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The Usher 2 complex is essential for the development of hair cells, the sensory cells of hearing.
However, its molecular organization and physiopathology are poorly understood. In the 3DUsher, we
propose to implement innovative and cutting-edge imaging technologies to characterize in situ the
Usher 2 complex. The PhD student will use high resolution fluorescence nanoscopy and cryo-electron
tomography, two complementary approaches to describe the native Usher 2 complex at nanoscale
resolution.
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1. Background

The sense of hearing requires highly specialized sensory cells (hair cells) in the cochlea of the inner
ear. At the apical surfaces of hair cells, three rows of actin-filled stereocilia are connected by different
types of extracellular links. During hair cell development, the hair bundle harbours transient links called
ankle links. Most of the proteins that form these anchoring densities are called Usher 2 proteins, as
mutations altering their function cause the Usher syndrome, that is the most common form of
hereditary hearing-vision loss in humans. The long extracellular domains of two large transmembrane
ADGRV1 and usherin build the core of the ankle links and their cytoplasmic domains are connected to



P) INSTITUT
YETTR =g
EDUCATION PARIS UNVERSITY

{ 9 INSTITUT
PASTEUR

the scaffold cytoplasmic proteins whirlin and PDZD7, that in turn associate to actin-binding proteins,
thus strongly anchoring the system to actin filaments.

2. Hypothesis and scientific question

We propose a dual role of the Usher 2 complex, structural and signaling, that is critical for proper
development and ultimately hair cell survival. The genetic and physiologic basis of Usher 2 syndrome
are well described. However, its underlying molecular basis is poorly understood. The molecular
organization of the long extracellular links formed by the Usher 2 proteins remains uncharacterized
and the submembrane interactions have been only investigated in vitro, by Teaml. The
characterization of the molecular organization of the ankle link complex in situ would have a potential
impact on Usher 2 diagnosis, and a better understanding of the physiopathology.

3. Specific objectives

With this project, we want to address the general structure in situ of the native ankle-links complex,
then define the domains that organize and maintain the functional cohesion of this complex, and then
understand the impact of the Usher 2 mutations in pathological processes. We propose to combine
innovative imaging approaches using cryo-electron tomography (cryo-ET) and stimulated emission
depletion nanoscopy (STED) on mouse cochlea samples to collect images of ankle links at a resolution
of tens of nanometers. STED and cryo-ET provide complementary information knowing that sample
preparations are different (fixed entire cochlea, or slices of cochlea after high pressure freezing), with
or without fluorescent labelling, and at different resolutions.

R&T added value of the co-direction of this project (max 1,000 characters including spaces)
This project brings together a team of two accomplished researchers with highly complementary
expertise to achieve the goals laid out in this proposal. A. Sartori-Rupp has a recognized expertise in
experimental cryogenic electron microscopy and tomography development and application acquired
in world-class laboratories. She has developed and setup at Institut Pasteur original cryo-CLEM
pipelines to address in situ structural biology questions, that can be applied both to isolated cells and
to more complex multicellular systems. N. Wolff is expert in protein biochemistry and biophysics, is
working since many years on the Usher syndrome and the molecular mechanisms of hearing, and has
recently developed advanced workflow of cochlea sample preparations for in situ characterization by
microscopies. Preliminary critical data have been already obtained concerning the two approaches of
this project to ensure the smooth running of the PhD program (two color STED images, specific
antibodies against Usher 2 proteins, dissection, chemical fixation, high-pressure freezing of cochlea
and lift-out procedures). The preparation of samples (cochlea dissection, immunofluorescence, HPF
and preparation of tissue blocks), will be supervised by the Wolff’s team as well as the STED acquisition
(in collaboration with Gaél Moneron and D. DiGregorio team), while the acquisition and the processing
of the Cryo-electron tomograms will be done under the supervision of Anna Sartori-Rupp and the
Nanolmaging Core Facility (NCF). The NCF - the cryo-EM facility of Institut Pasteur - is equipped with
cutting edge systems from sample preparation to microscopy imaging that include all the advanced
tools necessary to carry out the project. Therefore, the student will benefit from the experimental and
theoretical expertises of the two teams that will work in strong synergy and complementarity to tackle
this exciting and ambitious PhD project.

Organisation of the project among partners (work packages, roles and communication;

max 1 page)

The project 3DUsher is organized in two main work packages. The first one aims at characterising the
Usher 2 complex in entire mouse cochlea over time using super resolution fluorescence nanoscopy
STED. The second work package is dedicated to the ultrastructural characterization of Usher 2 complex
at sub-nanometric resolution in 3D using cryo-ET on cryo-lamellae of cochlea. The two tasks of the
project involve euthanasia of animals, which requires specific ethical authorization already validated
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(CETEA N°200007). N. Wolff from Team Pasteur is trained as designer for projects on animals, including
mice.

Workpackage 1 /n situ imaging of ankle links by high resolution fluorescence nanoscopy

Although ankle links localization between stereocilia is crucial for the morphogenesis of the hair
bundle, the nanoscale distribution of ankle links has not been examined. This is in part due to the limit
of resolution of conventional confocal fluorescence microscopy (~¥200nm), largely used in the field. In
order to bridge the gap of spatial resolution between electron microscopy and diffraction-limited
confocal microscopy, we will perform multicolor super-resolution imaging of ankle links at ~30 nm
spatial resolution on hair bundles of whole mouse organ of Corti explants. STED nanoscopy will be
used, maintaining the advantage of the user-friendliness and multi-molecular specificity of
fluorescence microscopy.
We have already validated a series of specific antibodies against ADGRV1 and PDZD7. We have also
produced several nanobodies (fragments of antibodies (20 kDa) produced by alpagas) specifically
directed against different region of ADGVR1; they constitute small fluorescent probes after their
labelling to fully benefit from the resolution of STED technology. Promising two color STED images of
hair bundles have been collected revealing the distribution of ADGRV1 that provides important insights
into the connection patterns between stereocilia from parallel rows, impossible to infer from the
confocal counterpart image. Tools will be developped to analyze 2D cross-sections, or 3D stacks, and
guantify the locations (distances and angles) of the Usher 2 proteins relatively to the closest stereocilia,
along the stereocilia, and as a function of the positions of stereocilia in the hair bundle (WP1.1). All
optimizations will be first performed on mice organ of Corti samples at P5 (post-natal) stage. We will
also explore the evolution of the USH2 complex over time, currently only partially and poorly
described, between P5 and P25 stages (WP1.2). STED experiments are performed in collaboration with
Gaél Monéron, Synapse and Circuit Dynamics Unit, Institut Pasteur (Head: David DiGregorio).

Workpackage 2 Ultrastructural organization of Usher 2 network in cochlea using cryo-ET

The overall goal of this package is to study the (near) atomic-resolution details of the Usher 2 complex
within its intact native cellular and tissue environment by employing advanced cryo-electron
microscopy (cryo-EM) imaging workflows based on cryo-ET coupled to fluorescent microscopy and
high-resolution image processing. These cutting-edge methods, recently established at the cryo-EM
facility of Institut Pasteur, will provide invaluable 3D information with sub-nanometer resolution on
the structural organization of intact stereocilia and of the Usher 2 complex at the tissue level. The
protocol of cochlea preparation for cryo-EM observations has been already established. Pieces of
dissected cochlea are chemically fixed, immunolabelled without permeabilization and then rapidly
frozen at high pressure and low temperature to preserve cellular ultrastructure. We have controlled
the integrity of hair cells and ankle links by freeze substitution/transmission electron microscopy of
resin embedded samples and by fluorescence in cryogenic conditions. The novel procedure to cut and
isolate the frozen block of tissue of interest in areas targeted by fluorescent labelling of stereocilia
components has been already successfully conducted. The throughput of the workflow needs to be
increased by refining the targeting precision and including a higher degree of automation (WP2.1).
Data collection of images for tomographic reconstructions is planned according to established
procedures using the Glacios 200kV and Titan Krios 300kV cryo-electron microscopes (WP2.2). The
images will be then subsequently aligned and reconstructed to generate 3D tomograms. The high-
resolution structure of the Usher 2 complex and of its associated partners in situ will be determined
by aligning and averaging multiple copies of the targeted structures using computational sub-
tomogram averaging approaches (WP2.3).
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R&T candidate background required for developing the project

Ideally, the R&T candidate should seek solid foundation in protein chemistry, cell and molecular biology. Previous
hands-on experience in EM and/or cryo-EM will be a plus. A genuine enthusiasm for advanced microscopy
techniques will be essential for the successful development of the project.
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