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Resolution Gap

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

Marti-Renom, M. A. & Mirny, L. A. PLoS Comput Biol 7, e 1002125 (2011)
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evel |: Radial genome organization

Takizawa, T., Meaburn, K. J. & Misteli, T. The meaning of gene positioning. Cell 135, 9-13 (2008).
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Llevel |I: Euchromatin vs heterochromatin
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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



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

Gene enhancers
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level VI: Nucleosome
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Complex genome organization

Cavalli, G. & Misteli, T. Functional implications of genome topology. Nat Struct Mol Biol 20, 290-299 (201 3).
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Chromosome Conformation Capture
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Chromosome Contormation Capture

Dekker, J., Rippe, K., Dekker, M., & Kleckner, N. [{2002). Science, 295(5558), 13061
L|ebermonA|den E. etal (2009). Science, 326(5250), 289-293.
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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

[ FASTQS ]—»

p
Int. Matrices ]—»

—~—

(

3D Models 1

3

Quality Control

-

:

Mapping (GEM)

Visualization

Matrix processing

Comparison

MMP Score

Cleaning & Filtering

Normalization

TAD detection

Parameter optimization

TAD alignment

3D modeling

Clustering

Genomic coverage TAD clustering Structural analysis
— — —y—
Interaction Matrix Model
Analysis Analysis Analysis
\ \ \ y,




Hi-C molecule

Position and
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mapped
read pairs

Mapping & Filtering

Imakaev, M. V et al. (2012). Nature Methods, 2(10), 999-1003.
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mapped read

Mapping @TADbit

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

Lieberman-Aiden, E., et al. (2009). Science, 326(5250), 289-293.
Rao, S. S. P., etal. (2014). Cell, 1-29.
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TADs are tunctional units

Hnisz, D., et al. (2016). Science
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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

Virt. 4C

Virt. 4C

TADs are tunctional units

Despang, et al. (2019). Nature Genetics 51,1263-1271 (2019)
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loop-extrusion as a TAD torming mechanism

Fudenberg, G., Imakaev, M., Lu, C., Goloborodko, A., Abdennur, N., & Mirny, L. A. (2018).
Cold Spring Harb Symp Quant Biol 2017. 82: 45-55
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Assembly error detection

Chromosome 8 Gorilla
145

Chr8

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



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./287/
peerj.preprints. 200v |

Romain Koszul







Restraintbased Modeling

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

Biomolecular structure determination
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Serra, F., Bau, D. et al. PLOS CB (2017)
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Model representation and scoring
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Harmonic

R ) - e e e

Harmonic Upper Bound

. :
if d;=d;;; ubH,;=k(d,-d,)

,]°

if d, <d;

ij°

ubH, . =0

Harmonic Lower Bound

g 2
if di,]. <d’ le,-,j = k(di,j _dgj)

i,]?

if d;>dj; IbH,; =0

i,]?

\




Parameter optimization

Z-scores of the normalized Hi-C count Binary representation of Z-scores used in the computation of restraints
B < -0.90 (force particles apart)
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Optimization of the
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Model analysis: clustering and structural teatures
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DISCLAIMER — Many alternatives

Short-read Mapping Read Read-pair o o Confidence Implementation
Tool aligner(s) improvement  filtering filtering ~ 'Normalization Visualization  osrimation  language(s)
HICUP [46] Bowtie/Bowtie2 Pre-truncation v v — — - Perl, R
Hiclib [47] Bowtie2 lterative v v Matrix balancing v - Python
HiC-inspector [131] Bowtie — v v — v — Perl, R
HIPPIE [132] STAR e v v — — — Python, Perl, R
HiC-Box [133] Bowtie2 - v v Matrix balancing v - Python
HiCdat [122] Subread —C v v Three options? v — C++, R
HiC-Pro [134] Bowtie2 Trimming v v Matrix balancing — - Python, R
TADDbit [120] GEM lterative v v Matrix balancing v - Python
HOMER [62] - — v v Two options® v v Perl, R, Java
Hicpipe [54] - - — - Explicit-factor — i Perl, R, C++
HiBrowse [69] — — — — — v v Web-based
Hi-Corrector [57] — — — — Matrix balancing — — ANSI C
GOTHIC [135] — - v v - — v R
HITC [121] - —~ - —~ Two options’ v v R
chromoR [59] — - — - Variance stabilization — - R
HiFive [136] — - v v Three options? v - Python
Fit-Hi-C [20] — - — — — v v Python

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.
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

s there a dynamic coupling between structure and gene activity@

s genome structure more conserved than sequence?



Chromosome walking with

super-resolution imaging

and modeling

Irene Farabella

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

Photo by David Oliete - www.davidoliete.com



Jeffrey M. Perkel Nature 569, 293-294 (2019)
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CHROMOSOMAL DNA
COMES INTO FOCUS

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

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

\ / backstreet

homologous 32-42bp

Beliveau et al. Nat. Comm. 2015



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

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

= Carl Ebeling Bruker
Jeft Stuckey Bruker

, John Schreiner Zero Epsilon

’——— --_--_
- = - o
- - o
- oo = - eos o
- o oo
- - o
> 2 - eo» o
[ a— - o o
- o= - o
= = - eoa»r o
_—- e
s o= L I Qe
- o= - er a» e
o o2 - ear o
- o = - er a» an
- Rl R

12 3 > 6 / 8 29

1,280Kb 1,240Kb 1,800Kb 520Kb  520Kb 520Kb 360Kb

| nwmmnmummmmmm




High-resolution imaging
Tracing chr19:/,335,095-15,449,189 ~8Mb
] 2 3 > 6 8 9

1,280Kb 1,240Kb 1,800Kb 520Kb  520Kb 520Kb 360Kb

Cell-02



High-resolution imaging

XY/ points convolution info a density map
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Density maps
Cell-02 - Density map @ 50nm
> 6 / 829

1,280Kb 1,240Kb 1,800Kb 520Kb 520Kb 520Kb 360Kb

Area (nm?)
Volume (nm?3)

Sphericity
Overlap (%

Distance (nm)

Farabella et al, J Appl Crystallogr. 2015



Area

Structural features

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

Distance and overlap of 19 cells each with 2 homologous resolved

Dift. distance Dift. overlap
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cluster 2

cluster 1

Structural clustering

1@ cells each with 2 homologous and @ segments each (342)




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

Segment 1 3D models

3o 2% b

. _; Segment 1 density map

CombScore

L hitp://www.3DGenomes.org



http://www.3DGenomes.org

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 Endl




Dynamics of gene activation

5 Marco di Stefano

Ralph Stadhouders
with Graf lab (CRG, Barcelond]

Nature Genetics (2018) 50 238-249 & BioRxived

Photo by David Oliete - www.davidoliete.com



Transcription factors dictate cell fate

Graf & Enver (2009) Nature
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Cell fates can be converted by enforced TF expression
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Interplay: fopology, gene expression & chromatin

Stadhouders, R., Vidal, E. et al. (2018) Nature Genetics
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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
The SOX2 locus
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Hi-C maps of reprogramming from B to PSC
The SOX2 locus

@ @ @0 @0 @ @ O

e el 4 e : WA d - o
SAST <o A e o ] el Ty e 4 | s’ | ! L . :
: B s B
o |

._g!'g( . Y!;!; Ul --‘;' 3 e AT ;:‘.2-,’_ o”wo
50 100 150 200 250 50 100 150 200 250 50 100 7 17570 200 250 50 100 150 200 250 50 100 150 200 250 50 100 150 200 250 50 100 150 200 250

How does these structural rearrangements interplay with the
transcription activitye

What are the main drivers of structural transitions®

; 12.0

-
o
oW
data)

~  ©
w o

o
o
Log2 (normalized Hi-C

45




TADbit modeling of SOX2 trom B cells Hi-C
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Models of reprogramming from B to PSC
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Ddyn: from time-series Hi-C maps to dynamic restraints
The SOX2 locus
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Ddyn: from time-series Hi-C maps to dynamic restraints
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Energy penalty

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

Distance to regulatory elements
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SOX2 locus structural changes from B to PSC
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SOX2 locus structural changes tfrom B to PSC
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SOX2 locus structural changes from
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SOX2 locus structural changes from B to PSC
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SOX2 locus dynamics changes from B to PSC
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SOX2 locus dynamics changes from B to PSC
SOX2 displacement




SOX2 locus dynamics
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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 of chromatin @10Kb resolutione images + Hi-C + modeling

s genome structure more conserved than sequence?

The Endl
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® Proteome is 10sM AAs in 10,000s of proteins ® Genome is 1,000sM NTs in 10s of chroms

® 20 AA in average ~500 AA length e 4 NT in average ~100M NTs length

® ~ 150 structural AA tor ~5 AA tor tunction ® 222 structural NTs for ~222 NTs for function
o MM+QM ® Packing + Phase Separation + Modelers

® No confinement e Confinement

® Dynamics ® ++++Dynamics



Hi-C matrices from lymphoblasts in seven primates

Chr14




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
Common detections from Ruiz-Herrera’s Lab (@300Kb res) and our lab (ENSEMBLE @ 1Kb res)
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Chromosomes

Duplications

Duplicated METTLZ locus in human with respect to primates
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o (Genome compartments

Conservation of the A/B compartments
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Subsompariments

(Genome compartments

Conservation of the A/B compartments
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Genome Topologically Assocmhng Jomains

Conservation of TADs
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Genome Topologico

Conservation of TADs
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Lo Coresin CTCF

Loops

Conservation of CTCF sites
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|
Cofesin - CTCF

>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)

Loops

Conservation of CTCF sites

Nodes with strong phylogenetic support

Nodes with weak phylogenetic support
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Lo Cofasin ETCF
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LQops

Conservation of CTCF sites

Few events of genome

expansion through tfransposons

involving CTCF sites
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Loops
Conservation of CTCF sites
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Summary

» Conservation ot 3D structure after 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 teatures.

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

* New, but few primate specific expansions carrying CTCEF sites

o Selection against the creation of new and strong CTCF sites



VWhat next?

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

s there a aynamic coupling between structure and gene activitye

The Endl




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