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Resolution Gap

Marti-Renom, M. A. & Mimy, L. A. PloS Comput Biol 7, 1002125 (2011)

IDM
s/
¥ ? /4;
INM W\\ \
2(118/3/2142/ 1 1;/!‘719\:
, DNA length
10° 10° 10° 10° nt
_ —— Volume
10° 10° 107 10° 10° um
— — e Time
107 10 10° 10 107 10° 107 10° S
Resolution




level |1 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
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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



level lll: 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



level IV: Higher-order organization

Dekker, J., Marti-Renom, 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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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)



level V: Loop-extrusion as a driving force

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

Formation of Chromosomal Domains by Loop Extrusion. bioRxiv.
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level VI: Nucleosome

Chromosome Chromatin fibre Nucleosome
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Adapted from Richard E. Ballermann, 2012



Complex genome organization

Cavalli, G. & Misteli, T. Functional implications of genome topology. Nat Struct Mol Biol 20, 200-299 (201 3).
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Hierarchical genome organisation
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lieberman-Aiden, E., et al. (2009). Science, 326(5950), 289-293.
Rao, S. S. P., etal. (2014). Cell, 1-29.



Resolution Gap

Marti-Renom, M. A. & Mimy, L. A. PloS Comput Biol 7, 1002125 (2011)
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Chromosome Contormation Capture

Dekker, J., Rippe, K., Dekker, M., & Kleckner, N. (2002). Science, 295(5558), 1306-1
L|ebermonA|den E. etal (2009). Science, 326(5950), 289-293.
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Chromosome Contormation Capture
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Hakim, O., & Misteli, T. (2012). SnapShot: Chromosome Confirmation Capture. Cell, 148(5), 1068-1068.e2.
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Chromosome Contormation Capture

for de-novo assembly

Accuracy = 0.999 (n =28,234) | -
|
=
—
—_—
L
—

]
—_— | | ll | | 100 Mb
1 | | 1 | 1 | 1 | 1 1 ‘_l_\
N vV % &x o © A D 99 0 X LI D X0 0PN P F

Actual chromosome

Kaplan, N., & Dekker, J. (2013). High-throughput genome scaffolding from in vivo DNA interaction frequency. Nature
Biotechnology, 31(12), 1143-1147/.
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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)



Chromosome Contormation Capture
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/
peer|.preprints. 260v |



Experiments

Hybrid Method

Bau, D. & Marti-Renom, M. A. Methods 58, 300-306 (2012).
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Structure determination using Hi-C data
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http://3DGenomes.org
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Hi-C experiment

lieberman-Aiden, E., et al. (2009). Science, 326(5950), 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, Q(10), 999-1003.
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lterative

Mapping @TADDbit

Serra, Bav, et al. (2017). PLOS CompBio
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lterative

Mapping @TADDbit

Serra et al. (2017). PLOS CompBio
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Mapping @TADDbit

Serra et al. (2017). PLOS CompBio
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mapped readi

Mapping @TADDbit

Serra et al. (2017). PLOS CompBio
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Mapping @TADDbit

Serra et al. (2017). PLOS CompBio
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Mapping @TADDbit

Serra et al. (2017). PLOS CompBio
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Mapping @TADDbit

Serra et al. (2017). PLOS CompBio
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Mapping @TADDbit

Serra et al. (2017). PLOS CompBio
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Mapping @TADDbit

Serra et al. (2017). PLOS CompBio
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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)
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Interaction matrices
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Zooming in on genome organization.
Zhou, X. J., & Alber, F. Nature Methods (2012)
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Nnteraction mairices
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TADs are functional units

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

Structural variations affecting TAD boundaries
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TADs are functional units

Hnisz, D., et al. (2016). Science, on line
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Many alternatives

Shortread Mapping Read Read-pair o - Confidence Implernentation
|00l aligner(s) imgrovement  filtering  filtering ~ NOrmalization Visualization  acirration  languagel(s)
H CUP [46] Bowtie/Bowtie2 Pre-truncation v v Perl, R
Hclib [47] Rowtie? Iterative v v Matrx halancing v - Python
HC-inspector [131]  Bowtie - v v - v — Perl, R
HPPIE [132] STAR /o v v - - — Pythcn, Perl, R
HC-Box [133] BowtieZ - v v Matrx balancing v - Pythcn
| ICdat [122)] Subread - v v Three opticns” v - C++R
HC-Pro [134] Bowtie2 Trimming v v Matrx balancing - - Pythen, R
TADDit [120] GEV lterative v v Matrix balancing v — Python
| IOMLR 62 - - v v Two options’ v v Perl, R, Java
H coip2a [54 - — — - Explicit-"actor - — Perl. R, C4++
H Browse [69] - - - - - v v \Vab-based
H-Corrector [57] — - — - Matrix balancing - o ANS| C
GOTHIC[135] - - v v - — v R
HTC[121] — - - - Two ootions’ v v R
chromoR 59] — - — - Variance stabilizaton — — R
HFiva [135] — - v v Three opticns? v a Pythcon
Fil-—i-C [20] — - - - - v v PyLthon

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



Many alternatives

Method “available Representation  Scoring Sampling Models
online
U3c Us-ol UFh)s
Fy — Dy conversion Functional form
r 137 in T . R T, . N N
s Fonts Dy = { '-i" ifI;'F V:oo x is optimized L (igyen) "By 315 where J is A A SD:I:;LT;:IS;K .
' set to 0.01 programming to find the
coordinates
ShRec3D" |38 Points )’ ifF =0 N/A N/A  N/A Deterministic Consensus
Dy = ('TJ "7 7 Ky s the original Fy corrected to transformations of D
\'_‘N - ifF =0 into coordinates
L'V
satisfy all triangular inequalities with the shortest path
recopstryction .
TADDIt" [43] Spheres aFy+p ifFy<y orFy=y i Y kutry Dy)* where k; = 5 if Yes  Ugg and Upyog have Monte Carlo (MC) Resampling
Dy o 4 545 - xand f are estimated " : harmonic forms sampling with
{-,‘ if [f—ji=1 li ~ ji = 1 or proportional to Fy ampling )
from the max and the min F,, from the optimized max otherwise Simulated annealing
: . , . and Metropolis scheme
distance and from the resolution. ' < 7 are optimized (oo, §;
is the radivs of parvicle s OO
BACH" |45) Points Dy x t}g The biases B, and B; and = are optimized byDy" + ¢ log(Dy) where b; and ¢; are No  No Sequential importance  Population
! optimized parameters and Gibbs sampling
with hybrid MC and
adaprive rejection
Giorgetti et al, [40] Spheres Particles interact with pair-wise well potentials of depths B; 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, [41] Spheres Fir - PN ¢ ,' ,; ! is the average of Fy at genomic distance gy = Dy) Yes :‘J;:;.n ::?clt{;:"‘.,‘shave Lr;tg(;orrn 2:)':2:’ 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 i (Fy ru"")z N/A  NJA MC sampling with Resampling
' Markov chain based
algorithm
PASTIS" [47] Points Dy~ g: where  is optimized b,,DI'J'2 +¢ylog(Dy) where b; andcyare  No  No Interior point and Resampling
optimized parameters isotonic regression
algorithms
Meluzzi and Arya [48]  Spheres s kyrj where k; are adjusted such that the contact probabilities computed on the models match the  No Uy is a pure Brownian dynamics Resampling
Fy repulsive L| potential.
Ubona and Ubend have
, harmonic forms
AutoChrom3D" [44] Points Dy {:«FF =f il F,,.i,: < F,-{ < F, where Fuu, (Fos) are i —'?’?1— Yes NJA Non-linear constrained  Consensus
g+ if Fy < Fy < Foax
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 = Regsace to enforce the pair contact, if the normalized - modets S Ky (T — Dy )2 where ky is Yes  Ugg and Uggpg have Conjugate gradients Population

contact frequency Fy is higher than 0.25. Otherwise the
contact is not enforced

different for pairs of particles, on
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)
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Model representation and scoring
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From 3C data to spatial distances

Neighbor fragments Non-Neighbor fragments
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Parameter optimization
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Model analysis: clustering and structural tfeatures
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Structuring the COLURS of chromatin

Serra, Bav et al. (2017) PLOS CompBio.




53 chromatin proteins

v Chromatin COLCRs

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

Position on chr2L (kb)

16000 16200 16400 16600 16800 17000
L 1 | | | |
MRG15 - ‘-*‘_'L i B
SU(VAR)3-7 - g — SRS Y A bl
SU(VAR)3-9 - PNED PR
HP6 -l i Py PR
HP1 ipas PR W
LHR ool i PR
CAF1 - B,
ASF1 = anl a aL et .

MUS209  Metmcben tcmmmromtion, 1 s L B L eI,
TOP1 s sd ek sl s - —
RPII18 - . - i

SIR2 - — B IR e
RPD3 - . [ —
CDK7 -y " P - P et
DSP1 - " st nin.d i i N . e .
DF31 - e 1 . . - ' i il
MAX - N . L N o T TEVIY SV T —
PCAF B s adie bl s - " Y
ASH2 - il -~ - - - it Bl s s S
HP1c = s bl T " - " M, Aange
CIBP v om s mn o s kel st p e e M A b e A 9 0 At A Bl ro il s n o mi
“RA ) ittt A At B it e b il s . bl g e
BRM  omvaronmamon ma o amansmon skt ot o o e b ) ST I PR .
ECR v s, ntol PR Y el
BCD kit ot ke, 2 YT TR kel .l
e ik, " Ik PO TP S RO -,
SU(VAg)EzE—)% e o PP " | Bl it dioponcraorty T et
LOLAL B it e NPTV n [T P TR WA AN O POV P
GAI r s T A S| VU N SO U O
CG31367 e -y ~4 . » - ]
ACTEC  oomrommm bt by 0+ st Nttt s ot e -t W L ’ Vg e et
TIP60 o s sl -, s M PR i~y .,
MNT  roremm b s e T
SIN3A - N L TV -
TBP n PRI N PR oy
DWG . e ctledn, il i o st
PHOL - sl - el b it At ety et
PROD i R . . SR SRR TN Y e Y .
BEAF32b - P I s i e —
SU(HW)  mms bttt . st e R it s
LAM - R
i . s
SUUR = & thmtacs A ~y "... P - :—T‘
IAL pr—.mw-: e ik AP I A . bt b
ri 2 ™ el ot i
GO e P e e T e
CTCF el it e A Aol 5 wad e Y e i
PC & g e
E@) . - e s otk ——
peL = b Py i wlor
SCE - TR ......h_

Kool
HHHEE  H— H H | B HE THIW I

(0| ST | WL
| Wl “T I. o

b b

. ST e W—
gt A S o gy M il '+"""‘l““”"'*
L il |

16200 16400 16600 16800 17000

Position on chr2L (kb)

Principal component analysis

PC2
-15 -10 -5 0 5 10 15
1 1 1 1 1 1

PC1
0
1

5
1

PC3

Hidden Markov model

Guillaume Filion

GREEN
HPI

YELLOW

Active

RED
Active

BLUE
Polycemb

BLACK

Repressive

Nucleus



Fly Chromatin COLORs

Hou et al. (2012). Molecular Cell, 48(3), 471-484.
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TAD number

Relative Hi-C counts
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Structural COLORs
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Structural COLORs
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Structural COLORs
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