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level |: Radial genome organization

Takizawa, T., Meaburn, K. J. & Misteli, T. The meaning of gene positioning. Cell 135, 9-13 (2008).
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level lll: Lamina-genome interactions
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level IV: Higher-order organization

Dekker, J., MartirRenom, M. A. & Mimy, L. A. Nat Rev Genet 14, 390-403 (201 3).
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level V: Chromatin loops
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Complex genome organization

Cavalli, G. & Misteli, T. Functional implications of genome topology. Nat Struct Mol Biol 20, 2Q0-299 (201 3).
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Chromosome Conformation Capture
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Chromosome Conftormation Capture
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Chr 14

Hierarchical genome organisation

Lieberman-Aiden, E., et al. (2009). Science, 326(5250), 289-293.
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TADs are tunctional units

Figure adapted from Hui Zheng and Wei Xie. Nature Reviews Molecular Cell Biology (2019)
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Virt. 4C
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TADs are tunctional units

Despang, et al. (2019). Nature Genetics 51,1263-12/1 (2019
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loop-extrusion as a TAD forming mechanism

Fudenberg, G., Imakaev, M., Lu, C., Goloborodko, A., Abdennur, N., & Mirny, L. A. (2018).
Cold Spring Harb Symp Quant Biol 201/, 82: 45-55
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Assembly error detection
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145

Chr8

GGO8 has an inversion of the region corresponding fo HSA8:30.0-86.9Mb
Aylwyn Scally (Department of Genetics, University of Cambridge)



Hi-C for meta genomics
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Restraintbased Modeling

Bau, D. & Marti-Renom, M. A. Methods 58, 300-306 (2012).
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http://3DGenomes.org
Serra, F., Bau, D. et al. PLOS CB (2017
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Model representation and scoring
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Model analysis: clustering and structural teatures
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Analysis methods for studying the 3D architecture of the genome
Ay, F. & Noble, W. S. Genome Biol. 16, 183 (2015).



DISCLAIMER — Many alternatives

Method “available Representation Scoring Sampling Models
online
Usc Ugia  Upnys
Fy — Dy conversion Functional form
romSDE" |37] Poin (1Y% ifF. - . - . N N rministi 0 s
0 e " D; = { '-i" ifl;r 9:00 x is optimized S (iiyen) — By — Ay where Zis fA NIA sD::idTﬁn|ittcc RORSE
_ i set to 0.01 programming to find the
coordinates
ShRec3D" |38 Points ( . )’ i(F =0 NJA N/A N/A Deterministic Consensus
Dy =4\ " T s the original Fy corrected to transformations of Oy
\."“ L into coordinates
Ly )™ N
satisfy all triangular inequalities with the shortest path
reconstryction OO
TADDIt" [43] Spheres 2Fy+p ifFy<y orFy>y ) Y Kulry D,-,~j|2 where k; = 5 if Yes  Ugg and Uy,g have Monte Carlo (MC) Resampling
Dy = { 545 : xand f are estimated " : harmonic forms sampling with
A if Jf—Jl =1 i ~ ji = 1 or proportional to Fy impling _
from the max and the min F;, from the optimized max otherwise SAmEat anl:nealmg
_ , ) . and Metropolis scheme
distance and from the resolution. ' < ¥ are optimized oo, s;
is the radivs of pareiches
BACH" |45 Points Dy x *}5-_ The biases B; and B; and x are optimized byD, " + ¢ log(Dy) where by and ¢; are No  No Sequential importance  Population
' optimized parameters and Gibbs sampling
with hybrid MC and
adaptive rejection
Glorgetti et al, [40] Spheres Particles interact with pair-wise well potentials of depths 8; 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 .
Duan et al, [47] Spheres o - PN ¢ :,}, 1 i5 the average of Fy at genomic distance i = Dy) Yes ::.;;;;» ::?clt{gzrl:\smw :)llt:;(tjo'r';z)':g; gradient-  Resampling
i ~ j|expressed in kb, Dy « F; ; = 7.7 = i - j| assuming that
2 1 kb maps onto 7.7 nm _
MCMC5C [49] Points Dy ~ ,', where is optimized Y in(Fy rv"")z N/A NJA MC sampling with Resampling
' Markov chain based
algorithm
PASTIS® [47] Points Dy ~ & where x is optimized b,,D.'J' "+ ¢ylog(Dy) where by andcy;are  No No Interior point and Resampling
' optimized parameters isotonic regression
algorithms
Meluzzi and Arya [4%]  Spheres S~ kyts where k; are adjusted such that the contact probabilities computed on the models match the  No  Ugyq is a pure Brownian dynamics Resampling
Fy repulsive L] potential.
Ubona and Ubend have
, harmonic forms
AutoChrom3D" [44] Points Dy {;F g+ 4 il F,,,i,3 < F,-,._ < F, where Fouq (Fig) are PO —'»—%— Yes NJA Non-linear constrained  Consensus
g+ IFF, < Fy<Fmx
the min{max) of F;. The parameters (x. §), (2. #') and F. are
found using the nuclear size, the resolution and the decay of
Fy with |i — j|
Kalhor et al. | 14| Spheres Dy = Reaseacr to enforce the pair contact, if the normalized Y modets i K (Ty — Dy 1* where ky is Yes  Ugq and Uyng have Conjugate gradients Population

.- -

contact frequency Fy 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.

Restraint-based three-dimensional modeling of genomes and genomic domains.
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ABSTRACT

Restraint-based modeling of genomes has been re-
cently explored with the advent of Chromosome Con-
formation Capture (3C-based) experiments. We pre-
viously developed a reconstruction method to re-
solve the 3D architecture of both prokaryotic and eu-
karyotic genomes using 3C-based data. These mod-
els were congruent with fluorescent imaging valida-
tion. However, the limits of such methods have not
systematically been assessed. Here we propose the
first evaluation of a mean-field restraint-based recon-
struction of genomes by considering diverse chro-
mosome architectures and different levels of data
noise and structural variability. The results show
that: first, current scoring functions for 3D recon-
struction correlate with the accuracy of the models;
second, reconstructed models are robust to noise
but sensitive to structural variability; third, the local
structure organization of genomes, such as Topo-
logically Associating Domains, results in more accu-
rate models; fourth, to a certain extent, the models
capture the intrinsic structural variability in the input
matrices and fifth, the accuracy of the models can be
a priori predicted by analyzing the properties of the
interaction matrices. In summary, our work provides
a systematic analysis of the limitations of a mean-
field restrain-based method, which could be taken
into consideration in further development of meth-
ods as well as their applications.

INTRODUCTION

Recent studies of the three-dimensional (3D) conforma-
tion of genomes are revealing insights into the organiza-
tion and the regulation of biological processes, such as gene

expression regulation and replication (1-6). The advent of
the so-called Chromosome Conformation Capture (3C) as-
says (7), which allowed identifying chromatin-looping inter-
actions between pairs of loci, helped deciphering some of
the key elements organizing the genomes. High-throughput
derivations of genome-wide 3C-based assays were estab-
lished with Hi-C technologies (8) for an unbiased identifi-
cation of chromatin interactions. The resulting genome in-
teraction matrices from Hi-C experiments have been exten-
sively used for computationally analyzing the organization
of genomes and genomic domains (5). In particular, a sig-
nificant number of new approaches for modeling the 3D or-
ganization of genomes have recently flourished (9-14). The
main goal of such approaches is to provide an accurate 3D
representation of the bi-dimensional interaction matrices,
which can then be more easily explored to extract biolog-
ical insights. One type of methods for building 3D models
from interaction matrices relies on the existence of a limited
number of conformational states in the cell. Such methods
are regarded as mean-field approaches and are able to cap-
ture, to a certain degree, the structural variability around
these mean structures (15).

We recently developed a mean-field method for model-
ing 3D structures of genomes and genomic domains based
on 3C interaction data (9). Our approach, called TADbit,
was developed around the Integrative Modeling Platform
(IMP, http://integrativemodeing.org), a general framework
for restraint-based modeling of 3D bio-molecular struc-
tures (16). Briefly, our method uses chromatin interaction
frequencies derived from experiments as a proxy of spatial
proximity between the ligation products of the 3C libraries.
Two fragments of DNA that interact with high frequency
are dynamically placed close in space in our models while
two fragments that do not interact as often will be kept
apart. Our method has been successfully applied to model
the structures of genomes and genomic domains in eukary-
ote and prokaryote organisms (17-19). In all of our studies,
the final models were partially validated by assessing their
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