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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.
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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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Chromosome walking with 
super-resolution imaging 
and modeling
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Can we walk the chromatin path in the nucleus? 

by 

Integrating imaging and Hi-C maps with modeling. 

by developing a method for 

Oligopaint-based modeling of genomes



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

Beliveau et al. Nat. Comm. 2015
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High-resolution imaging 
Tracing chromosomes with OligoSTORM & fluidics cycles in PGP1 cells
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High-resolution imaging 
Tracing chr19:7,335,095-15,449,189 ~8Mb

Cell-02 
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Representation  

Blur the atomic structure to the correct resolution by convoluting it with a Gaussian 
function that approximates the point spread function.  

 

ρ x, y, z( ) = ZN

σ 2π( )
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2σ 2

Farabella et al, J Appl Crystallogr. 2015

High-resolution imaging 
XYZ points convolution into a density map

Cell-02 · Segment 1 
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Density maps 
Cell-02 · Density map @ 50nm 

Farabella et al, J Appl Crystallogr. 2015



Structural features 
Area, Volume and Sphericity of 19 cells each with 2 homologous resolved
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Spatial arrangement 
Distance and overlap of 19 cells each with 2 homologous resolved
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Structural clustering 
19 cells each with 2 homologous and 9 segments each (342)
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987654321

Cluster properties 
A/B compartments?

987654321

PGP1 ChIP-seq and Hi-C data from ENCODE and Lieberman-Aiden Lab, respectively
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Cluster properties 
A/B compartment properties
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Can we walk the chromatin path in the nucleus? 

YES! 

Can we increase the resolution of our data? 

by fitting 3D models based on Hi-C interaction maps



Increasing resolution 
Rigid body fitting 3D structures based on Hi-C data

Serra, Baù, et al. PLOS CB 2017 
http://www.3DGenomes.org

Farabella et al, J Appl Crystallogr. 2015 
Roseman, 2000; Wriggers & Chacon, Structure 2001

Segment 1 3D models 
- Masking the surrounding density:

• Fitting other components and masking.

• Normalised Local Cross-Correlation function (LCCF)

Improved scoring functions

Programs: 

DOCKEM, EMfit, NMFF, Mod-EM
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Increasing resolution 
Flexible fitting 3D structures based on Hi-C data

Simulated Annealing 
Molecular Dynamics

Conjugate Gradient

CCC

Clashes

0.5

50403020100
0.0

1.0

Cycle

Log10(N
orm

alized H
i-C interactions)0



Increasing resolution 
Flexible fitting 3D structures based on Hi-C data
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Chromosome walking path @10Kb resolution



CHROMOSOMAL DNA 
COMES INTO FOCUS

Imaging techniques to probe the shape of chromatin are revealing
the dynamism of the DNA–protein complex.

B Y  J E F F R E Y  M .  P E R K E L

Molecular models suggest that chro-
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 Dalí. 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 puzzle1. 
The resulting multi coloured image resembles 
one of the melting clocks in Dalí’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 heterogeneity2. The chromosomes in 
that study look more like space-filling pro-
tein models, and when the team overlaid 

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.” 

A DEEPER LOOK
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 

This multicoloured image of chromatin was created using multiplexed fluorescence in situ hybridization and super-resolution microscopy. 
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3D structural dynamics of the 
SOX2 locus activation

Marco di Stefano 
Ralph Stadhouders 
with Graf Lab (CRG, Barcelona)

Photo by David Oliete - www.davidoliete.com

Nature Genetics (2018) 50 238—249 & BioRxived



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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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

How does these structural rearrangements interplay with the 
transcription activity? 

What are the main drivers of structural transitions? 

Bα PSCD2B cell D4 D6 D8



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



Models of reprogramming from B to PSC 
The SOX2 locus

Bα PSCD2B cell D4 D6 D8



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
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SOX2 locus dynamics changes from B to PSC 
SOX2 displacement



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

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

Germier ,T., et al,  (2017) BIophys J.
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Transcription affects the 3D topology of 
the enhancer-promoted enhancing its  
temporal stability and is associated 
with further spatial compaction. 
  
Chen ,T., et al, (2018) Nat. Genetics



Structural changes from B to PSC 
Other 10 loci

Bα PSCD2B cell D4 D6 D8 Bα PSCD2B cell D4 D6 D8
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Dynamics of gene activation 
Trends in all 11 loci
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A “hit-and-stick” model for transcriptional activation

Time and expression levels

free to move hit stick
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