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Evidence that cells are exposed to
mechanical forces

* Bone and muscle need forcesto -+ 2 ;
grow

* Endothelial cells are constantly » g | ——
exposed to shear stress | 7 R

 Cartilage and bone cells are
constantly exposed to
compression

 Hair cells (inner ear) sense sound
and position via changes in
physical forces to their cilia

https://www.nature.com/articles/nrn1828
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https://auditoryneuroscience.com/ear/dancing hair cell
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Main types of mechanical forces
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Stiffness and density of substrate

https://www.nature.com/articles/s41592-018-0015-1
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Mechanotransduction
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Mechanotransduction is the conversion of mechanical force into a biochemical signal
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https://www.science.org/doi/epdf/10.1126/science.aaz0868
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A good example of mechanotransduction
can be observed everyday In the lab: cell
spreading after seeding.

It Is well established how this happens



a Initial cluster formation b Initial actin polymerization ¢ Contraction

Integrins are activated Actin polymerization Myosin recruitment
- Contraction and flattening of the cell

https://pubmed.ncbi.nim.nih.gov/25355507/
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d Forces activate actin assembly factors

Formin

' ". : actlvatlon

qchvation

Activation of Rac1
- More actin polymerization

e Actin assembly

Increased contractility

f Membrane tension activates contraction

Membrane tension

- sensor?

https://pubmed.ncbi.nlm.nih.gov/25355507/
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g Rigidity sensing h Adhesion reinforcement
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Cells increase their surface area in response
to stiffness

Cell area (pm?)

https://pubmed.ncbi.nim.nih.gov/31751165/ 0 5
Substrate stiffness (kPa)
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The type of matrix affects the response of cells to
stiffness - biochemistry and physics collaborate
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FIGURE 4. Integrin ligand dependence of response to substrate
stiffness. Area of LBC3 human gloma cells on polyacrylamide gels
coated with collagen | or laminin compared with area on glass after
24 h. [From Pogoda et al. (173).]

https://pubmed.ncbi.nIm.nih.gov/31751165/
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Dimensionality at the supracellular scale
affects cell differentiation

A A65-nm line of meroury lamp B c
gg Transparancy photomask 6,\“
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https://pubmed.ncbi.nlm.nih.gov/29349300/
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Dimensionality also works at the cellular
scale

Nuclear YAP/TAZ (%
/ . n 0O (%)
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https://www.nature.com/articles/nature10137
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YAP/TAZ mechanotransduction is
independnet of the Hippo pathway
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https://pubmed.ncbi.nlm.nih.gov/21654799/

The Hippo Pathway signal via YAP/TAZ to
mediate contact inhibition (via LATS)
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Mechanotransduction regulates cell fate
decisions
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All the exmples above are about tension.
What about Stiffness?




YAP/TAZ mediates response of cells to
stiffness

b

Nuclear The Hippo Pathway signal via YAP/TAZ to
40 kPa 0.7 kPa YAP/TAZ (%) mediate contact inhibition (via LATS)
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Mechanotransduction regulates cell fate

decisions via YAP/TAZ
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Cells probe the stiffness of their surrounding
with filopodia to “decide” whether to spread

A
6.5x6.5um
islands
45.5x19.5um Stiff or Soft
island hydrogel (6.5um

gaps between
istands)

Stiff

https://www.pnas.org/doi/epdf/10.1073/pnas.1412285111
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Cells do not only respond to stiffness of their
surrounding. Their own stiffness also matters



How to measure cell stiffness

Whole cell scale Local scale
nanometer-sized
A Micropipette D A { e s H
Aspiration — | & pobe
cells as a probe

=@

B Optical stretcher Passive rheology

E : .
) e

C Microfluidics

Active rheology
F  Magnetic Optical
field tweezers

https://pubmed.ncbi.nlm.nih.gov/28244605/
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Are cancer cells really softer than

normal cells?

Charlctte Alibert*t, Bruno Goud*{ and Jean-Baptiste Manneville*t'

“Institt Cure. PSL Rasaach Untvarsty, CNAS. UMR 134, Parts, Frareo  ond T Sorborms Unners2es, UIPMC Urivessity Pars 06, CHNRS,

LUMR 14, Paria, France

https://pubmed.ncbi.nlm.nih.gov/28244605/
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Cancer cells really appear to be softer
than normal cells

Palpartion is often the first and simplest way to detect
a tumour, for instance in breast tissues, before a more
reliable diagnosis by biopsy. It is well accepted that
tumour rissues, at the scale of the whole organ, are
stiffer than their normal surrounding environment.
Working with entire mammary gland, Levental er al.
(2009) showed that the elastic modulus of the tissue
indeed increases with tumorigenesis. However, at the
level of the single cell, as discussed in section “Why
may cancer cells be softer than normal cells?’, several


https://pubmed.ncbi.nlm.nih.gov/28244605/

Mechanobiology is mostly studied in the

Force by the solid/elastic elements
within a tumor (ECM and cells).
Ranges from 0.7 kPa in Glioma to
10 kPa in pancreatic cancer.

Chemotherapy reduces solid stress
(less cells = less solid stress)

Mediated by the arrangement of
fibers in the ECM and by the loss of
normal tissue architecture.

context of cancer

Solid stress

Microarchitecture

Fluid pressure

Stiffness

Through leaky vessles, or
alterations of lymphatic drainage.
The range ist between 1-5 kPa.

Also includes shear stress

Also known as “elasticity”. Mainly
through enhanced ECM production
in tumors.

Ranges from 1kPa for brain tumors
to 70 kPa in cholangiocarcinoma

https://www.science.org/doi/epdf/10.1126/science.aaz0868
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What is a mechanosensor?

- A protein that converts a mechanical
force into a biochemical signal

One of the best understood mechanosensors
are PIEZO channels
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https://www.frontiersin.org/articles/10.3389/fphys.2022.1039714/full
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Cell

PIEZO2 in somatosensory neurons controls
gastrointestinal transit

Graphical abstract Authors
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https://pubmed.ncbi.nlm.nih.gov/37541196/
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Loss of Piezo2 in proprioceptive
neurons results in spine malalignment

and hip dysplasia.



Excessive mechanotransduction in sensory neurons
causes joint contractures

SHANG MA ™ (ADRIENNE E DUBIN, LUIS O ROMERD ™ | MEAGHAN LOUD, ALEXANDRA SALAZAR SARAH CHU ™  NIKOLA KLIER ™ SAMEER MASHI

VUNKXIAD ZHANG ™ ,[..] AND ARDEM PATAPOUTIAN +5 authors Authors Info & Affiliations

SCIENCE -« 12 Jan 2023 + Vol 379 lssus 6628 « pp 201206 « DOL 10.1126/science add3508




The primary cilium participates in sensing
shear stress
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Shear stress activates lipolysis = Energy to drive Na-uptake

https://www.nature.com/articles/s41556-020-0571-3
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Main types of mechanical forces
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https://www.nature.com/articles/s41592-018-0015-1
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Cells encounter confined environments in vivo

'@ Aligned, bundled ECM - ~Tumour b Fibrillar collagen
coliagen fibres e 5 cell
| / - o ——
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e & : ' PR endothelial
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We know from intravital imaging that cells encounter “pores” or
“channels” with diameters between 1-30 um in diameter

https://www.nature.com/articles/nrc.2016.123
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Confined vs. unconfined migration
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NSC= inhibitor of Rac1
Y-27632 = inhibitor of ROCK =
reduces contractility

Confined migration does not need
Rac1, but rather contractility.
Unconfined migration is the
opposite.

https://pubmed.ncbi.nim.nih.gov/23979717/
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Confined migration does not need Rac1 in
channels

However, it is different in 2D confinemnet



2D confinement
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Inhibiting Rac
polarization blocks
the migration of cells

https://pubmed.ncbi.nIlm.nih.gov/32641972/
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Confinement affects cell behavior
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https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7193100/
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Determinants of cell migration in confinement
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So far, we only talked about
mechanosensing and mechanotransduction
at the cell surface

What about intracellular organelles?
Which organelle would you chose for your
quest for intracellular mechanobiology?
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Mechanobiology is also linked to secretion



The secretory pathway

Golgi apparatus
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Cells on micropatterns




Forcing cells to grow on large pattens increases ERES
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Mechanotension accelerates ER-Golgi transport in
a Rac-dependent manner

RUSH assay




Blocking ERES function prevents cells from
spreading on large micropatterns
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Cell with disrupted
ERES function

Control cell
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Assay for membrane integrity




ERES function confers resistance to mechanical stress

Stretch 20 min

Disrupted
ERES

Pre-stretch Stretch 0 min Stretch 20 min
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Is confinement only sensed at the plasma
membrane?

RESEARCH ARTICLE SUMMARY
CELL BIOLOGY

The nucleus acts as a ruler tailoring cell responses

to spatial constraints

A. ). Lomakin® {1, C. L. Cattin{, D. Cuveliers, Z. Alrpies$, M. Molina, G. P. F. Nader, N. Srivastava,

P. J. Sdez, J. M. Garcia-Arcos, . Y. Zhitnyak, A. Bhargava, M. K, Driscoll, E. S, Well, R. Fiolka, R. J, Petrle,

N. S. De Silva, J. M. Gonzalez-Granado, N. Manel, A. M. Leanon-Duménil, D. J. Miiller*, M. Piel"

https://pubmed.ncbi.nlm.nih.gov/33060332/
https://pubmed.ncbi.nlm.nih.gov/33060331/

RESEARCH ARTICLE SUMMARY

The nucleus measures shape changes for cellular
proprioception to control dynamic cell behavior

Valeria Venturini, Fabio Pezzano, Frederic Catala Castro, Hanna-Maria Hikkinen,

Senda Jiménez-Delgado, Mariona Colomer-Rosell, Monica Marro, Queralt Tolosa-Ramon,
Sonia Paz-Lépez, Miguel A, Valverde, Julian Weghuber, Pablo Loza-Alvarez, Michael Krieg,
Stefan Wieser*, Verena Ruprecht”
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Response of cells to confinement (squeezing)
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Rapid myosin recruitment to the cell surface
upon squeezing




Rapid myosin recruitment to the cell surface
upon squeezing > Force-response curve
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Via a pharmacological screen they identified
the ER/NE as relevant cellular compartments

100 A Perturbations:

801 -T PM tension/[Ca*]_,
Z 60 - @ E é ER/NE tension/[Ca?],
"
< 1

ol = =

55 _

0

DMSO DOCL Gd* BAPTA AA 2APB BAPTA-AM ML7

DOCL= deoxycholate. Reduces plasma membrane tension

Gd= gadolinium (lll) cholride. Inhibits mechanosensitive plasma membrane channels
BAPTA= chaleates calcium extracellularly (-AM is for intracellular calcium)

AA= AACOCEF3. Inhibits cPLA2

2APB= Xestospongin. Inhibits stretch-activated IP3 receptors in the ER



No evidence for nuclear rupture
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Confinement induces the production of
arachidonic acid - cPLAZ2 is activated
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Confinement-induced membrane blebbing
requires the presence of the nucleus

HelLa Kyoto
MYH9-eGFP Lifeact-mCherry

5 s interval
20-10-5 uym confinement

Nucleated cell Enucleated
cytoplast

Sum




Confinement-induced membrane blebbing
requires the presence of the nucleus

HelLa Kyoto
MYH9-eGFP
Lifeact-mCherry
DAPI

5 s interval

2um confinement

10um




Confinement-induced migration of DCs is
dependent on cPLAZ

SIRNA control
4um confinement

Dendritic cells
Lifeact-GFP

2-minute interval

40 min. after confinement
25um




Nuclear mechanosensing is relevant for cancer
cell migration

30 1 Melanoma cell chemotaxis through 3D dermal collagen
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e Nuclear membrane stretch
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Cortical actomyosin contractility




Thank you for your attention



