in genetic recombination has costs associated with
human diseases. In mammals, recombination is required for the proper segregation
of chromosomes. A functioning PRDM9, which redirects recombination within
hotspots, is also essential for completion of meiosis. In humans, weakly deleterious
mutations accumulate in essential genes within low recombination regions, possibly
modulating susceptibility to late onset diseases. Assessing the mutational load
within these genes at the individual level may be an interesting pursuit for improved
personalized medicine. In high-recombination regions, some sequences become
fragile breakpoints enriched for unequal crossover in germline and somatic cells,
causing major developmental disorders and, possibly, childhood cancer. It will be
important to develop family-based designs to further understand these genetic
conditions in children. Samples from parents of patients, along with accurate
computational methods to analyse family data, should be routinely included in

medical and cancer genomics projects.
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