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Context. The way proteins diffuse inside the cell and collectively interact plays an essential role for the good
functioning of the cell. Thanks to recent advances in live-cell microscopy, Single Particle Tracking (SPT)
enables the visualization of individual proteins, allowing us to investigate their dynamics and observe how their
interactions are altered under various conditions such as mutations or drug treatments. Here, we focus on repair
proteins recruited during the repair of DNA damage inside human cell nuclei. Each cell in our body undergoes
around 50 000 to 500 000 DNA lesions per day, among which 50 Double Strand Breaks (DSB). In contrast to
their low number, DSBs stand out as particularly perilous and deleterious, capable of inducing severe genomic
instability. When DNA damage occurs, repair proteins are recruited to DNA lesions forming membrane-less
condensates. Some repair condensates exhibit solid-like properties while others have liquid-like properties.

Importantly, cells harboring a mutation in one or several repair genes present defects in repair proteins
recruitment, residence time at the lesions and liquid-like properties of repair condensates. Thus the kinetics of
recruitment, the turn-over of the different proteins and the liquid-properties of repair condensates
are essential to ensure proper DNA repair and thus genome integrity. Imaging the diffusion of
molecules in living cells by SPT gives access to such information. SPT microscopy routinely generates thousands
of trajectories per experiment which need to be analyzed automatically. We have recently developed new AI-
based methods i) to improve the tracking of individual molecules observed by SPT in living cells and ii) to
quantify their diffusive behavior [1, 2, 7] (references highlighted in blue); moreover, we were ranked 1st for
the video trajectory task at the Anomalous Diffusion (AnDi) challenge 2024 (http://andi-challenge.org/
challenge-2024/#andi2leaderboard). However, extracting relevant biological information from these data
still remains challenging.

Objectives. Our ultimate goal is to propose a novel and specific method to cluster single molecule trajectories,
so that the proposed approach ensures rapidity, extraction of relevant biological information and reproducibility
of bioimage analysis.

Interdisciplinarity. Our images come from rich and original data sets produced by the FIONA team re-
searchers using SPT. Remark, that several data sets including public data, are already available for the project.
The projects aim is on the intersection between two scientific domains in which each team is already recognized
at the international level: fundamental biophysics (proteins-proteins interactions, cutting edge microscopy) and
computer science (statistical machine learning). Thus, the results of the PhD project will have impact
in both domains, namely, introducing novel mathematically sound methodology with theoretical
guarantees, and revealing new knowledge about DNA repair proteins mobility in human cells.

Justification of the scientific approach: Models, Methods, and Goals. It is problematic to apply the
modern machine learning methods, since they often rely on large, controlled, purified, and often extensively an-
notated sets. We have identified the following research directions which are interrelated to achieve our objectives
taking into consideration the particularities of microscopy data:

• Developping conformal prediction for technological invariant microscopy. We will apply and
develop novel uncertainty control methods — conformal prediction (CP) [4] — to better estimate the
reliability of each molecular trajectory, their diffusive parameters (anomalous exponent and diffusion coef-
ficient) and when relevant the time at which their diffusive behavior changes. Regarding our problem, a
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particularly interesting research direction is conformal prediction under distribution shift (detailed below).
Another promising research direction considered in the project is CP for time series and change point
detection [3], since the data we acquire from the microscope are time series.

• Developing techniques to cope with the instrument-specific shifts in data. The instrument-
specific shifts scenarios are natural in microscopy data where different laboratories use different technologies.
We will focus on a state-of-the art method to deal with shifts in data, including the multi-source and multi-
target cases, which is the optimal transport [5], extensively explored for the domain adaptation tasks.

• Developing sustainable deep learning methods. Our current architectures [1] is based on the Long
Short TermMemory (LSTM, a specific type of recurrent networks), which are particularly suited to sequence
data of arbitrary length, without requiring during training additional specific data embedding. The major
drawback of this approach is high computational complexity and slow training time. In this project, we will
focus on finding the smallest network in neural units and layers that is able to perform the task. Indeed,
rather small recurrent networks remain extremely powerful, while being faster to train and easier to design.
We will also study equivariant networks [6] encoding invariance to uniformative augmentations of data.

• Extracting relevant biological information from SPT trajectories. To make the most effective
use of these new tools, there is still an important step to take: extracting observables that are relevant
with the biological questions being addressed. Observables such as the residence times of a molecule on
a subtract, its binding frequency will for example give precious information to determine how a repair
protein interact with damaged DNA. Moreover, finding if molecule form a condensate directly from the
trajectories obtained by SPT, and being able to determine the liquid-like state of this condensates would
be a breakthrough in the field.

Link with cancer research. The FIONA team is focusing on the mechanisms of DNA repair and the effect
of anti-cancer drugs. Recently, a strong interest in PARP inhibitor has grown for the treatment of cancers,
originating from the observation that the PARP inhbitor Olaparib induces synthetic lethality in BRCA1/2
deficient tumour cells. The tools developed here will allow us to determine directly the residence time of PARP1
on damaged DNA in the presence of different PARP inhibitors, and to understand their mechanisms of action at
unprecedented resolution. We will also focus on repair proteins forming condensates, such as FUS. In particular,
the FIONA team is developing new drugs against FUS repair condensates to modulate their liquid-like properties.
The tools developed here will allow us to characterize the effect of these drugs automatically and can be used to
screen the efficacy of new condensates modulators. Our work may contribute to identify new biomarkers helping
to predict the efficiency of repair proteins inhibitors or modulators and also pave the way for new therapies.

The role of supervisors. To provide expertise and supervision in biophysics and machine learning, the PhD
will be co-supervised by Nataliya Sokolovska, Mathias Heltberg, and Judith Miné-Hattab. N. Sokolovska will
lead the project on methodological and computational issues, i.e., development and testing of novel methods.
Mathias Heltberg is a physicist with a strong interest for repair condensates and target search: his expertise will
be essential to derive biophysical observables from SPT data. J. Miné-Hattab being an internationally recognized
specialist in DNA repair, will give insights into the biological challenge of the project, provide with real data,
and evaluate the results. The PhD candidate will tightly collaborate with three supervisors.
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