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Resolution Gap
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Resolution Gap
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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).

Expression
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level |I: Euchromatin vs heterochromatin

Electron microscopy



level lll: Lamina-genome inferactions

B nuclear membrane
I nuclear lamina

e Internal chromatin (mostly active)
lamina-associated domains (repressed)

e Genes
? MRBNA Adapted from Molecular Cell 38, 603-613, 2010
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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).

Hindlll (repeat)

- Chr 14

Chr 14

Ncol

- Chr 14

Chr 14

Compartments

A compartments




level V: Chromatin loops
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level VI: Nucleosome

Chromosome Chromatin fibre Nucleosome

Adapted from Richard E. Ballermann, 2012
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Chromosome Contormation Capture
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Chromosome Contormation Capture
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Analyzing 3C-based data (mostly Hi-C]

Dekker, J., MartiRenom, M. A. & Mimny, L. A. Nat Rev Genet 14, 390-403 (2013



Mapping & F|Her|ng

Imakaev, M. V et al. (2012). Nature Methods, Q(10), 999—-1003.



mapped read

Mapping @TADbit

Serra, Bau, et al. (2017). PLOS CompBio
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\nteraction matrices

Zooming in on genome organization. Zhou, X. J., & Alber, F. Nature Methods (2012)



How much you normally map@

80-90% each end => 60-80% Intersection

~1% multiple contacts

Many of intersecting pairs will be lost in filtering...
Final 40-60% of valid pairs

One measure of quality is the CIS/TRANS ration (70-80% good)



Hierarchical genome Qrgamsahon

lieberman-Aiden, E., et al. (2009). Science, 326(5950 ) 2890-203.
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TADs are functional units



TADs are tunctional units

Figure adapted from Hui Zheng and Wei Xie. Nature Reviews Molecular Cell Biology (2019
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Virt. 4C

Virt. 4C

Virt. 4C

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, & Mimy, L. A. (2018).
Cold Spring Harb Symp Quant Biol 201/. 82: 45-55
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Chr /7

Assembly error detection

Chromosome 8 Gorilla
0 : : 145

- Chré )

GGO8 has an inversion of the region corresponding to HSA8:30.0-86.9Mb
Aylwyn Scally (Department of Genetics, University of Cambridge)
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Hi-C for meta genomics

Beitel, C. W., Froenicke, L., lang, J. M., Kort, I. F., Michelmore, R. W, Eisen, J. A., & Darling, A. E. (2014). Strain- and
olasmid-level deconvolution of a synthetic metagenome by sequencing proximity ligation products. doi:10./7287/
peerj.preprints. 260v |

Romain Koszul







Restraintbased Modeling

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

Biomolecular structure determination

Chromosome structure determination



http://3DGenomes.org
Serra, F., Bau, D. et al. PLOS CB (201/)

FastQ files to Maps

Map analysis

Model building

Model analysis




Model representation and scoring
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Parameter optimization



Optimization of the scoring function
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Model analysis: clustering and structural teatures
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DISCLAIMER — Many alfernatives

Analysis methods for studying the 3D architecture of the genome
Ay, F. & Noble, W. S. Genome Biol. 16, 183 (2015).



DISCLAIMER — Many alternatives

Restraint-based three-dimensional modeling of genomes and genomic domains.
Serra F, Di Stefano M, Spill YG, Cuartero Y, Goodstadt M, Bau D, Marti-Renom MA. FEBS Lett 589: 2987-2995 (2015)



VWhat next?

Can we see the path of chromatin @10Kb resolutiong images + Hi-C + modeling
PLOS Genetics December 2018

s there a dynamic coupling between structure and gene activity@

Nat Genetics January 2018 & method preprinted (BioRxiv)

s genome sfructure more conserved than sequencee
Unpublishec




Chromosome walking with
super-resolution imaging

and modeling

Guy Nir
Irene Farabella

Cynthia Perez-Estrada
with Wu Llab (HMS, Boston) & Aiden Lab (UT, Texas)



Jeffrey M. Perkel Nature 569, 293-294 (2019)

THE ALISTAIR BOETTIGER LABORATORY
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CHROMOSOMAL DNA
COMES INTOFOCUS

Imaging techniques to probe the shape of chromatin are revealing
the dynamism of the DNA -protein complex.

This multicoloured image of chromatin was created using multiplexed fluorescence in situ hybridization and super-resolution microscopy.

BY JEFFREY M. PERKEL

olecular models suggest that chro-
M mosomes assemble in an ordered,
hierarchical way: DNA wraps

around proteins called histones to form
nucleosomes, which fold into 30-nanometre
fibres, then 120-nanometre ‘chromonema,
and further into larger chromatin structures
until they reach their most tightly coiled
form — the characteristic X-shaped bodies.
Under the high-resolution microscopes
of biophysicist Xiaowei Zhuang, these chro-
mosomes resemble something from the mind
of surrealist painter Salvador Dali. Zhuang,
who is at Harvard University in Cambridge,
Massachusetts, is one of a growing number
of researchers charting the topology of the
genome to decode the relationship between
chromatin structure and function. Using a
highly multiplexed form of fluorescence
in situ hybridization (FISH) in combination

with super-resolution microscopy, Zhuang’s
team mapped several million bases of human
chromosome 21 at 30 kilobase resolution,
tracing their shape like a dot-to-dot puzzle'.
The resulting multicoloured image resembles
one of the melting clocks in Dalf’s 1931 The
Persistence of Memory.

But that was in just one cell. In each cell
that Zhuang’s team looked at, the chromo-
some assumed a different shape — each one
a different solution to some ineffable cellular
calculation. “There is very strong cell-to-cell
heterogeneity,” Zhuang says.

Ting Wu, a geneticist at Harvard Medi-
cal School in Boston, Massachusetts, who
combined a similar super-resolution FISH
approach with sequencing analysis to map a
chunk of human chromosome 19 to 10 kilo-
base resolution in late 2018, observed simi-
lar heterogeneity’. The chromosomes in
that study look more like space-filling pro-
tein models, and when the team overlaid

© 2019 Springer Nature Limited. All rights reserved.

markers of inactive and active chromatin,
they observed distinct patterns. “We have
never seen a structure of that 8.6-megabase
region twice,” says Wu. “The variability,
which people had thought was there, and
there are hints of, is truly astounding.” Brian
Beliveau, a genomic scientist at the Univer-
sity of Washington, Seattle, and a co-author
of the paper, says bluntly: “Chromosomes are
almost certainly like snowflakes.”

ADEEPERLOOK
In biology, function derives from form. It is
shape, as a result of amino-acid sequence,
that determines whether a given protein acts
as a structural scaffold, signalling molecule
or enzyme. The same is probably true of the
genome. But until recently, there was no easy
way for researchers to determine that structure.
Using a sequencing-based method called
Hi-C, which calculates the frequencies at
which different chromosomal segments

9 MAY 2019 | VOL 569 | NATURE | 293

1. Super-resolution chromatin tracing reveals domains and cooperative
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NA, Parker M, Kinrot S, Yamaya K, Boettiger AN, Zhuang X.

Science. 2018 10 26; 362(6413)

https://doi.org/10.1126/science.aaul1783 PMID: 30361340

. Walking along chromosomes with super-resolution imaging, contact

maps, and integrative modeling. Nir G, Farabella |, Pérez Estrada C,
Ebeling CG, Beliveau BJ, Sasaki HM, Lee SD, Nguyen SC, McCole RB,
Chattoraj S, Erceg J, AlHaj Abed J, Martins NMC, Nguyen HQ, Hannan
MA, Russell S, Durand NC, Rao SSP, Kishi JY, Soler-Vila P, Di Pierro M,
Onuchic JN, Callahan SP, Schreiner JM, Stuckey JA, Yin P, Aiden EL,
Marti-Renom MA, Wu CT.

PLoS Genet. 2018 12; 14(12):e1007872
https://doi.org/10.1371/journal.pgen.1007872 PMID: 30586358

. Microscopy-Based Chromosome Conformation Capture Enables

Simultaneous Visualization of Genome Organization and
Transcription in Intact Organisms. Cardozo Gizzi AM, Cattoni DI, Fiche
JB, Espinola SM, Gurgo J, Messina O, Houbron C, Ogiyama Y,
Papadopoulos GL, Cavalli G, Lagha M, Nolimann M.

Mol Cell. 2019 Feb 12;

https://doi.org/10.1016/].molcel.2019.01.011 PMID: 30795893

. Visualizing DNA folding and RNA in embryos at single-cell

resolution. Mateo LJ, Murphy SE, Hafner A, Cinquini IS, Walker CA,
Boettiger AN.

Nature. 2019 Mar 18;

https://doi.org/10.1038/s41586-019-1035-4 PMID: 30886393



High-resolution imaging
Tracing chromosomes with OligoSTORM & tluidics cycles in PGP1 cells

chr19:/.335 095-15 449 189
~8Mb

\ / backstreet
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Beliveau et al. Nat. Comm. 2015



High-resolution imaging
Tracing chromosomes with OligoSTORM & tluidics cycles in PGP1 cells
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High-resolution imaging
Tracing chr19:/,335,095-15,449,189 ~8Mb
] 2 3 > 6 8 9
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High-resolution imaging
XYZ points convolution info a density map
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Density maps
Cell02 - Density map @ 50nm
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Structural features

Area, Volume and Sphericity of 19 cells each with 2 homologous resolved
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Spatial arrangement

Distance and overlap of 19 cells each with 2 homologous resolved
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cluster 1

Structural clustering
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Cluster properties
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Cluster properties
A/B compartment properties
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Increasing resolution
Rigid body titting 3D structures based on Hi-C data
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Increasing resolution

Flexible titting 3D structures based on Hi-C data
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Chromosome walking path @ 10Kb resolution



VWhat next?

s there a aynamic coupling between structure and gene activitye

s genome structure more conserved than sequence?

The Enal




Dynamics of gene activation

Marco di Stefano

Ralph Stadhouders
with Graf lab (CRG, Barcelond]



Transcription tactors dictate cell tate

Graf & Enver (2009) Nature

Transcription factors (TFs) determine cell identity through gene regulation
Normal ‘tforward” ditterentiation

Cell fates can be converted by enforced TF expression
Transdifferentiation or reprogramming



Inferplay: fopology, gene expression & chromatin

Stadhouders, R., Vidal, E. et al. (2018) Nature Genetics



Reprogramming from B to PSC

Stadhouders, R., Vidal, E. et al. {2018) Nature Genetics
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Hi-C maps of reprogramming from B to PSC
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Hi-C maps of reprogramming from B to PSC
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B cell PSC

How does these structural rearrangements interplay with the
transcription activitye

What are the main drivers of structural transitions®



TADbit modeling of SOX2 trom B cells Hi-C

SE
SOX2 e

Optimal IMP parameters
lowtreg=0 , uptreg=1 , maxdist=200nm, dcutoft=125nm, particle size=50nm (5kb)



Models of reprogramming from B to PSC
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TA

Ddyn: from time-series H-C maps to dynamic restraints
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TA

Ddyn: from time-series Hi-C maps to dynamic restraints
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TA

Ddyn: from time-series Hi-C maps to dynamic restraints
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SOX2 locus structural changes from B to PSC

SE
SOX2 e



SOX2 locus structural changes from B to PSC
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SOX2 locus structural changes from
TAD borders
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SOX2 locus structural changes from B to PSC
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SOX2 locus structural changes from B to PSC
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SOX2 locus structural changes trom B to PSC
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SOX2 locus structural changes from B to PSC

—

o
o]

o
o)

Exposure of Sox2 particle (a.u.))

o




SOX2 locus structural changes from B to PSC
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SOX2 locus dynamics changes from B to PSC




SOX2 locus dynamics changes from B to PSC




SOX2 locus dynamics

Two dimensional trajectories and area
explored over 50s of the CCND]
locus recored before -E2 and after +E2
activation.

Germier ,T., etal, {2017) Blophys J.
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with further spatial compaction.
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A "hitand-stick” model tor gene activation

free to move hit stick

Time and expression levels



VWhat next?

Can we see the path ot chromatin @10Kb resolution? images + Hi-C + modeling

s genome structure more conserved than sequence?

The Enal




(GGenome 3D structure is more
conserved than 1D in primates

Francois Serra

Yasmina Cuartero
with Marqués Lab (UPF, Barcelondl



C. Chothia & A. Lesk (1986) EMBO J. 5(4):823-826



Hi-C matrices from lymphoblasts in seven primates

Chr14
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Synteny breakpoints in 3D

Two regions of at least 100 kb separated by more than /50 kb (including trans chromosomall
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Chromosomes

Synteny breakpoints in 3D

Two regions of at least 100 kb separated by more than /50 kb (including trans chromosomall
Common detections from Ruiz-Herrera’s Lab (@300Kb res) and our lab (ENSEMBLE @ 1Kb res)
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Chromosomes

Synteny breakpoints in 3D

Two regions of at least 100 kb separated by more than /50 kb (including trans chromosomall

Chimpanzee (62 matrices) Gorilla (32 matrices) Orangutan (/5 matrices) Gibbon (104

Macaaue (134 Marmoset (151 Mouse [ 199



Chromosomes
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(Genome compartments

Conservation of the A/B compartments
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(Genome compartments

Conservation of the A/B compartments
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Genome Topologico

Conservation of TADs
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Genome Topologically Associating Domains

Conservation of TADs
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LOops

Conservation of CTCF sites

‘~’ strand ‘+’ strand
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Vietri Rudan, et al. Cell Rep. 2015 Mar 03; 10(8) 1297-1309
Nakahashi et al. Cell Rep. 2013 May 30; 3(5) 16/8-1689



LQops

Conservation of CTCF sites
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Human Gibbon Mouse



>150 K sequences to align (all species together]
Tree reconstruction using FastTree?

Reduce the complexity filtering by node support
Selection of 173 nodes with 0.9 bootstrap

At least 100 CTCF sites (and at least 50 from single species)

Kele ps

Conservation of CTCF sites

Nodes with strong phylogenetic support

Nodes with weak phylogenetic support



Loops

Conservation of CTCF sites
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Kele ps

Conservation of CTCF sites

Few events of genome

expansion through fransposons

involving CTCF sites
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Loops

Conservation of CTCF sites
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Summary

» Conservation ot 3D structure atter chromosomic rearrangements.
e Recently duplicated regions are more isolated from surrounding DNA.

» Compartments are very conserved in primates; detectable changes may not be

related to cellspecitic features.

* TAD borders conserved with similar selective strength against gain and loss

* New, but few primate specific expansions carrying CTCEF sites

e Selection against the creation of new and strong CTCF sites



VWhat next?

Can we see the path of chromatin @10Kb resolution images

Hi-C

modeling

PLOS Genetics December 2018

s there a dynamic coupling between structure and gene activity@

Nat Genetics January 2018 & method preprinted (BioRxiv)

The Enal




http://marciuslab.org @marciuslab
http://3DGenomes.org @mamartirenom
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