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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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TADbit: Hybrid Method

D Baù and MA Marti-Renom Methods 2012; F Serra, D Baù and MA Marti-Renom PLoS Comp Biol 2017;
MDS and MA Marti-Renom, Restraint-Based Modeling of Genomes and Genomic Domains 2019.



Novel developments in hybrid methods
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Dynamics of gene expression

MA Marti-Renom 
CRG

T Graf
CRG

MDS et al., bioRxiv 2019



Reprogramming from B to PSC
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Hi-C maps of reprogramming from B to PSC

Bα PSCD2B cell D4 D6 D8

0 

0.2 

0.4 

0.6 

0.8 

1 

1.2 

D2 D4 D6 D8 PSCBαB

ex
pr

es
sio

n 
(P

SC
=1

)

Oct4 Nanog Sox2 

In situ Hi-C data: R Stadhouders, E Vidal…T Graf Nat. Genet. 2018.



How does these structural rearrangements interplay with 
the transcription activity?

What are the main drivers of structural transitions?

We use Hi-C data and steered molecular dynamics simulations of coarse-
grained chromatin models to study the structural transitions

Bα PSCD2B cell D4 D6 D8

Hi-C maps of reprogramming from B to PSC



TADdyn modelling: initial conformations

Optimal TADbit parameters
lowfreq=0, upfreq=1, maxdist=200nm, dcutoff=125nm,

particle size=50nm (5kb)

SOX2
SE



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

Harmonic HarmonicLowerBound

Bα PSCD2B cell D4 D6 D8

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



Bα PSCD2B cell D4 D6 D8

Harmonic HarmonicLowerBound

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



Bα PSCD2B cell D4 D6 D8

Transition Stable Vanishing Raising
B -> B𝛼 3.271 1.575 1.730

B𝛼 -> D2 3.386 1.615 1.597
D2 -> D4 3.473 1.510 1.488
D4 -> D6 3.704 1.257 1.766
D6 -> D8 3.890 1.580 1.432
D8 -> ES 3.989 1.333 1.592

Harmonic HarmonicLowerBound

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

Number of Harmonics



SOX2 locus structural changes from B to PSC
Contacts
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SOX2 locus structural changes from B to PSC
Structural exposure
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SOX2 locus structural changes from B to PSC
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SOX2 locus structural changes from B to PSC
Displacement of the TSS

TSS particle positions during the TADdyn dynamics
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We divided the trajectory in groups of 50 time steps, and 
compute the convex hull volume of these groups of points.

SOX2 locus structural changes from B to PSC
Displacement of the TSS
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The trajectories are divided between the expressed (red) and not-expressed (blue) stages.

SOX2 locus structural changes from B to PSC
Displacement of the TSS
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SOX2 locus structural changes from B to PSC
Displacement of the TSS
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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

T Germier & K Bystricky Biophys J 2017
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activity. Namely, Burkholderia parS DNA sequences were included 
in the reporter gene, nucleating the binding of ParB-GFP fusion 
proteins (Fig. 1a).

Using three-color time-lapse confocal microscopy, we captured 
stacks of optical sections of the surface of two-hour-old (nuclear 
cycle 14, nc14) embryos carrying the tagged eve locus and the 
parS-homie-evePr-PP7 reporter (Supplementary Video 2). In these 
stacks, we can clearly identify individual fluorescent foci in 70–100 
nuclei simultaneously (Fig. 1b). In the blue channel, we observed 
the endogenous transcriptional activity of the eve gene in its charac-
teristic seven-striped pattern. This pattern is quantitatively identi-
cal to that observed from the endogenous eve gene (Supplementary  
Fig. 2c–g, Supplementary Video 1). In the green channel, we observed 
parB foci in all nuclei of the developing embryo, tracking the posi-
tion and the movement of the reporter locus (Fig. 1b). Finally, in the 
red channel, we observed the reporter’s transcriptional activity in a 
subset of nuclei within the (blue) eve stripes (Fig. 1b), consistent with 
our results from fixed embryos (Supplementary Fig. 1b).

These three florescent foci thus provide the means to measure 
the physical distance between the enhancers and the reporter, as 
well as to monitor the reporter’s transcriptional activity. To ascer-
tain our ability to accurately measure these properties, several 
control experiments were performed. To estimate the precision of 
our distance measurements, we generated a synthetic construct 
(localization control) in which all three fluorescent proteins are 
co-localized within a genomic distance of 2.0 kb (Supplementary 
Fig. 3a). By analyzing embryos carrying this construct, we were 
able to calibrate chromatic aberrations from the microscope and 
to estimate measurement errors in spot localization (180 ±  6 nm 
(mean ±  s.e.m.), that is, ~75 nm in the x/y directions and ~150 nm 
in the axial direction, see Supplementary Fig. 3b–h). Our optical 
resolution measured from diffraction-limited multi-color fluores-
cent beads is 20 nm in the x/y directions and 50 nm in the axial 
direction (Supplementary Fig. 3b–h). Thus, measurement error 
originating from optics only accounts for ~10% of the variance in 
our distance measurement.
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Fig. 1 | Three-color live imaging of enhancer–promoter movement and transcriptional activity. a, Male flies carrying the modified eve locus are crossed 
with females carrying maternally expressed blue, red and green fluorescent proteins that are fused to MS2 coat protein (MCP), PP7 coat protein (PCP), 
and ParB DNA binding protein, respectively. In the male flies, a reporter with an eve promoter (evePr) driving PP7 transcription is integrated at − 142!kb 
upstream of an MS2-tagged endogenous eve locus in the Drosophila genome. An ectopic homie insulator sequence is also included in the reporter to force 
loop formation through homie-homie pairing. Furthermore, a parS sequence is integrated near the homie-evePr-PP7 reporter. b, Snapshot of a representative 
embryo generated from crosses shown in a. The embryo displays fluorescent foci for MS2, PP7, and parS in the corresponding channels. c, Eight snapshots 
of a time course following two nuclei for ~4!min. The lower nucleus displays PP7 activity (Red-ON), the upper has none (Red-OFF). d, Instantaneous 
physical enhancer–promoter distance between endogenous eve enhancers (blue signal) and the PP7 reporter (green signal) as a function of time for the 
Red-OFF and Red-ON nuclei in c. Error bar corresponds to measurement error estimated from the co-localization control experiments (see Supplementary 
Fig. 3). e, Population-averaged MSD calculated from enhancer–promoter distance trajectories obtained from all Red-ON (n!=!720) and Red-OFF (n!=!7,163) 
nuclei, as well as for a control construct where homie in the reporter is replaced by phage λ  DNA (λ  control, n!=!1,453). Inset shows two representative 
trajectories for a Red-OFF nucleus (blue) and a Red-ON (red) nucleus, respectively.
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Fig. 4. Inhibition of RNA polymerase II reverses activity-associated
changes in enhancer mobility. (A) Live-cell locus tracking correlation with
multiplexed single-molecule RNA FISH. Representative images of a cell with
an inactive (top) or active (bottom) Fgf5 locus are shown. (Left) Snapshot of
live-cell imaging in grayscale overlaid with fitted Fgf5 enhancer trajectories
color-coded by frame number from 1 to 300 (corresponding to time 200ms
to 60 s). Scale bars, 5 mm. (Middle) Magnified view of the highlighted regions
in the left panel. Scale bars, 500 nm. (Right) Multiplexed smFISH of Fgf5
mRNA from the same cells. Gray channel: DAPI (4′,6-diamidino-2-phenylindole)
staining for cell nucleus; red channel: smFISH probe targeting the first
exon of Fgf5mRNA (the mCherry marker in the CARGO array is also visible);
blue channel: smFISH probe targeting the first intron of Fgf5mRNA.
Colocalized intronic and exonic smFISH signals are highlighted by arrows.
Scale bars, 5 mm. (B) Mobility of the Fgf5 enhancer correlates with nascent
transcription of the Fgf5 locus at the single-cell level. Cells were binned into
three groups according to the transcription status of the Fgf5 locus, as
measured by multiplexed smFISH and indicated at the bottom. Individual
dots represent apparent anomalous diffusion coefficients extracted from the
corresponding live-imaging tMSD data. Statistical significance is supported

by a Kruskal-Wallis test. (C) Increased mobility of the Fgf5 enhancer in
mEpiLCs is reversed by Pol II inhibition. eMSD of the Fgf5 enhancer
trajectories in mEpiLCs is shown before (blue circles) and after (red circles)
treatment with DRB, flavopiridol, and triptolide, as indicated. (D) Increased
mobility of the Fgf5 enhancer in mEpiLCs is reversed by Pol II inhibition at the
single-cell level. Anomalous diffusion coefficient of the Fgf5 enhancer is
shown for the same cells before and after the corresponding drug treatment.
Differences are supported by a pairedWilcoxon test, as indicated by P values
in the plots. (E) The stirring model provides an explanation for observed
transcription-coupled changes in themobility of cis-regulatory elements.The
ground state (slow) is characterized by subdiffusive behavior with low
apparent diffusivity governed by thermal forces.The activated (fast) state is
characterized by an increased apparent diffusivity, which may be due to
nonthermal agitation by transcribing RNA Pol II and/or its associated
ATPases. Under the assumption that the radius of a local 3D chromosomal
domain remains relatively invariant in the slow and fast states, elevated
mobility of cis-regulatory elements would lead to decreased time to the first
encounter between distally located enhancer and promoter regions, resulting
in an increased enhancer-promoter contact frequency.
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trajectories in mEpiLCs is shown before (blue circles) and after (red circles)
treatment with DRB, flavopiridol, and triptolide, as indicated. (D) Increased
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Differences are supported by a pairedWilcoxon test, as indicated by P values
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• TADdyn models show structural transition of the SOX2 region 
from an inactive state before D4 to an active state after D6. 

• TADdyn dynamics shows that the gene activation is favoured by 
the formation of a spatial cage accommodating the TSS its 
super-enhancer region.

• Once engaged by open/active regions, the gene is transcribed 
and its dynamics is spatially confined.

The take home message of Part 2
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