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Resolution Gap
Marti-Renom, M. A. & Mirny, L. A. PLoS Comput Biol 7 ¢1002125 (2011)
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Chromosome size

Level I: 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 II: Euchromatin vs heterochromatin

Electron microscopy Nanoscopy
Heterochromatin
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% i e @ RNAPol Il
- Euchromatin g o
Euchromatin:

chromatin that is located away from the nuclear lamina, is generally less
densely packed, and contains actively transcribed genes

Heterochromatin:
chromatin that is near the nuclear lamina, tightly condensed, and

transcriptionally silent

Adapted from Cell, 160(6), 1145-1158. 2015

cnag e



Level IIl: Lamina-genome interactions
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Most genes in Lamina Associated Domains are transcriptionally silent,
suggesting that lamina-genome interactions are widely involved in the

control of gene expression

Adapted from Molecular Cell 38, 603-613, 2010
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Level V: Chromatin loops

Gene P
enhancers\ e D Gene
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activity
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Loops bring distal genomic regions in close proximity to one another
This In turn can have profound effects on gene transcription

Enhancers can be thousands of kilobases away from their target genes in any
direction (or even on a separate chromosome)
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Level V: Loop-extrusion as a driving force

1 1 1 1 - K
896 897 898 899 900
Chr4; Mb

1 1 1 1

380 382 384 386 3838
Chr4; Mb

time

38.8 39.0 39.2 394

Chr4; Mb

0 6 12 18

538 540 542 544 546
Chr14; Mb

l T T T

24 30 36 42 48

Hi-C counts

—
360kb

cnag -

CRG*

Regulation



Level VI: Nucleosome

Chromosome Chromatin fibre Nucleosome

HISTONE TAIL

Adapted from Richard E. Ballermann, 2012
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Complex genome organization

Cavalli, G. & Misteli, T. Functional implications of genome topology. Nat Struct Mol Biol 20, 290-299 (2013).
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Modeling Genomes

physical model of chromatin
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Experiments

4

Perform 5C analysis with 30+25 primers

¥

Analyze 5C products by paired-end Solexa sequencing
(131,947 paired end reads per library)

.

r
™ =it sy v 3 CEE—
N N ¢ “Now = N .
§ /'_' 8 ‘_' 3 /‘—‘ g /_' ; /'—'
Grow GM12878 and K562 cells
Perform 3C analysis

SEERNERE

-
-
-
-

]

-~

‘ -
-
B
-
-

1.00E+06
o'oeml 1 1 I I 1 1 ' ] 1
0 S0 100 150 200 250 300 350 400 450 500
Iteration
2,
Computation

chag

CRG?

Regulation



Biomolecular structure determination

2D-NOESY data

Chromosome structure determination

5C data
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Chromosome Conformation Capture

CROSSLINK
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Chromosome Conformation Capture

3C 5C 4C Hi-C ChiP-loop ChIA-PET
Principle Contacts between All against all*'® All contacts with a All against all™® Contacts between All contacts associated
two defined regions®'” point of interest two defined regions with a given protein®
associated with a given
protein®
Coverage Commonly < 1Mb Commonly < 1Mb Genome-wide Genome-wide Commonly < 1TMb Genome-wide
Detection Locus-specific PCR HT-sequencing HT-sequencing HT-sequencing Locus-specific g°PCR HT-sequencing
Limitations | Low throughput and Limited coverage Limited to one Rely on one chromatin-associated factor,
coverage viewpoint disregarding other contacts
Examples Determine interaction | Determine All genes and genomic | All intra- and Determine the role of Map chromatin
between a known comprehensively elements associated interchromosomal specific transcription interaction network of
promoter and higher-order with a known LCR associations factors in the a known transcription
enhancer chromosome interaction between a factor
structure in a known promoter and
defined region enhancer
Derivatives | PCR with TagMan Circular chromosome Yeast®'5, tethered ChIA-PET combined

probes’ or melting
curve analysis'

conformation
capture®, open-
ended chromosome
conformation
capture'®, inverse
3C'?, associated
chromosome trap
(ACT)", affinity
enrichment of bait-
ligated junctions?

conformation capture?®

3C-ChlP-cloning (6C)¢
enhanced 4C (e4C)'®
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... and one more thing



_ e e DO N
O =N X

Predicted chromosome

O=NDWARUIONOOO=NWAOIOON00W©

Z

Chromosome Conformation Capture
for de-novo assembly
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Chromosome Conformation Capture
for meta genomics




Modeling 3D Genomes

Bau, D. & Marti-Renom, M. A. Methods 58, 300-306 (2012).
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Human o-globin domain
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Human o-globin domain

ENmO008 genomic structure and environment
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The ENCODE data for ENmOO8 region was obtained from the UCSC Genome Browser tracks for: RefSeq annotated genes,
Affymetrix/CSHL expression data (Gingeras Group at Cold Spring Harbor), Duke/NHGRI DNasel Hypersensitivity data (Crawford
Group at Duke University), and Histone Modifications by Broad Institute ChlP-seq (Bernstein Group at Broad Institute of Harvard and
MIT).

ENCODE Consortium. Nature (2007) vol. 447 (7146) pp. 799-816
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Representation

Harmonic
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CREATE PARTICLES
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Clustering
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Not just one solution

GM12878 K562
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GM12878 K562
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The “Chromatin Globule” model

Active genes

l . .
— r > Inactive genes
/! AR = } = - CTCF sites
N> F—p J .
¥ e HS sites
'«ZP 3 i Globule core
/] B i

Megabase [;
Factory scale [E%e

(@)

) subcompartment
chromatin

Eraf

HBB

Fractal

globule
subcomparment

loop base spring Polll

(magnified)

D. Bau et al. Nat Struct Mol Biol (2011) 18:107-14
A. Sanyal et al. Current Opinion in Cell Biology (2011) 23:325-33.
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Caulobacter crescentus genome
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The 3D architecture of Caulobacter Crescentus
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5C interaction matrix

CRG®
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Minus Probe Genome Position (mbp)

3D model building with the 5C + IMP approach
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Genome organization in Caulobacter crescentus

Arms are helical

sites 25+17Kb from Ori

Cluster 1 Cluster 2 Cluster 3 Cluster 4

00000

MIRRORS!

cnag

fo
Regul



Moving the porS sites 400 Kb away from Ori

ParB | PopZ

Wild-type ET166
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Moving the parS sites results in whole genome rotation!
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Genome architecture in Caulobacter

dense

5

M.A. Umbarger, et al. Molecular Cell (2011) 44:252-264
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On TADs and hormones




Progesterone-requlated transcription in breast cancer

hormone

: PI3K/Akt pathway™ Cytoplasm

° \/ JAK!S?&T hway ™

; > 2,000 genes Up-regulated
o

@D ez savas > 2,000 genes Down-regulated
® through PR/ER complex.
l Cdk2 Pathway* T . .
. ' Regulation in 3D?
PR activated
mplex

Activated Erk A complex of p-PR, p-Erk and p-MSk

‘“ Hsps phosphorylates PR. is formed.

Vicent et al 2011, Wright et al 2012, Ballare et al 2012
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Experimental design
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Are TADs homogeneous?
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% of genes per TAD with
positive or negative fold change
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Fold change per TAD (Log2)

Do TADs respond differently to Pg treatment?
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Modeling 3D TADs

! e
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61 genomic regions containing 209 TADs covering 267Mb
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How TADs respond structurally to Pg?
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How TADs respond structurally to Pg?
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Model for TAD regulation
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Structuring the COLURS of chromatin




53 chromatin proteins
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Fly Chromatin COLORs

Hou et al. (2012]). Molecular Cell, 48(3), 471-484.
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Structural properties
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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 TADDit,
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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Model building by TADbit Matrix generation
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loy interaction matrices
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Reconstructing toy models

chrd0 _TAD
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TADs & higherres are "good”
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Structural vcrlabmy is “"NOT OK”
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<dRMSD> (nm)

Can we predict the accuracy of the models@
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Skewness “side effect”
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MMP score

Can we predict the accuracy of the models?

MMP = —0.0002 x Size + 0.0335 x SK — 0.0229x
KU + 0.0069 x SEV 4 0.8126

Human Chr1:120,640,000-128,040,000

Size: 186
SEV: 3.63
SK: 0.20

MMP score
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Higherres is "good”

out your $$ in sequencing

Noise is “OK”

no need to worry much

Structural variability is "“NOT OK"

homogenize your cell population!

...but we can ditterentiate between noise and structural variability

and we can a priori predict the accuracy of the models
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