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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
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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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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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Hi-C molecule

Position and
direction of
mapped
read pairs

Mapping & Filtering

Imakaev, M. V et al. (2012). Nature Methods, 2(10), 999-1003.
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Mapping @TADDit

Serra, Bau, et al. (2017). PLOS CompBio
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Mapping @TADDit

Serra, Bau, et al. (2017). PLOS CompBio
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Mapping @TADDit

Serra, Bau, et al. (2017). PLOS CompBio
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Mapping @TADDit

Serra, Bau, et al. (2017). PLOS CompBio
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Mapping @TADDit

Serra, Bau, et al. (2017). PLOS CompBio
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Mapping @TADDit

Serra, Bau, et al. (2017). PLOS CompBio
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Mapping @TADDit

Serra, Bau, et al. (2017). PLOS CompBio
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Mapping @TADDit

Serra, Bau, et al. (2017). PLOS CompBio
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mapped read

Mapping @TADbit

Serra, Bau, et al. (2017). PLOS CompBio
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Double stochastic matrix

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 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 functional units

lupidiiez, et al. (2015). Cell, 1-15

Structural variations affecting TAD boundaries
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level V: Loop-extrusion as a driving force

Fudenberg, G., Imakaev, M., Lu, C., Goloborodko, A., Abdennur, N., & Mirny, L. A. (2015).

Formation of Chromosomal Domains by Loop Extrusion. bioRxiv.
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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., Korf, I. F., Michelmore, R. W, Eisen, J. A., & Darling, A. E. (2014). Strain- and

plasmid-level deconvolution of a synthetic metagenome by sequencing proximity ligation products. doi: 10.7287/

peerj.preprints.260v |




Restraintbased Modeling

Bau, D. & Marti-Renom, M. A. Methods 58, 300-306 (2012).
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Model representation and scoring
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Optimization of the
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Model analysis: clustering and structural teatures
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Serra, Bau, et al. (2017). PLOS CompBio
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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)



Automatic analysis and 3D-
modelling of Hi-C data using

TADDbit reveals structural features

of the tly chromatin colors
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53 chromatin proteins

Fly Chromatin COLCRs

Filion et al. (2010). Cell, 143(2), 212-224.

Guilloume Filion

Position on chr2L (kb)

GREEN
HP1

YELLOW

Active

RED

Active

BLUE
Polycomb

BLACK

Repressive

chromatin
proteins

6% X
ﬁ_ Nucleus

16000 16200 16400 16600 16800 17000
| | | | | | . . .
WRG15 == Y OO Y 3 "~ A M R Principal component analysis
SU(VAR)3-7 T e N - - il b 1.
SU(VAR)3-9 & -
HP6 -
HP1 2 PC2
CAF1 = 15 -10 -5 0 5 10 15
MUS209 . (I A W S —
TOP1 -
RPII18 - o _|
SIR2 - N
RPD3 -
CDK7 - -
DSP1 - A A R i
[ B R T T T T e o T E—— 2 =
L e T Tt N F N —
PCAF - - b kel ; . e e r—
ASH2  wwe it o e e et ol 1o Bt it s ot e ot bt Bl - o pna —
HP1c - M diabd o Fee [ FREEAT] S T TS T | R T —" O
[0712] = [N ———— S S — R R ] e Sy | N S T - — o
L FE—— YR ] “E‘F‘-‘MM“#—‘MHNW D_
P TP TR i S —
e e e ety Taer T e e i e o |
MED31 =« - L o it b snasste il & 'H—MMM—MW |
SU(VAR)2-10 " plemgrapmns o ot bl ). S P . s bt v i
LOLAL  #or wrtmm ems comm e EWJMMW—MMMHMM VPR ? I
GAF ¥ - .l i . M JMFM&MM## o
CG31367  wmprtes L et -l el e wmtmadt -t s - ol e (I\l =
ACTE5C -+« smamemen e e ne e o il il e i M Vet Bkt ke o aminhdee Men b bBeth o ok s
B [=150 [ E—————— VWA N T P UE——— —— Mpmmmhm —
LY | S - ‘9 -
ES] 1S T e e L ——
=] I —— ———— T FT ST —— —) ¥ S — i U —— SR PR T SY R S e —p——y
DWG - . on aiath ks v e _— -, iy amabhd om0 ol o st bl by snis st
PHOL = ey - P > - - M%MML—MW 0 -
PROD  ompbecdhvmmtacstampn. s o un ol it bbb o e L e e B ok 4 o MMWM
BEAF32D  wtrsmmtocapmsnncsh. s smbaimmcncsm kil i i . e, g st s b b . sl b b o s, Bl et s
SU(HW) [P TR E——T I S—— . i i . - ———— e okt P
LAM i S ok o D Wi 5. ol ol it ool o el A . o -
D1 meta - g e P ‘ gttt —
SULTI% e S wSrrn wyT T e e - —— 8
dprearkey N vl e 14 s e oot b el cirtilia e, S8, sl
EFF  dtassnmmdiiates apine, FMM M—WWWM D_ 0 _|
A R e L o et TP TP S TP, |
GRO oot bt reoen ettt bbb L e et 0 et st
PHO qm-—uw-q: S o e, sk - 1 ool | F— - i
CTCF - — a A i, Lk st ‘M-ﬁ‘ﬂuﬂmmmﬁﬁﬂ o
PC = e B L e ke A . el i b ‘|_ .
E(CZB L i R " M"“ . ke il ¥ _.J. - - rd
are——— uwmﬁp__-““_, i P —— - s
SCE e scllls coitsasth.. . PP, oy e 0
— -
|
Genes* T | W T HI IN] || I H T HAH N B M —
U T I W HT  E R HI P S A
PC2
-y

PC1
PC2
PC3

Hidden Markov model

I : I | I |
16000 16200 16400 16600 16800 17000

Position on chr2L (kb)




Fly Chromatin COLCRs

Hou et al. (2012]). Molecular Cell, 48(3), 471-484.
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Structural COLORs
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3D structural dynamics of the

SOX2 locus activation

Marc A. Marti-Renom
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o st o cnag CRG Y £ ItReA

http://cnag.crg.eu




Marco di Stefano
CNAG-CRG CRG




Reprogramming from B to PSC

Stadhouders, R., Vidal, E. et al. (2018) Nature Genetics
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Gene expression (log2)

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

— Oct4 — Nanog — Sox2

—
(]

o
o
[l

expression (PSC=1)
2 o

O
N
[l

o
L

B Ba D2 D4 D6 D8 PSC

- .
- -

41‘-
i

» 2
L'

» L2 IS

’

159

Log2 (normalized Hi-C data)



Hi-C maps of reprogramming from B to PSC
The SOX2 locus
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TADbit modeling of SOX2 trom B cells Hi-C
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Models of reprogramming from B to PSC

s
%1, e » il N
¥ . oy

R

12.0

10.5

9.0

!

- R 8

Ry
X .

f ‘_3: A

250

0s

LO | =] L—]
“w oo
faactior of mods wik contect

<
-

>
-

=)
o

noe

Log2 (normalized Hi-C data)



TADdyn. Dynamics of chromatin

Marco Di Stefano
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Ddyn: from time-series Hi-C maps to dynamic restraints
The SOX2 locus

1.5

6.0

Log2 (normalized Hi-C data)

45

50 100 150 200 250 50 100 150 200 250



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

b)

M

Genomic coordinates (

35.25

&)
ok
o
S

W
a
~
&

W
:'>
a
o

&)
o
N
&

34.00

CTCF
|

o
@ |

[00) (0))
Significant insulation score



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 dynamics changes from B to PSC

100 -




SOX2 locus dynamics changes from B to PSC
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A “cage” model tor transcriptional activation
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imaging

super-resolution

and modeling
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Can we walk the chromatin path in the nucleus?

Integrating imaging and Hi-C maps with modeling.

Oligopaintbased modeling of genomes



High-resolution imaging
Tracing chromosomes with OligoSTROM & 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 OligoSTROM & 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
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High-resolution imaging
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Density maps
Cell-02 - Density map @ 50nm
> 6 / 829
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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
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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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Can we walk the chromatin path in the nucleus?

Can we increase the resolution of our data@



Increasing resolution
Rigid body titting 3D structures based on Hi-C data
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http://www.3DGenomes.org

Increasing resolution
Flexible 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
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