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Marti-Renom, M. A. & Mirny, L. A. PLoS Comput Biol 7, e1002125 (2011)
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Experiments

Computation

(12, 13). Interestingly, chromosome 18, which is
small but gene-poor, does not interact frequently
with the other small chromosomes; this agrees
with FISH studies showing that chromosome 18
tends to be located near the nuclear periphery (14).

We then zoomed in on individual chromo-
somes to explore whether there are chromosom-
al regions that preferentially associate with each
other. Because sequence proximity strongly in-
fluences contact probability, we defined a normal-

ized contact matrixM* by dividing each entry in
the contact matrix by the genome-wide average
contact probability for loci at that genomic dis-
tance (10). The normalized matrix shows many
large blocks of enriched and depleted interactions,
generating a plaid pattern (Fig. 3B). If two loci
(here 1-Mb regions) are nearby in space, we
reasoned that they will share neighbors and have
correlated interaction profiles. We therefore de-
fined a correlation matrix C in which cij is the

Pearson correlation between the ith row and jth
column of M*. This process dramatically sharp-
ened the plaid pattern (Fig. 3C); 71% of the result-
ing matrix entries represent statistically significant
correlations (P ≤ 0.05).

The plaid pattern suggests that each chromo-
some can be decomposed into two sets of loci
(arbitrarily labeled A and B) such that contacts
within each set are enriched and contacts between
sets are depleted.We partitioned each chromosome

Fig. 1. Overview of Hi-C. (A)
Cells are cross-linked with form-
aldehyde, resulting in covalent
links between spatially adjacent
chromatin segments (DNA frag-
ments shown in dark blue, red;
proteins, which canmediate such
interactions, are shown in light
blue and cyan). Chromatin is
digested with a restriction en-
zyme (here, HindIII; restriction
site marked by dashed line; see
inset), and the resulting sticky
ends are filled in with nucle-
otides, one of which is bio-
tinylated (purple dot). Ligation
is performed under extremely
dilute conditions to create chi-
meric molecules; the HindIII
site is lost and an NheI site is
created (inset). DNA is purified
and sheared. Biotinylated junc-
tions are isolated with strep-
tavidin beads and identified by
paired-end sequencing. (B) Hi-C
produces a genome-wide con-
tactmatrix. The submatrix shown
here corresponds to intrachro-
mosomal interactions on chromo-
some 14. (Chromosome 14 is
acrocentric; the short arm is
not shown.) Each pixel represents all interactions between a 1-Mb locus and another 1-Mb locus; intensity corresponds to the total number of reads (0 to 50). Tick
marks appear every 10 Mb. (C and D) We compared the original experiment with results from a biological repeat using the same restriction enzyme [(C), range
from 0 to 50 reads] and with results using a different restriction enzyme [(D), NcoI, range from 0 to 100 reads].

A

B C D

Fig. 2. The presence and orga-
nization of chromosome territo-
ries. (A) Probability of contact
decreases as a function of ge-
nomic distance on chromosome 1,
eventually reaching a plateau at
~90 Mb (blue). The level of in-
terchromosomal contact (black
dashes) differs for different pairs
of chromosomes; loci on chromo-
some 1 are most likely to inter-
act with loci on chromosome 10
(green dashes) and least likely
to interact with loci on chromo-
some 21 (red dashes). Interchro-
mosomal interactions are depleted
relative to intrachromosomal in-
teractions. (B) Observed/expected
number of interchromosomal con-
tacts between all pairs of chromosomes. Red indicates enrichment, and blue indicates depletion (range from 0.5 to 2). Small, gene-rich chromosomes tend to interact
more with one another, suggesting that they cluster together in the nucleus.
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Hybrid Method 
Baù, D. & Marti-Renom, M. A. Methods 58, 300—306 (2012).



Chromosome Conformation Capture 
Dekker, J., Rippe, K., Dekker, M., & Kleckner, N. (2002). Science, 295(5558), 1306—1311. 

Lieberman-Aiden, E., et al. (2009). Science, 326(5950), 289—293.



Biomolecular structure determination 
2D-NOESY data

Restraint-based Modeling 
Baù, D. & Marti-Renom, M. A. Methods 58, 300—306 (2012).

Chromosome structure determination 
3C-based data
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FastQ files to Maps 

Map analysis

Model building

Model analysis

http://3DGenomes.org
Serra, F., Baù, D. et al. PLOS CB (2017)



Baù, D. et al. Nat Struct Mol Biol (2011)  
Umbarger, M. A. et al. Mol Cell (2011)  

Le Dily, F. et al. Genes & Dev (2014) 
Trussart M. et al. Nature Communication (2017) 

Cattoni et al. Nature Communication (2017)

                previous applications... 
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Chain-connectivity interaction
Bending

Lennard-Jones  Potential

TADdyn. Dynamics of chromatin

Missatge	dels	de	la	casa	de	com	artibar-hi	desde	l'aeroport.	
Good	morning	Montse,	
thank	you	for	the	address;	
for	arriving	at	our	house	(all	in	all	about	one	hour):	
on	foot	(400m)	to	the	train	station	in	front	of	the	airport		
(here	can	you	buy	in	the	underground	the	tickets	for	the	train;	you	will	find	a	ticket	
machine	-	the	cheapest	solution	is	to	buy	one	"4	Fahrten-Karte	ABC"	for	13,20	for	the	
four	adults	and	one	"4	Fahrten-Karte	ermäßigt	ABC"	for	9,60	for	the	four	children;	
attention:	these	8	tickets	you	have	to	stamp	in	the	little	machines	before	you	are	
taking	the	train):	
S45,	direction	"Südkreuz",	you	have	to	go	out	at	Südkreuz	(11	stops)	
and	take	here	the	bus	in	front	of	the	station:	
M46,	direction	"Zoologischer	Garten",	you	have	to	go	out	at	Barbarossa	Straße	(7	
stops).	
You	have	to	make	120m	on	foot	in	direction	where	the	bus	runs(you	will	across	the	
Barbarossa	Straße);	here	you	will	find	at	the	right	side	our	house	"Martin-Luther-
Str.45".	
Zurbuch/Taccini	on	the	first	floor.	
Let	me	know	if	you	need	further	informations.	
See	you	soon	
Oliver	
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Exploring the time dependent structural rearrangements  
of SOX2 locus during transdifferentiation

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

Marco di Stefano



iPS cells

C/EBPa

Transcription factors dictate cell fate 
Graf & Enver (2009) Nature

Transcription factors (TFs) determine cell identity through gene regulation 
Normal ‘forward’ differentiation 

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



Interplay: topology, 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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Birth of a TAD border upstream of Sox2 
Stadhouders, R., Vidal, E. et al. (2018) Nature Genetics
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Sox2 overall topological changes 
Stadhouders, R., Vidal, E. et al. (2018) Nature Genetics



TADbit modeling of SOX2 from B cells Hi-C

Optimal IMP parameters 
lowfreq=0 , upfreq=1 , maxdist=200nm, dcutoff=125nm, particle size=50nm (5kb)

SOX2
SE



Hi-C maps of reprogramming from B to PSC 
The SOX2 locus

Bα PSCD2B cell D4 D6 D8
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Hi-C maps of reprogramming from B to PSC 
The SOX2 locus

How does these structural rearrangements interplay with the 
transcription activity? 

What are the main drivers of structural transitions? 

Bα PSCD2B cell D4 D6 D8



Models of reprogramming from B to PSC 
The SOX2 locus

Bα PSCD2B cell D4 D6 D8



Model assessment
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TADdyn: from time-series Hi-C maps to dynamic restraints 
The SOX2 locus

Bα PSCD2B cell D4 D6 D8



Bα PSCD2B cell D4 D6 D8

Harmonic HarmonicLowerBound

TADdyn: from time-series Hi-C maps to dynamic restraints 
The SOX2 locus



Bα PSCD2B cell D4 D6 D8

Harmonic HarmonicLowerBound

Transition Stable Vanishing Raising
B -> B𝛼 18,612 6,984 7,290

B𝛼 -> D2 18,512 7,390 6,687
D2 -> D4 18,369 6,830 6,893
D4 -> D6 18,971 6,291 7,289
D6 -> D8 20,167 6,093 6,250
D8 -> ES 20,679 5,738 6,173

TADdyn: from time-series Hi-C maps to dynamic restraints 
The SOX2 locus



SOX2 locus structural changes from B to PSC 
Contacts

SOX2
SE



SOX2 locus structural changes from B to PSC 
Contacts

SOX2
SE
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SOX2 locus structural changes from B to PSC 
TAD borders
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SOX2 locus dynamics changes from B to PSC 
SOX2 displacement



SOX2 locus dynamics changes from B to PSC 
SOX2 displacement



FIGURE 1 Real-time visualization of a single Cyclin D1 gene locus in human cells. (a) Schematic representation of a stably inserted construct (ANCH3-
CCND1-MS2) comprising the Cyclin D1 (CCND1) gene under its endogenous promoter, adjacent to a unique ANCH3 sequence, 24 ! MS2 repeats within
the 30UTR, and a hygromycin selection gene (HYG). The construct is flanked by FRT sites for integration into MCF-7 FRT cells. Transient transfection with
OR3 and MCP-tagged fluorescent proteins results in their accumulation at the ANCH3 and MS2 sequences (after estradiol (E2) stimulation), respectively
(raw 3D images in Movie S1). (b) Fluorescent spots are easily detectable in transfected cells. A representative cell with an OR3-EGFP spot is shown. Region
imaged during fluorescence recovery after photobleaching (FRAP) is indicated in orange. At time t ¼ 0 s, a circular region enclosing the ANCHOR spot
was bleached and fluorescence recovery of the spot was followed over time. Relative fluorescence intensity (RFI) was calculated as described in the Materials
and Methods and Fig. S1 (right panel; solid line: mean, shadowed region: lower and upper quartile; n ¼ 44 cells, four experiments with n R 6 cells per
experiment). Data were fitted to a single exponential. The 95% confidence interval is indicated in brackets. Scale bars, 2 mm. (c) Representative images
of transiently transfected ANCH3-CCND1-MS2 cells expressing OR3-Santaka and MCP-EGFP (raw images in Movies S1 and S2). CCND1 DNA (red
spot) colocalizes with transcribed mRNA (green spot) as MCP-EGFP associates with MS2 stem loops 45 min after adding 100 nM estradiol (E2). The
same cell is shown before and after addition of E2. Scale bars, 5 and 2 mm (for cropped images). (d) Example of two-dimensional trajectories and area
explored over 50 s (250 ms acquisition, 200 steps) of the OR3-Santaka-labeled CCND1 locus recorded before (#E2) and after (þE2) transcription activation.
To see this figure in color, go online.

Real-Time Single Gene Tracking

Biophysical Journal 113, 1383–1394, October 3, 2017 1385

SOX2 locus dynamics changes from B to PSC 
SOX2 displacement

Two dimensional trajectories and area 
explored over 50s of the CCND1 locus 
recored before -E2 and after +E2 activation.  

Germier ,T., et al,  BIophys J. 113, 1383—1394 (2017).



Other regions…

Bα PSCD2B cell D4 D6 D8
Sox2 chr3:34649995-34652460 

Nanog  chr6:122707565-122714633 

CEBPa chr7:35119293-35121931 
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A “cage” model for transcriptional activation



stpRNAs, a new type of structural RNAs?

Irene Farabella Marco di Stefano
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RNA and dynamic nuclear organization
RNA FUNCTION

PERSPECTIVES

Long noncoding RNAs may function as organizing factors that shape the cell nucleus
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RNA, nuclear organisation dynamics and architecture 
Rinn and Guttman, Science; 345(6202):1240—1241 (2014)



RNA, nuclear organisation dynamics and architecture

Chromatin-interlinking lncRNAs
Adapted from: Caudron-Herger et al., Nucleus ;2(5):410-24 (2011)

Mitotic chromosome-associated RNAs 
Adapted from: Meng  et al., Nucleic Acids Res. ;44(10):4934-46 ( 2016)

RNA-DNA triplex in vivo and in vitro
Adapted from: Mondal et al. Nat Commun. 6:7743 (2015)



Are there lncRNAs that act as global architectural 
factor for chromatin organisation?  

Hypothesis: such lncRNA may interact with DNA 
through triplex formation.



GENCODE  v19 mapped of GRCh37 
lncRNA genes 13,870

lncRNA selection

 K562 & GM12878 
Nuclear localisation 

>=1 RPKM in both replica and in both cells line

RNA-Seq expression using 
GEM split mapper & Flux capacitor

Marc Dabad & Anna Esteve (CNAG-CRG)
set of 339 lncRNAs 

≥2 exons 
>200 nt length  

nuclear in K562 & GM12878

Triplex forming lncRNA 
enrichedRandom

lncRNA

Triplex Formation Potential



TFO/PARSE lncRNA profiles

127 triplex forming lncRNA 
with Secondary Structure information based on PARSE

Data from: Wan et al., Nature 505, 706–709 (2014)
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TTS profile on Chromosome

ENST00000434346.1 in chromosome 22 
TTS profile

ENST00000505973 in chromosome 22 
TTS profile

TFP
TFP



3D Co-localisation of loci

ENST00000505973 in chromosome 22 
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Enriched Co-localised TTS site
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Marco Di Stefano1,000 replicas using 10% of the initial set of retrains

Structure Population

Steered Molecular Dynamics 
PLUMED/LAMMPS 

with distance dependent harmonic restraints 

Kremer and Grest 1991
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Benchmark measures 
Eigen vector correlation & Diagonal cross correlation
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ENST00000434346.1 TTS in Chr19 
total of 3,039 restraints over 620,899 possible (0.5%)

HiC experiment 
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Other stpRNA TTS in Chr19 

HiC experiment 
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RNA & nuclear architecture

CTCF ENST00000561611.2
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TTS and repetitive elements
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Staple RNA to hold DNA?



http://marciuslab.org 
http://3DGenomes.org  
http://cnag.crg.eu
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