A mechano-optical microscope for studying force transduction in living cells

Main Proposer: Roderick Lim Co-Proposer: Ernst Meyer
Biozentrum and the Swiss Nanoscience Institute Dept. of Physics
University of Basel University of Basel
roderick.lim@unibas.ch ernst.meyer@unibas.ch

1. Current State of Research in the Field:

The nanomechanical properties of cells play an important role in many biological processes including cell
differentiation, proliferation, and tissue organization. This largely derives from a complex network of
cytoarchitectural elements that act in harmony to exert forces, resist compression, and to respond to
microenvironmental changesH. Force transduction pathways span integrins that bind the extracellular matrix,
to focal adhesions and cytoskeletal elements such as actin, microtubules and intermediate filaments, to nuclear
membrane proteins such as the LINC complex that transduce nanomechanical signals into the nucleus, as one
mechanically coupled system4. This can in turn modulate nuclear transcriptional programs leading to

differentiation of various cell typess.

The atomic force microscope (AFM) has emerged as a powerful tool to quantify cellular nanomechanics at the
cellular and molecular level® (Fig. 1). Nevertheless, in the context of in vivo cellular studies, AFM is limited in
terms of resolving (i) the biochemical identity of biological structures, (ii) subcellular structures, and (iii) their
dynamic responses to external force. To circumvent these limitations, AFM is often combined with
fluorescence microscopy to image cellular shape and labeled cellular proteins while making force
measurements. However, this typically provides “in-plane” (XY) views of the sample parallel to the surface
plane. Yet, the most significant cellular deformations and cytoskeletal rearrangements are aligned

perpendicular to the surface plane (XZ). Hence, specific sub-cellular conformational changes along the loading

direction can be directly correlated to the applied AFM load by fluorescence imaging in the XZ plane. This will
enable us to dissect and assign the mechanical contributions of the intra- and inter-cellular components to

mechano-phenotypes of living cells’.

2. Research Proposal
Here, together with Prof. Ernst Meyer, we will build a “mechano-optical microscope” (MOM) that fully

synchronizes AFM and optical measurements of live cells. Previously, the Lim Lab had developed an atomic

force microscope (AFM)-based diagnostic apparatus known as ARTIDIS® (“Automated and Reliable Tissue
Diagnostics”; U.S. patent 8,756,711) that correlates local indentation-based stiffness measurements across
entire tissues®. The Meyer lab is a world-leading expert in developing ultra-sensitive AFM instrumentation to
study nanoscale friction and nanomechanical forcesg.

The MOM will fully integrate an AFM onto a spinning disk confocal microscope that was recently acquired by
the Lim Lab featuring FRAP (fluorescence recovery after photobleaching) and a laser ablation system. The latter
will be used as a nanosurgical tool to cut single cytoskeleton fibers or particular structures of cells™ to
investigate pre-tension based on the recoil and relaxation of those structures. In parallel, we want to

understand how forces generated by dynamic (AC) indentation and shear stress are transduced within cells.

Subsequent experiments include:

(1) In collaboration with Dr. Marija Plodinec@Dept. Pathology, University Hospital Basel, we will apply a
model epithelium (Oertle et al, “An in vitro epithelium that bears the mechanobiological hallmarks of living
tissue”, to be submitted) to quantify and discriminate how actin, IFs, and microtubules, respectively,
contribute to cellular mechanics'* at the sub-cellular level.



(2)

The cytoskeleton spans the entire cell from the plasma
membrane to the nucleus to provide structural stability as

12,13 .
. We will trace how fast

well as to relay mechanical signals
and how strongly mechanical forces that transduce from the

cell surface induce nuclear deformations.

We will resolve specifically modulated changes to the
cytoarchitecture by introducing tumorigenic mutations to
actin and IFs (i.e.,, using GFP constructs via transient
transfection“) and compare the nanomechanical response of
transfected and non-transfected cells in terms of (1) and (2).

Our long term goal is to construct a multi-scale rheological
model® that correlates cellular mechanics to the interplay
between the microenvironment, nucleo/cytoarchitecture,
and the protein linkages between them.

Fig. 1: High-resolution AFM force map reveals

subcellular structures in live MDCK cells with
intercellular junctions clearly resolved. The image
consists of 128 x 128 force curves. Pixel resolution
=240 nm. Scale bar = 10 um (Oertle et al.)
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