The sequence determinants of nucleosome positioning in mammals
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Nucleosomes are the elementary units of DNA folding into functional chromosomes in eukaryotes.
These nucleo-proteic complexes are regularly spaced along genomes every ~200 bp and cover 90 % of
the genome (Figure 1a). The histone proteins found in nucleosomes are among the most conserved
architectural proteins in eukaryotes and can harbor conserved bio-chemical modifications that are
the basis of cell differentiation during development. A remarkable fact about nucleosomes is that
their position along the genome is very similar in a cell population. Mapping these positions using
enzymatic digestion of the DNA found in between nucleosomes leads to regular density peaks
corresponding to precise nucleosome positions (Figure 1b). In all organisms, nucleosome positions
reflect the position of genes and regulatory elements i.e. DNA sequences that are implicated in
gene activity regulation. The key question is how are these positions established along the DNA
molecule ? In yeast, the question has been largely addressed and at least partially solved: the small
intergenic regions contain poly(A) as well as poly(CG) motifs which are known to repel nucleosomes.
The nucleosomes are thus found on gene bodies where an ensemble of nucleosome associated
proteins organize them in regular and compact arrays. This organization has been deciphered over
the years by the works of many groups. Quantitative modeling approaches have been developed to
simulate the 1D nucleosomal density over the DNA sequence knowing the interaction energy term
between nucleosomes and the energy landscape given by the sequence. In vitro, this energy
landscape can be well approximated using the sequence dependent bending properties of DNA. In
vivo however, the energy landscape depends on all the other DNA binding proteins present in the cell
and can change in different conditions. While it is not possible to infer it from first principles, we have
recently shown that it can be retrieved using deep learning models. Using a deep convolutional
neural network, typically used in the context of image classification, we inferred the in vivo
nucleosome density along the DNA sequence (Figure 1c). We re-discovered the well known sequence
determinants of nucleosome positioning in yeast and assessed the effect on the nucleosome density
of individually mutating every nucleotide in the yeast genome®.
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Figure 1: (a) The hierarchical structure of a chromosome (b) Experimentally determined nucleosome
density along a portion of the yeast chromosome 16. Genes are indicated in blue. Intergenic regions
(dashed lines) are depleted in nucleosomes. (c) Prediction of the nucleosome density obtained from
the sequence alone using our deep learning model that has been trained on the other yeast
chromosomes.
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This simple picture does not hold for complex multicellular organisms such as mammals for which the
genome is 100 times larger. While the number of genes of multicellular organisms is similar than in
unicellular organisms, the intergenic sequences in these genomes are much longer, offering a
potential for the differential regulation of genes and the apparition of different cell types. In
mammals, the vast majority of these sequences (>70% 2) is composed of repetitive DNA motifs of
10-3000 bp. The result of this expansion of repetitive sequences is that the distance between
regulatory sites, which locally position nucleosomes, can exceed 100 kbp. However, it appears that
nucleosomes are still well positioned within these large domains. Even more intriguing, the spacing
between nucleosomes in mammals can vary along the genome, being longer for regions in which
genes are repressed °. How this differential nucleosome spacing is achieved remains a mystery. Two
recents results from our groups lead us to propose the present project and potentially solve this
mystery. The first one is that we were able to train a very simple deep learning model on only 1 (out
of 21) mouse chromosome and that this model is able to predict the nucleosome positions for all
chromosomes with a correlation of 0.84, which is much higher than the best results it can attain in
yeast (0.65). The second one is an aggregate map of nucleosome signals over the mouse DNA repeats
showing a strong consistent signal over different instances of the same repeat. These two results
point to a role of these elements in nucleosome positioning, as has been proposed by Alain Arneodo
for Alu elements in humans and envisioned for other metazoans®. Debates regarding potential
cellular functions of these elements have been long standing. Controversial references to ‘junk’ or
‘selfish’ DNA were originally put forward, implying that repetitive DNA segments are remainders from
past evolution or autonomous self-replicating sequences hacking the cell machinery to proliferate,
respectively >°. With the advent of genomics studies, the influence of repetitive elements on
DNA-related metabolic processes or genome evolution has been increasingly investigated.
Comparative genomics studies have reinforced the idea that transposable elements have, or had, the
ability to reshape gene regulatory networks of vertebrate's genomes over evolutionary times ’. The
potential new role of DNA repeats in nucleosome positioning along the genome would have
important implications in the field of gene regulation in development and disease and in genome
evolution.

Specific aims and methods: The PhD project will focus on nucleosome organization in mouse
embryonic stem (ES) cells, which we routinely culture, are easily synchronized in mitosis, can
differentiate into specific cell types and can be genetically modified. The PhD student will establish
the DNA-sequence determinants of nucleosome positioning combining experimental approaches and
computational methods in three different biological contexts: genetically polymorphic or transgenic
ES cells, pure mitotic populations and differentiated cells populations.

Aiml _ Determination of nucleosome organization principles. The PhD student will produce
ultra-deep mono-nucleosome MNase-seq datasets. This data will be used as a training dataset for
deep learning models and propose a first set of positioning rules. The different predictions will then
be confronted to identify regions in which nucleosomes are found at the same position in all cells and
regions exhibiting polymorphic positions. We next plan to use these extremely accurate maps of
nucleosomes to analyze known active/inactive genetic elements in ES cells. Among different
hypotheses, he will assess the roles of repetitive elements, insulators and regulatory elements as
punctuation marks for nucleosome positioning.

Aim2_ Fine predictions of nucleosome organization. He will use the models trained in Aim1 to
perform an in silico mutagenesis approach and assess the impact of mutations on nucleosome
positioning. The approach will be validated using polymorphic ES cells (129Sv vs C57BL/6, which
present ~1 single nucleotide polymorphism every 100 bp). If we observe major differences between
129Sv predictions and C57BL/6 data, he will use 129Sv Bacterial Artificial Chromosomes or Fosmids to
integrate these large sequences in a C57BL/6 background and assess how the nucleosomes are
organized across this foreigner DNA.
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Aim3_ Discovery of regulatory activities altering nucleosome organization. We propose to use the
high resolution nucleosome position maps obtained in aims 1 and 2 in order to discover de novo
regions of particular interest, such as enhancers or insulators, which are supposed to be devoid of
nucleosomes. The recruited PhD student will next produce standard MNase-seq datasets (400.10°
reads) in mitotic ES cells and in cells differentiated into neuronal precursors (a cell type where many
epigenomic datasets are available) and improve these maps to high resolution maps using transfer
learning ® . By exploiting the trained networks he will study the different sets of sequence rules that
apply in different cell types and identify regions for which the predictions in different cell types
change and use de novo motif discovery algorithms to find TF involved in gene regulatory inheritance
in mitosis and differentiation. A subsequent validation by ChIP-seq will represent a major
tour-de-force to transform the study of nucleosome positioning in mammals into a generator of
data-driven hypotheses opening up new avenues to foster research in gene regulation.
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