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Our goal is to understand the two-way relationship
between the spatio-temporal organization and dynamics
of the genome and the coordinated regulation of its
expression – through an approach at the interface
between physics, computer science and biology.

The eukaryotic genome is highly organized in both space and sequence. Preferred positions in
the nucleus are observed from whole chromosomes to single genes. This arrangement is celltype dependent, altered in response to external signals, and perturbed in cancer. Gene position
is tightly linked to expression: co-regulated genes (e.g. controlled by the same TFs) tend to show

INSTITUT CURIE, 20 rue d’Ulm, 75248 Paris Cedex 05, France | 1

Genome Functions in Space and Time
UMR3664 – Nuclear Dynamics

physical proximity even if distant in sequence and transcriptional noise patterns suggest
domain-wide regulatory mechanisms. Hence, current data indicate a complex spatio-temporal
relationship between co-regulated genes.
However, most existing experimental techniques give an incomplete picture. Fixed-cell
microscopy approaches, such as FISH, give a static snapshot of gene position and/or expression.
Live-cell approaches often reveal motion of loci without transcriptional readout. Population-level
assays (Hi-C, RNA-seq…) miss the stochastic and single-cell aspects of the problem. A true
understanding of the mechanisms underlying coordination of genes in 4D is missing, giving a
rather correlative picture where causes and consequences remain unclear. How co-regulated
genes physically behave and coordinate over time in a single nucleus remains unknown. As an
example, when certain co-regulated genes are shown by FISH to co-localize in space more
frequently than by random chance, one cannot distinguish a stable co-localization in 10% of the
cells -vs- a dynamic co-localization in every cell 10% of the time. Reality is likely in-between
these extreme situations, might be gene-dependent, and has broad implications for
understanding transcriptional coordination, cell-to-cell variability, the (meta-)stability of cell
states, and the occurrence of rare events such as those possibly leading to disease. And so do a
number of similar questions at other levels in the multi-scales organization of the genome.
Our lab combines cutting-edge single-molecule microscopy, signal-theory data analysis and
physical modeling to study how genes coordinate in space and time in a single nucleus. We are
interested in questions spanning a broad range of scales (see illustration) – from nuclear
organization to the topology of the DNA double helix. Our hypothesis at each level is that, by
acting on their microenvironment, genes shape their co-expression with other genes.

Real-time imaging of gene transcription in two colors. With MS2 and PP7 RNAlabeling, we follow the transcriptional activity of genes by monitoring the amount of
nascent RNAs being transcribed over time at individual loci of interest.
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Single-particle tracking microscopy. By
labeling proteins with ﬂuorescent dyes using the
HaloTag technologies, we can follow the dynamics
of individual proteins in the nuclear space.

Our approach relies on the combination of the three areas of expertise of the group:
Live-cell single-molecule microscopy to observe RNA and protein dynamics in real
time. We use MS2 and PP7 RNA labeling to visualize the transcripts from individual genes with
single-RNA resolution. This technique allows imaging transcription “in 4D” by monitoring
the amount of nascent RNA on genes of interest and their position/motion in the nuclear
space. We used these techniques in the past to study single-RNA synthesis and splicing
kinetics, non-coding transcription, and gene bursting (eLife 2014, Mol. Cell 2015). We also use
single-particle tracking (SPT) to observe trajectories of individual proteins in the nuclear space.
Signal-theory approaches for analyzing spatio-temporal data. We develop analytical
tools to extract information from complex trajectories and transcriptional time series – such as
the ﬂuctuation analysis technique for interpreting transcription dynamics (Meth. Enzymol.
2016, eLife 2014). From these approaches, we obtain spatio-temporal signatures that
reveal mechanistic information on the underlying processes involved in gene regulation and
genome dynamics.
Mathematical/physical modeling to understand spatio-temporal nuclear
processes. To further interpret experimental data and propose validation experiments, we
use a variety of modeling and simulation approaches – including models of resource sharing,
transcriptional dynamics, diﬀusion in constrained geometries and polymer dynamics.
Deciphering nuclear complexity in 4D will be key in the coming years to advance our structuredynamics-function understanding of genomes. Taking upon this timely challenge, we expect to
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uncover how the functional organization of the linear genome relates to its physical properties
and dynamics in 4D.
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