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Chromosomes are large polymer molecules composed of nucleotides. In some species, such as
humans, this polymer can sum up to meters long and still be properly folded within the nuclear
space of few microns in size. The exact mechanisms of how the meters long DNA is folded into
the nucleus, as well as how the regulatory machinery can access it, is to a large extend still a mys-
tery. However, and thanks to newly developed molecular, genomic and computational approaches
based on the Chromosome Conformation Capture (3C) technology, we are now obtaining insight
on how genomes are spatially organized. Here we review a new family of computational approaches
that aim at using 3C-based data to obtain spatial restraints for modeling genomes and genomic
domains.
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1. Introduction

Genomes are often compared to libraries where the genetic
information is stored in the form of books and text represents
the linear sequence of the genome. Unfortunately, that linear
(1D) representation omits the utterly complex three-dimensional
(3D) organization of the genome. Indeed, the physical support of
the genome (i.e., the books, the shelves, the corridors and the
library building in our metaphor) may be as important as the func-
tional elements it encodes [1]. It is now known that the dynamic
structure of the complex gene networks in a genome regulates
the orchestration of fundamental biological processes such as
development [2], cell differentiation [3,4] or response to stimuli
[5], among others. Moreover, most of such complex mechanisms
are also among the most conserved features of our genomes
[6,7]. Therefore, addressing the 3D structure of a genome may pro-
vide insights into fundamental questions like the C-value paradox
[8] or the regulatory divergence between closely related species
[9].
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In the past decade, with the introduction and development of
Chromosome Conformation Capture (3C) technologies (e.g., 3C
[10], 4C [11], 5C [12], Hi-C [13], in situ-Hi-C [7], TCC [14], T2C
[15] or Capture-C [16,17], which are here referred as 3C-based
technologies), it has been possible to get insight into how the gen-
ome folds by interrogating physical interactions within the gen-
ome. Importantly, the combination of these 3C-based
technologies with advanced imaging [18] has helped reducing
the resolution gap in genome structure [19]. It is now known that
the genome organizes into chromosome territories [20], which in
turn are spaced into two compartment types [13] composed of
finer units called Topologically Associating Domains or TADs
[6,21,22]. Alongside these advances, the evidence that genome
structure is tightly associated with its function was being rein-
forced by the comparison with chromatin epigenetic states
[7,23]. However, two limitations are blurring the full picture of
the genome organization. First, some of the emerging genomic fea-
tures change depending on the scale at which we study the gen-
ome. For example, TADs are structural units that were shown to
be robustly detectable over a large range of genomic resolutions.
Yet, their existence is challenged when the genome is interrogated
at finer scales [7]. Second, 3C-based experiments are usually car-
ried out with tens of millions of cells, and thus are
population-based measures superimposing millions of partial
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Table 1
Summary of different modeling strategies. F; is the observed interaction frequency between two particles i and j, Dj; is the target distance usually inferred from F; and r is the distance computed on the models. N is the total number of
particles.

Method *available Representation Scoring Sampling Models
online
Usc Ugiot  Uphys
F;j — Dj; conversion Functional form
* ; 1\ r2—D? . inisti
ChromSDE" [37] Points Dy - { (2_2) iflg'j :>00 2 is optimized Z(mn,j@o) <UTU) i rizj where J is N/A N/A SDeer;eigrgfli?]listtelc Consensus
! set to 0.01 programming to find the
coordinates
ShRec3D" [38] Points (1)“ FF -0 N/A N/A  N/A Deterministic Consensus
Dy = F;fz ! Fj; is the original F;; corrected to Fransformgtlons of D
N ifFl. =0 into coordinates
Z(u)F!(J y
satisfy all triangular inequalities with the shortest path
reconstruction
TADDbit" [43] Spheres Dy {?‘fﬁ +B ¥f FU < Y or Fjj >y 2 and f are estimated Z(fj?1<y(ry - Dy)? wh‘ere ki =5 if Yes Earril erlltiicl;g?;;shave ls\gi?tlel nCaillzt(hMC) Resampling
S if li—jl=1 li —jl = 1 or proportional to F; AMmpling ‘
from the max and the min F, from the optimized max otherwise Simulated anqealmg
. . .. and Metropolis scheme
distance and from the resolution. 7’ < y are optimized too. s;
is the radius of particle i
BACH™ [45] Points Dy o BFxff_ The biases B; and B; and o are optimized b,-jD}j/ * + cijlog(Dy) where b; and c; are  No ~ No Sequential importance Population
¥ optimized parameters and Gibbs sampling
with hybrid MC and
adaptive rejection
Giorgetti et al. [40] Spheres Particles interact with pair-wise well potentials of depths B;; and contact radius a, which is larger thana No N/A MC sampling with Population
hard-core radius and smaller than a maximum contact radius. The parameters are optimized over all metropolis scheme
the population of models ,
N—[i—j| . — D.. ior- 1 i - i
Duan et al. [41] Spheres m _ k:,‘i,,‘fi'} T_‘i I is the average of F; at genomic distance > (T — Dy) Yes ;J;,;?n Zr;tislclzg(r,rrlgshave Lr;tsegéo;n z;)liga gradient Resampling
i — j| expressed in kb. Dy = Fj_j x 7.7 x |i — j| assuming that
o 1 kb maps onto 7.7 nm ,
MCMC5C" [49] Points Djj Fl, where is optimized > Fij = rl.;]/“) N/A  N/A MC sampling with Resampling
! Markov chain based
algorithm
PASTIS" [47] Points Dy Flg where « is optimized bijD}j/ * + cjjlog(Dy) where b; and ¢ are No  No Interior point and Resampling
optimized parameters isotonic regression
algorithms
Meluzzi and Arya [48]  Spheres >j k2 where k; are adjusted such that the contact probabilities computed on the models match the  No  Uexa is a pure Brownian dynamics Resampling
F; repulsive LJ potential.
Upond and Upeng have
Dy harmonic forms
AutoChrom3D" [44] Points Dy x {Z;UUJ:— l; / i? 157"2 ;,,Fi I<W ni; where Fo; (Fmay) are 2G4 02 Yes NJA Non-linear constrained ~ Consensus
the min(max) of F;. The parameters (o, §), (o, ') and F, are
found using the nuclear size, the resolution and the decay of
Fj with |i — j|
Kalhor et al. [14] Spheres Djj = Reontact to enforce the pair contact, if the normalized > models (i Kii (T — Dij)Z where k; is Yes  Uexa and Upong have Conjugate gradients Population

contact frequency Fj is higher than 0.25. Otherwise the

. different for pairs of particles, on
contact is not enforced

different chromosomes, on the same
chromosome, or connected

harmonic forms

sampling with
Simulated annealing
scheme

* These methods are publicly available.

cnag e

Cor
for
Rogulation

S662-286Z (SL0T) 68S S193397 Sg44 /1D 32 D.LIAS ]

166¢C



3DAROC16

Summary day #2

David Castillo, Francois Serra &
Marc A. Marti-Renom

Structural Genomics Group (CNAG-CRG)

cnag i

o
for Genomi
Regulation



Complex genome organization

Cavalli, G. & Misteli, T. Functional implications of genome topology. Nat Struct Mol Biol 20, 200-299 (201 3).

Lamina

Transcription hub

Centromere
cluster

Active

Non-
coding

S 1..'3‘ )\‘\l )'

&
(Y-
S

Inactive

DNA Chromatin Superdomains
domains

Nucleus

Marina Corral



Hierarchical genome organisation
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Model representation and scoring
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From 5C data fo spatial distances

Neighbor fragments Non-Neighbor fragments
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Model quality

chr40_TAD
100 4.5 o=100
200 ?g Ats=10
200 e TADDbit-SCC: 0.91
500 ks b i Zf{g <dRMSD>: 32.7 nm
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Original matrix chri 50—TAD
RET T s =50
i _ i:g Ats=1
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' T <dRMSD>: 45.4 nm
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Hi-C map generation and filtering
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How confortable are you with...

what 3C-based methods have told
the three levels of organization (A/
modeling 3D genomes (XYZ coorc

us about the genome”
3, TAD, Loops)?
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the limits of 3D modeling (MMP Score)?
TADDIt filtering/normalization”



