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Complex genome organization
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Resolution Gap
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Hybrid Method
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Chromosome Contormation Capture
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Chromosome Contormation Capture
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Restraintbased Modeling
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TECHNICAL REPORTS

The three-dimensional folding of the o.-globin gene
domain reveals formation of chromatin globules

Davide Baia", Amartya Sanyal?*, Bryan R Lajoie?*, Emidio Capriotti', Meg Byron®, Jeanne B Lawrence®,
i

Job Dekker? & Marc A Marti-Renom’

| bines chromos
conformation capture carbon copy (5C) with the Integrated
; A o

y 2.3C based assays
have been used o show that specifc elements such as promoters,

t three-
dimensional models of chromatin at the megabase scale.
We applied this approach to the ENm008 domain on

1316, The frequencies at which lociinteract reflect chromatin
d th sets

chromosome 16, containing the a-globin locus, which is
expressed in K562 cells and silenced in lymphoblastoid cells
(GM12878). The models accurately reproduce the ki

b he a-globi

can help rescarchers build spatial models of chromatin.
Previously, chromatin conformation has been modeled using
polymer models®!* and molecular-dynamics simulations!”, which

Tooping interacti
tal regulatory elements. Further, we find using our approach
that the domain folds into a s on i

fib 21 He hmethod:

gle gl
GM12878 cells, whereas two globules are formed in K562
cells. The central cores of iched for

Recently bi

transcribed genes, whereas nontranscribed chromatin is more

peripheral. We propose that globule formation represents a

her-order folding state related to clustering of transcribed
; . e

del
models for the topological conformation of the immunoglobulin
eavy chain®, the HoxA™ loci and the yeast genome’. However,

observed by microscopy.

Currently, eff directed

ing and optimization®, or by limited analysis of the 3D models™.
“To overcome such limitations, we developed a new approach that

P

chromatin states are mapped onto the linear genome sequence.

However, these linear representations do not indicate functional or
For imstance. rec

functional

p Weapplied
this approach to determine the higher-order spatial organization of
a 500-kilobase (kb) gene-dense domain located near the Ieft telo-
mere of human chromosome 16 (Fig. 1a). Embedded in this cluster
of ubiquitously expressed housekeeping genes is the tissue-specific

in | I

a-globin in erythroid cells. This 500-kb.

somes is thought to faciltate compartmentalization®*, chromatin

NCODI

ENCODE ject (Fig. 16)'
‘The a-globin locus has been used widely as a model to study the

4
clements*”, all of which may modulate the output and functional
state of t 1 ch for determining the spatial

mechanism of

‘The a-globin genes are upregulated by a set of functional clements
terized by the i DNase.

located ene. 0 riony

in the identification of higher-order folding principles of chromatin
in general,

oo
s an enhancer in reporer constructs and is deletion grealy affects
.,

transcription factors including GATA factors and NF-E2 (ref. 34).

hyd Notably, previous 3C studies have demonstrated direct long-range
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Distinct structural transitions

of chromatin topological domains
correlate with coordinated
hormone-induced gene regulation
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‘The human genome is segmented into topologically associating domains (TADS), but the role of this conserved

organization during transient changes in gene expression is not kg
in-induced chromatin modifications ang [

we describe the distribution of

cancer cells. Us q

d changes in

activity over TADs in T47D breast

combined with h Hi-C
d th G

Y
we found that the borders of the ~2000 TADs in these cells are largely maintained aiter hormone treatment and
that up to 20% of the TADs could be considered as discrete regulatory units where the majority of the genes are

iptionally activated or repressed in a coordinated fashion. The epigenetic signatures of the TADs are
L X o " »

in gene acti

Y
ty and chromatin remodeling are accompanied by differential structural changes for activated and

repressed TADs, as reflected by specific and opposite changes in the strength of intra-TAD interactions within
responsive TADS. Indeed, 3D modeling of the Hi-C data suggested that the structure of TADs was modified upon
treatment. The differential responses of TADS to progestins and estrogens suggest that TADs could function as
“regulons” to enable spatially proximal genes to be coordinately transcribed in response to hormones.

[Keywords: three-dimensional structure of the genome; gene cxpression; Hi-C; TADs; transcriptional regulation;

cpigenetic landscape; progesterone receptor]
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‘The three-dimensional (3D) organization of the genome
within the cell nucleus is nonrandom and might contrib-

ute o cell-specific gene expression. High-t put
chromosome conformation capture (3C|-derived [Dekker
et al. 2002) methods have reveal chromosome

partments—one open and one closed—that tend to be
spatially segregated depending on their transcriptional
activity (Lieberman-Aiden et al. 2009]. At a finer level of
organization, some functionally related genes have been
shown to be brought close in space to he transcribed in
a correlated fashion during cell differentiation. These

responding authons: miguel bestoserg.cs, mmriigpch.ub ot
Al onlie ¢ DTy e sl g 10,101 AL 41422114,

genes, which can be located on different chromosomes,
are organized in spatial clusters and preferentially tran-
seribed in the same “factories” (Osborne et al. 2004, 2007,
Cavalli 2007). Whether such mechanisms participate in
transient modifications of the transcription rate in differ.
entiated cells responding to external cues is still unclear
{Fullwood ct al. 2009; Kocanovact al. 2010; Hakim et a.
2011, Transient regulation of gene expression at the tran-
scription level depends on the establishment of regulatory

2014 Le Dily et sl This aile s disbuted exclusively by Cold
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The Three-Dimensional Architecture of a Bacterial
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SUMMARY

We have determined the three-dimensional (3D)
architecture of the Caulobacter crescentus genome
by combining genome-wide chromatin i

(Tolhuis ot al, 2002; Vernimmen et al., 2007). Such examples
suggest that studies of the high-resolution folding of genomes
wil yield insight into genome biology. However, until recently
such studies, which require comprehensive assessments of
the spatial positioning of many loci, have represented major

detection, live-

bon copy (5C), we derive ~13 kb resolution 3D
models of the Caulobacter genome. The resulting
models illustrate that the genome is. ellipsoidal
with periodically arranged arms. The parS sites,
apairof

to be involved in chromosome segregation, are po:
tioned at one pole, where they anchor the chromo-
some to the cell and contribute to the formation of
a compact chromatin conformation. Repositioning
these elements resulted in rotations of the chromo-
some that changed the subcellular positions of most
genes. Such rotations did not lead to large-scale
changes in gene expression, indicating that genome
folding does not strongly affect gene regulation.
Collectively, our data suggest that genome folding
is globally dictated by the parS sites and chromo-
some segregation.

INTRODUCTION

The three-dimensional (3D) architecture of the genome both
reflects and regulates ts functional state (Dekker, 2008; Than-
bichier and Shapiro, 2006a). For example, chrc e segr
gation impacts bacterial locus subcellular positioning (Jun and

gles, including automated fluorescent imaging (Violler et al.,

2004) and chromosome conformation capture (3C)-based ap-

proaches (Dekker o al., 2002; Dostie et al, 2006; Duan et al.,

2010; Fullwood et al, 2009; Lisberman-Aiden et al, 2009; Simo-
etal, 200 006)

genome-vide chromosome folding. Fluorescent microscopy-
based approaches allow the accurate determination of the
subcelular positions of increasing numbers of defined chromo-
‘somal loci, whil high-throughput 3C-based approaches enable
quantification of interloci interaction frequencies that can sub-
sequently be used to infer the average 3D distances between
these loci. Studies utizing one or both of these approaches
have highlighted the potential of genome-wide studies of chro-
mosome structure and have begun to reveal specific features
folding, "

genomic and subcelluar positioning in bacteria (Nielsen et al.,
2006; Teleman et al, 1998; Wang et al., 2006b). However, the
detailed structures of genomes are only beginning o be re-
vealed, and many details, Including the identities of the se-
quence elements that define such structures, await further
elucidation.

sequence elements that define its architecture. Toward this

Mulder, 2006; 008),
promoters and distant enhancers within close spatlal proximity
play important roles in eukaryotic transcriptional regulation

goal, we studied the synchronizable bacterium, Caulobacter
erescentus o

mosome is organized such that the origin and terminus of repli-
cation reside near opposite poles of the cell and other loci lie

252 Molecular Call 44, 252-264, October 21, 2011 2011 Elsevier Inc.
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Defined chromosome structure in the genome-
reduced bacterium Mycoplasma pneumoniae

Marie Trussart'?, Eva Yus'?, Sira Martinez!, Davide Bat**, Yuhei O. Tahara®%, Thomas Pengo'”,
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Makoto Miyata®®, Marc A. Marti-Renom?341°, Maria Llu

DNA-binding proteins are central regulators of chromosome of

ich-Senar? & Luis Serrano'210

rganization; however, in

genome-reduced bacteria their diversity i largely diminished. Whether the chromosomes of
such bacteria adopt defined three-dimensional structures remains unexplored. Here
we combine Hi-C and super-resolution microscopy to determine the structure of the
Mycoplosma preumonice chromosome at a 10kb resolution. We find a defined structure,

with a global symmelry between two arms that connect opposite poles, one bearing the

chromosomal Ori and the other the midpoint, Analysis of local struct

tures at a 3kb resolution

indicates that the chromosome is organized into domains ranging from 15 to 33kb. We

provide evidence that genes within the same domain tend to be
that chromosome organization influences transcriptional regulatior

co-regulated, suggesting
n, and that supercoiling

regulates local organization. This study extends the current understanding of bacterial
genome organization and demonsrates that a defined chromosomal structure s a universal

feature of living systems.
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Structuring the COLCRs of chromatin




53 chromatin proteins
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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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