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Resolution Gap

Marti-Renom, M. A. & Mimy, L. A. PLoS Comput Biol 7, e 1002125 (2011)
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level I: 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 |I: 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 lIl: 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., MartiRenom, 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
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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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level VI: 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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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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Hierarchical genome organisation
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TADs are functional units

lupidiez, 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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Hybrid Method

Bau, D. & Marti-Renom, M. A. Methods 58, 300-306 (2012).
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Structure determination using Hi-C data

Biomolecular structure determination
2D-NOESY data

Chromosome structure determination
3C-based data
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http://3DGenomes.org
http://www.integrativemodeling.org
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& |ADDI

Serra, Bau, et al. (2017). PLOS CompBio
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Model representation and scoring
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Parameter optimization

Z-srares of the normalized Hi-C count Hinary representation of Z-scores used in the comautation ol restramnts
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Optimization of the scoring function
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Model analysis: clustering and structural teatures
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Structuring the COLURS of chromatin

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




53 chromatin proteins

Position on chr2L (kb)

v Chromatin COLCRs

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

Hou et al. (2012). Molecular Cell, 48(3), 471-484.
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Mapping - Filtering - Normalizing

BR raw BR filtered BR normalized
Chr4 == : Fr=me ;
chrX e
GEJ ......... el 0 B 0 i B PR
S chr3R
n MRt | (|| A N | G L
O W EEemhwaesssaeooontbe e asdeaaesanll o S oo b o ke o e T
€ chralL
_E .............................................
O chr2R
chr2L 5 7 5
0 600 1200 0 600 12000 600 1200
Genomic bin Genomic bin Genomic bin
TR1 normalized TR2 normalized
chr4d FTETeT =
chrX : :
GE) .................................
S chr3R
PN, e - .. e
O @ ke L crovaimeaa. ] bee e
g chr3L
E 0 Bl Bl |
O chr2R
chr2L

0 600 1200 0 600 1200
Genomic bin Genomic bin



TAD detection - comparison

12 15
T T
°0 o 29
s 92
. 63 _ 30 3 L 26
2 2 2 6% 323
£ 3 EF ® E
c 5 c 22 3 5 S
o 0z 2 T 17
i 5 = 18 0g i i
-3 = 14§ 5 14 il
e S ‘ -3 8 1 ;;
63 10} = e
6% -6 Q\; g ‘ |
ol b SR T -9 o b e , s e -9 2
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
Genomic bin (10Kb) Genomic bin (10Kb) Genomic bin (10Kb)

£ 3.0 ' E E E E E Hpu-2012] Hou-2012
3 1.9 : | : : : ! 1 A border
2 OO ‘ N;vvva‘—m—;—‘—MwAilvvauAn: - y :
O - x ' 7VRLY :
z 20 i : : Hou-2012-TADbit] TADDI!
:c||:> 1.5: l : : ! ! 1 border
- . . ' ' ' 1 A1 6
2 30: L VR e ey
E 1.5: . : : : : : TADDIt] 43 43
o + 1 , . ' ' ' ' ] A4 A9
0.01 A Al+A : “ﬂA‘I‘__A v N , 1 A5 A10
0 50 100 150 200 250 300 350 400 450

Chromosome 2L genomic bin (10Kb)



RED dense region
3R:18920000-19920000

22%

0% 11% 45%

Accessibility (%)

Structural properties

50 TMb regions. 10 enriched for each color.

GREEN dense region BLUE dense region
X:15590000-16600000 2R:510000-1530000 3L:210000-1230000
o1 1 1N EEEI 1 I L3 |0 IN _mF (b |
0%

4% 20% 26% 0% 100% 0% 0% 1% 0% 52% 13%

Density (bp,/nm) Inferactions

BLACK dense region
2L.:17500000-18530000

I S
1% 0% 0% 98%

Angle




Structural COLORs
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Structural COLORs
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Structural COLORs
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Are the models correct?
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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

y ically been d. 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 TADDit,
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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Model building by TADDbit Matrix generation

S

Analysis

Toy models

non-TAD-like
COOooooooo o

SIMULATED TOY GENOME TAD-like

\ 4

v

SIMULATED Hi-C MATRICES

| ]
] |
] |
| ]
| ]
] ]
] |
| ]
| ]
| |
] |
] |
' ADD MONTE CARLO NOISE '
] |
] |
| ]
| ]
] |
] |
] ]
| ]
] |
] |
| ]
| ]

CONTACT TO
DISTANCES

150 bp/nm 75 bp/nm 40 bp/nm

CREATE PARTICLES
& ADD RESTRAINTS

Y
SIMULATED ANEALING ]

MONTE-CARLO

)

set 0 (Ats = 10°) set 1 (Ats =10") set 2 (Ats =10?)

MODEL SELECTION
(lowest objective function)

Contact Map

Y

MODEL ANALYSIS

|  Simulated
] “Hi-C” matrix
with noise

Contact
(d <200 nm)

by Ivan Junier



loy interaction matrices
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Reconstructing toy models
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TADs & higherres are "good”
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Structural variability is “NOT OK"

- === + Structural variability

150

90

<dRMSD> (nm)
~
&)

25

04 05 06 07 08 09 1.0
TADDbIit-SCC



<dRMSD> (nm)

Can we predict the accuracy of the models?

Frequency

% Sig. Cont. EV:  32.3

e ©

Toy genome: chr40_TAD
Density: 40 bp/nm

TADs: Yes
Noise: 150 61
Ats:  10°

(3]

Skewness: -0.32
Kurtosis: -0.69

B

W

eigenvalues (% contribution)
[\M]

o Lol

8 6 -4 2 0 2 4

Z-score 10°

01
eigenvalues index (log)

150

0O 5 10 15 20 25 30 35-1
% Sig. Cont. eigenvalues (SEV)

| | | | | |
0 1 2 3-2
Skewness (SK)

0 2 4 6
Kurtosis (KT)




<dRMSD> (m)

Skewness “side effect”
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MMP score

Can we predict the accuracy of the models?
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igherres is "good”
out your $$ in sequencing

Noise is "OK”

no need to worry much

Structural variability is "“NOT OK"

homogenize your cell population!

...but we can difterentiate between noise and structural variability

and we can a priori predict the accuracy of the models



But... what about direct validation of models?



Marker enrichment

Model accuracy

Boettiger, A. N., et al. (2016). Nature, 529, 418-422.
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Boettiger, A. N., et al. (2016). Nature, 529, 418-422.
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<Spatial distance> (nm)

Model accuracy (Human Chr21@40Kb)

Wang, S., et al. (2016). Science 353, 598-602.
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