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CHAPTER 1

Abstract
Within a given microenvironment, the capacity of cells to respond to the various
external cues is essential for the regulation of cellular function, including adhesion,
cytoskeleton organization, proliferation or differentiation. Mechanical forces are
transmitted across multiple length scales in cells from cell-matrix adhesions at the
cell surface to structural elements in the cytoplasm and nucleus. Here, I focus on the
pathway of cellular mechanotransduction, which is the coordination of extracellular
signals from the local microenvironment to intracellular signaling pathways. In this
review chapter, I provide an overview about how these signals trigger corresponding
receptors and are transmitted into cells, and the cellular or subcellular responses to
these signals. Fundamental insights into the mechanisms of cellular mechanotransduction can be probed via the design of artificial microenvironments that help us gain
a further understanding about the mechanical coupling between the extracellular
matrix (ECM) and cells, including cell-matrix adhesions, cytoplasmic remodeling or
nuclear stability.
Key words: cell-matrix interactions, cytoplasmic mechanotransduction, nuclear mechanotransdution
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MECHANOTRANSDUCTION THROUGH THE CELL

1.1 Introduction
The mechanical properties from the ECM can be perceived by cells as stimuli to
trigger diverse biological processes, including morphogenesis in embryonic
development, cell differentiation or tissue homeostasis1-5. For example, the geometry
and stiffness of the microenvironment in which embryonic stem cells reside will lead
to concentration gradients of morphogens, and steer embryonic stem cells towards
different germ layers6. Thus, it is essential to elucidate how cells acquire and integrate
these external cues to determine cell fate and even influence tissue function.
The process of converting mechanical forces into biochemical or electrical signals
is called mechanotransduction, and enables cells to adapt to their surroundings.
These physical cues are captured via cell surface adhesion receptors and transmitted
through focal adhesions (FAs)7. Mechanotransduction is based on force-induced
conformational changes in adhesion receptors leading to the opening of ion channels
or changing of the binding rates, which then activates cellular signaling pathways,
including small GTPases, protein kinases (FAK/Src, MAPK) or heterotrimeric G
proteins8-10. Triggered by these biochemical signal transduction pathways, the transcriptional regulators of mechanoresponsive genes such as the YAP/TAZ and MKL1
will translocate from the cytoplasm to the nucleus, ultimately resulting in different
expression levels of mechanoresponsive genes11-12. Hence, any changes in the
extracellular matrix will alter the molecular forces acting on these proteins leading to
attenuated or increased mechanosensitive signal pathways.
Numerous studies have shown that the transmission of force between cell and matrix
provides a rapid and direct way to trigger cellular events. The force is transmitted
from adherent junctions or FAs to subcellular organelles via cytoplasmic or nuclear
mechanotransduction. Therefore, cellular mechanotransduction involves a large
range of participants, including adhesive ligands, collagen, fibronectin or elastin
supporting mechanical loads; cell-surface receptors including integrin, vinculin or
talin, that connect extracellular structures to the cytoskeleton; the actin cytoskeleton
that transmits mechanical signals around the cell; and the so-called linker of
nucleoskeleton and cytoskeleton (LINC) complex13-14, recognizing and transmitting
extra-nuclear signals to the interior.
Over the last two decades, multiple potential mechanisms have been proposed to
explain how external forces are distributed within the cell and regulate cell behavior.
A recent study has reported that the application of external force to cells can induce
nuclear pore stretching and increase YAP nuclear import, thereby directly converting
force into nuclear molecular transport15. These findings establish a mechanical
connection between the nucleus and the cytoskeleton, allowing forces exerted
through focal adhesions to reach the nucleus.

1
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CHAPTER 1

In this review chapter, I will focus on the various parts of the pathway of cellular mechanotransduction. I will describe how recent studies elucidate key principles underlying
cellular mechanotransduction, and how these principles are accomplished and
regulated. I will also highlight the design of artificial microenvironments and address
many of the open fundamental questions in this area.

1.2 Mechanotransduction between the cell and matrix
In vivo, cells are exposed to a complex microenvironment consisting of the ECM,
neighboring cells or growth factors. Extrinsic signals including different biochemical
(adhesive receptors, soluble proteins or secreted factors) and biophysical (rigidity,
topography or degradability) cues, provided by the local microenvironment, will lead
to a wide repertoire of cellular responses16-17. Apart from cells in the blood, most cells
in the body need to adhere to the ECM to perform their functions properly. The ECM
is not just a supporting scaffold, but instead can greatly influence cell behavior
resulting from a number of potentially influential physical properties. One such
property, the mechanical characteristics, has been increasingly recognized as key to
cellular processes. Consequently, the investigation of interactions between the cell
and the ECM is the first step to answer the question how mechanical properties
couple with the cell and modulates cellular responses. In this section, I will review
recent studies about the regulation and activation of elements involved in mechanotransduction between cell-matrix, including adhesive ligands from the ECM, adhesion
receptors (integrin) and adaptor proteins (talin, vinculin etc.) (Figure 1.1a).

1.2.1 Adhesive ligands
The native ECM is composed of hundreds of proteins, such as collagens, proteoglycans and glycoproteins, constantly interacting with cells by serving as adhesive
ligands for cell receptors, thereby transmitting extracellular signals22-23. Collagen has
long been known to anchor cells directly to the substrate and is widely used for
studying cellular mechanotransduction in vitro. Physical properties of collagen gels24,
including stiffness and topography, can be simply tuned by polymerization
concentration18, 25-26, temperature27-28and pH29. Researchers have found that the
influence of the physical properties of collagen gels on cell behavior is controlled by
the density and distribution of collagen ligands, instead of rigidity. Increasing the
concentration of collagen from 1 to 4 mg/ml will greatly promote cell spreading and
migration via decreased matrix porosity (more anchoring sites) (Figure 1.1b)18, 30.
Similar cell morphology is demonstrated under the same collagen concentration
regardless whether or not the matrices have been stiffened chemically18. Besides,
collagen ligands density and mechanical properties of local collagen fibers can also
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Figure 1.1. Adhesive ligands density or distribution regulate cell behaviors. (a) Schematic
graph showing the interaction between cell and matrix. (b) Collagen matrices with varying
concentration of collagen ligands influence cell spreading18. (c) Collagen matrices with varying
distribution of collagen ligands influence cell fate19. (d) Recruitment of synthetic soft fiber
networks increases local adhesive ligand density contributing to cell spreading20. (e) At least 4
RGD ligands are needed within 60 nm to support cell spreading21.

be precisely controlled and varied independently of each other via the polymerization
temperature. By decreasing the polymerization temperature, collagen gels formed at
the same concentration show increasing fiber stiffness and similar initial ligand
density. The increased local fiber stiffness will withstand fiber recruitment induced by
cell pulling and limit the enhancement of surrounding adhesive ligands, leading to a
decline in spreading, proliferation and osteogenic differentiation of mesenchymal
stem cells (Figure 1.1c)19, 31.
In order to cover a wide range of biologically relevant stiffnesses (from a “liquid-like”
gel to a “solid-like” elastomer)32, synthetic materials such as polyacrylamide (PAAm)33-34,
polydimethylsiloxane (PDMS)32, 35, and polyethylene glycol (PEG)36 have been
extensively used to study cellular mechanotransduction. As most of these materials
are not normally cell-adhesive, adhesive ligands are attached to these materials by
coating collagen/fibronectin or binding RGD-peptides to the surface. Many previous
studies have reported that cells, such as smooth muscle cells (SMCs), epithelial cells
fibroblasts, or human mesenchymal stem cells (hMSCs), showed maximal spreading
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on stiff gels coated with intermediate collagen or fibronectin densities. However on
soft gels, cells were relatively unresponsive to ligand density as demonstrated by
their reduced spreading and actin organization37-40. Trappmann et al. further found
that the spreading and differentiation of hMSCs were unaffected by PDMS stiffness
but regulated by the elastic modulus of PAAm. They proposed that PAAm gels of low
elastic modulus were more porous than stiff gels leading to different collagen tethering
sites, thereby influencing cell-fate decisions33. In order to recapitulate cell–matrix
interactions precisely, Baker et al. designed a synthetic fibrous material (methacrylated
dextran coupled by RGD) with tunable mechanics and user-defined architecture by
electrospinning, instead of flat hydrogel surfaces. They found that soft electrospun
fibers permitted active cellular forces to recruit nearby fibers, dynamically increasing
ligand density at the cell surface and promoting the formation of focal adhesions and
related signaling (Figure 1.1d)20. In order to regulate ligand density effectively, the
ligand demand for a cell spreading adhesive unit has been quantified. On a 2D
surface, adhesions failed to develop on rigid substrates when RGD ligands were
separated by >110 nm36, and a critical local density of ligands, as few as four ligands
within ~60 nm, is needed (Figure 1.1e)21, 41.

1.2.2 Adhesion receptors: integrin
The mechanical load on cells is first perceived or transmitted from the extracellular
matrix to intracellular responses by cell surface receptors. The main adhesion
receptor crossing the plasma membrane and linking the ECM to the cell cytoskeleton
is integrin42-44. Integrin-mediated cell adhesion controls critical intracellular signals
that regulate cell differentiation, proliferation, and survival45-47. Integrins are hetero dimeric proteins composed of α and β subunits that mediate cell adhesions to ECM
ligands. According to the different combination of α and β heterodimers (e.g. α2, α5,
β1, β2, etc.), 24 integrin subtypes have been discovered48. The specific combination
of subunits will lead to distinct binding specificities to adhesive ligands, for example,
integrin α2β1 binds collagen, whereas integrin α5β1 and αvβ3 bind fibronectin49-50.
Thus, functionalization with different ligands (collagen, fibronectin or RGD) will lead to
different integrin-mediated adhesion.
Structurally, integrins are composed of three domains: a ligand-bonding ectodomain,
a transmembrane domain and a cytoskeleton-associating cytoplasmic domain51.
In particular, the ectodomain is divided into a so-called head-piece and leg-piece.
Integrins are thought to function by changing the conformation of these domains with
a bent-closed state (head-piece and legs are bent and closed), extended-closed
state (head-piece extends and swings away from lower legs) and extended-open
state (head-piece extends and legs are open), leading to different ligand-binding
affinities (Figure 1.2a)52-57. Once an integrin binds to its ligand and force is applied,
it will trigger the integrin switch between bent and extended configuration. External
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Figure 1.2. Force-induced activation of elements involved in focal adhesions (adhesion
receptors and adapter proteins). (a) Schematic graph showing the structure and
conformational states of integrin61. (b) Observing force-regulated conformational changes
from bent to extended of a single integrin52. (c) Defining single molecular forces required to
activate single integrin-ligand bonds (~40 pN) and focal adhesions (~55 pN) by the tension
gauge tether (TGT) approach62. (d) Mechanical regulation of talin folding defines force
transmission and transduction in response to matrix rigidity63. (e) Schematic graph showing
vinculin activation by talin unfolding under the application of external forces64. (f) Spread
talin-deficient cells failed to activate vinculin and paxillin leading to defects in focal adhesion
formation65.

force serves as a fundamental method to regulate integrin function by pulling integrins
open58-60 . Experiments pulling on single bonds between fibronectin and αLβ2 using
a biomembrane force probe showed that the force-induced transition from bent to
extended state strengthens the interaction with the ligands (Figure 1.2b)52.
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Not only the direct pulling from external forces can switch the conformational state of
integrin, intracellular forces originating from the cellular resistance to the mechanical
properties of substrate will also trigger it61. It was shown that higher forces generated
from the stiff substrate promoted integrin-ligand bonds to tensioned state49. ~40 pN
intracellular forces are required by single integrin-ligand bonds to initiate cell
spreading, and >56 pN forces will be transmitted by clustered integrins to activate FA
formation (Figure 1.2c)62, 66. Interestingly, with the activation of integrin, the effects
on strengthening the adhesion and promoting downstream signaling will persist even
after force is released55. This is because the lifetime of the extended state can be
further reinforced and stabilized by the force-dependent formation of “catch-bonds”
between the adhesive ligands and integrin receptors54-55. Thus, there is a positive
feedback between force-induced activation of integrins and affinity to ligands and
catch-bonds. Additionally, the activation of integrin is necessary for the clustering of
integrins67. In a very recent study, Changede et al. found that stable integrin nano clusters can act as a bridge between thin matrix fibers (≤30 nm) to form cell-matrix
adhesions in a fibrous ECM mesh, and then bring about downstream effects in cell
behavior41. Activated integrins can transmit forces between the ECM and the actin
cytoskeleton and are necessary for cell spreading, growth and proliferation.

1.2.3 Adaptor proteins: talin and vinculin
The general pathway for force transmission between the cell and matrix is: adhesive
ligands (ECM) – adhesion receptors (integrin) – adaptor proteins (talin, vinculin or
paxillin) – actin64, 68. Adaptor proteins are cytoplasmic actin-binding proteins enriched
in focal adhesions with a critical function in linking integrins to actin69. They contain a
variety of protein-binding modules linking protein-binding partners together and
facilitating the creating of large signaling complexes70-71. Talin and vinculin are ideal
candidates for mechanotransduction and are localized at the sites of cell-matrix
interactions72. Talin serves as the initial adaptor protein that directly links β1, β2 and
β3 integrins to the cytoskeleton. Talin is stretched during mechanotransduction between
cell and matrix73-74 and mediates the cellular response to force (Figure 1.2d)65, 75.
Importantly, it can activate vinculin, which leads to the assembly and reorganization
of the actin cytoskeleton76. Binding and activating of β-integrin are driven by
interactions with the globular head domain of talin, whereas the rod domain contains
up to 11 binding sites for vinculin, which is involved in focal adhesions77-79. Stabilized
by talin, vinculin can be captured in focal adhesions in an activated state and
demonstrate high affinity binding to actin (Figure 1.2e)80.
However, some of the vinculin binding sites in talin are buried inside helix bundles of
rod domains showing considerably lower affinity to vinculin81. It has been proposed
that during mechanotransduction, external force-induced exposure of binding sites
will increase the affinities. In line with this idea, mechanical stretching of single talin
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rode molecules by magnetic tweezers has been shown to lead to more exposed
cryptic binding sites for vinculin82. Interactions between the rod domain and vinculin
will provide the link to the cytoskeleton and sustain cell spreading by traction forces65.
In turn, the traction forces on integrin-mediated adhesions will recruit vinculins within
tens of seconds resulting in integrin regulation turnover83-84. Thus, combined with
integrin and actin, integrin-talin-vinculin-actin form a mechanical link generally referred
to as a “molecular clutch” to sense and respond to the mechanical properties of the
ECM85-87. In this dynamic clutch mechanism, talin sets a stiffness threshold (~10
kPa) by unfolding dynamics that increase force transmission and trigger force
transduction63. Below this threshold, integrins unbind and release force before talin
can unfold. Above the threshold, talin unfolds and binds to vinculin, leading to adhesion
growth, and then regulates cell behaviors in response to rigidity (Figure 1.2d). The
mechanism involved in this link is composed of talin-induced integrin clustering88-89,
vinculin activation by talin binding90 and reinforcement of the mechanical clutch by
vinculin–actin binding91 explaining how forces transmit or signals transmit inside the
proteins-binding modules.
Additionally, other adaptor proteins are also involved in mechanotransduction, such
as tensin and paxilin. In human fibroblasts, when clustering of α5β1 integrins
independently drive the movement from focal adhesions into fibrillary adhesions,
tensin can replace talin. Force-induced deformation of the integrin-talin linkage will
promote the exchange to tensin92. Paxillin serves as the binding partner for vinculin93,
and can together couple to talin and regulate complex morphogenetic events
accompanying embryonic development94, balance Rac activity 95, or respond to
diverse extracellular cues96 via tyrosine phosphorylation (Figure 1.2f). The highly
efficient recruitment of paxillin to focal adhesions induced by active vinculin occurs
independently of its potential binding site in vinculin84. Recent studies have shown
that cellular responses to the ECM can also be understood through mechanisms of
protein-binding modules crossing from the cellular surface to the intracellular
environment.

1

1.3 Mechanotransduction in the cytoplasm
As described above, mechanical stimuli are sensed by surface-adhesion receptors
which trigger the conformational transition of associated proteins (integrin, talin or
vinculin), the affinity to ligands, and the recruitment of focal adhesions. But this is not
the whole story for cellular mechanotransduction. After passing through the plasma
membrane, the mechanical stimulus must be channeled along cytoskeletal filaments
and quickly dissipate into the cytoplasm7. The cytoplasm is filled with cytoskeletal
filaments undergoing continuous depolymerization and repolymerization and a
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variety of subcellular organelles such as mitochondria and the Golgi apparatus97.
Dynamic remodeling or redistribution of the cytoskeleton driven by the resistance to
mechanical stresses involves the activation of actin filament extension and the
recruitment of actomyosin, leading to the regulation of cellular volume and tension,
respectively. In this section, I will describe several cytoplasmic responses to
mechanical properties of the ECM, including reorganization of F-actin, adjustment of
cytoskeleton contractility, regulation of cell volume and changing of subcellular
organelles, and discuss roles that the cytoplasmic mechanotransduction may play in
the control of cell physiology and tissue development98.

1.3.1 Cytoskeleton and generated tension
The actin cytoskeleton is a highly dynamic network in the cell, continuously sensing
mechanical stimuli, remodeling microstructures and activating signaling pathways99-100.
During mechanotransduction, the actin cytoskeleton is exposed to the external forces
by directly linking to adhesion complexes. Physical forces induce rearrangements of
the actin cytoskeleton depending on actin assembly and contraction101-102. Bieling
et al. showed that branched actin networks can regulate the stiffness and resistance
according to different applied forces, with increased loading enhancing network
stiffness and resistance. This study showed that intrinsic force feedback mechanisms
make self-assembling actin networks stiffer, stronger, and more powerful (Figure 1.3a)103.
Stress fibers, consisting of bundled actin networks cross-linked by actomyosin, are
formed to resist the mechanical properties of the ECM, which in turn influence cell
shape, orientation and stiffness104-105. More actin stress fibers and larger spreading
area can be found in cells seeded on stiff substrates, compared with those on soft
substrate106 . Substrate stiffness can also influence the orientation of actin stress
fibers, with strongly aligned actin filaments formed on stiff substrates (Figure 1.3b)107.
Additionally, cyclic uniaxial stretch to cells not only induces reorientation of actin
stress fibers, but also cell alignment perpendicular to the stretch axis (Figure 1.3c)108.
Since stress fibers are the main structures associated with the actin cytoskeletongenerated force, measuring the forces originating from the stress fibers is necessary
for understanding the influence of external forces on cell behavior. Over the past
decades, many methods have been employed for cellular force quantification, such
as atomic force microscopy (AFM)112, magnetic twisting cytometry113, traction force
microscopy35, 114-116 or micro- or nanopillar assays117. Cell stiffness is closely related
to cytoskeletal tension118. It can be easily quantified by indentation measurements of
the Young’s modulus via AFM109 or by binding receptor ligand-coated ferromagnetic
beads to cells via magnetic twisting cytometry113. These measurements showed
that upon application of stresses, the cytoskeleton was initially tensed and exhibited
an increased cytoskeleton stiffness119. Subsequently, cells transmit external forces
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Figure 1.3. Influences of external forces on cytoskeleton organization and generated
tension. (a) Force feedback controls mechanical properties of self-assembling branched actin
networks103. (b) Stress fiber formation and orientation depend on substrate stiffness. Different
colors indicate different orientations of actin filaments107. (c) Cyclic stretch to cells will induce
both the orientation of actin stress fibers and cell alignment perpendicular to the direction of
stretch108. (d) Effect of substrate stiffness on cell stiffness. The inset is an enlargement of the
range of gel stiffness up to 5 kPa on a linear scale109. (e) Substrate stiffness influence the
traction forces applied by individual myo β6 (top) or myo ctrl (bottom) cells86. (f) Traction forces
per cell increase linearly with the spreading area of elongated cells with cell shape index
(CSI)~0.26110. CSI indicates the aspect ratio of a cell. (g) Traction forces increase with size
of FAs (larger than 1 μm2), whereas no such correlation existed for smaller adhesions111.
The shaded region (blue) indicates the adhesions smaller than 1 μm2.

through the cytoskeleton and tune cell stiffness to match that of their substrate, showing
a markedly increased stiffness when grown on stiff substrate (Figure 1.3d)109, 113.
Even under a long-term cyclic strain (up to 10-12 days), the cellular stiffness in airway
smooth muscle cells kept increasing and became anisotropic as a result of cytoskeletal reorganization120. When the frequency of force application was increased,
cell stiffness followed a weak power law dependency resulting from the viscoelastic
mechanics of cytoskeletal polymers, which go through a sol-gel transition121.
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When a cell adheres to the ECM, it will also generate their own mechanical forces that
exert to the ECM. The cellular forces are referred to cell traction forces. Tracking the
movement of microbeads is the typical method for studying traction forces. Cells
cultured on flexible gels containing fluorescent microbeads induce movement of
beads, and traction forces and their subcellular distribution in individual cells can be
calculated by follwing bead displacement122-125. In order to clearly exclude the
influence of neighboring cells, Tan et al. probed traction forces by micropillar arrays.
This method is based on the deflection of pillars, resulting from cells exerting traction
forces; the actual force value can be extracted via the elastic properties of the pillars
111. Schoen et al. further developed and calibrated this method by considering the
contribution of substrate warping to pillar deflection126. These results revealed that
traction forces applied by cells to the substrate increased with substrate stiffness and
spreading area (Figure 1.3e). Forces in central stress fibers are generated gradually by
anisotropic force contraction dipoles, which expand as the cell elongates. In elongated
cells, the traction forces were exclusively distributed at the edges and concentrated
in corner regions, increasing linearly with the spreading area (Figure 1.3f)110, 127.
Adhesions larger than 1 μm2 showed a correlation with traction forces, whereas no
such correlation existed for smaller adhesions (Figure 1.3g)35, 111.

1.3.2 Cell volume
The cell volume changes considerably over the cell life cycle and is readily influenced
by the mechanical properties of the ECM. It is a well-controlled cellular characteristic,
coordinating cell growth, proliferation and apoptosis, and dysregulation of cell
volume has been used as the marker for disease, notably cancer128-130. At a basic
level, changing cell size will lead to changes in the cell surface to volume ratio,
potentially altering the ratio of membrane-bound components to cytoplasmic
components as well as the concentration of chromatin, thus fundamentally changing
cell dynamics. At this point, mechanical properties of ECM are thought to influence
cell behavior through volume.
It was reported that direct application of compressive forces to bovine articular
chondrocytes, leads to a reduced cell volume and chondrocyte death131. Guo et al.
found that on a two dimensional (2D) substrate, cell spreading decreases cell volume
(Figure 1.4a). Stiffer substrates resulted in reduced cell volumes by water efflux and
then influenced stem cell differentiation (Figure 1.4b)132. Furthermore, Lee et al.
examined the role of cell volume in three dimensional (3D) culture. They encapsulated
cells in alginate gels with different stress relaxation properties and found that
hydrogels with faster stress relaxation showed a striking increase in cell volume.
Decreased cell volume is associated with osteogenic differentiation of hMSCs
(Figure 1.4c)133 and interconnected cartilage matrix formation by chondrocytes134.
Restricted cell expansion inhibits osteogenesis of hMSCs, even in cells with spreading
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Figure 1.4. Cell volume regulated by external forces triggers cell fate determination. (a)
Volume of adherent cells changes with increasing substrate stiffness132. (b) Regulation of cell
volume affects osteogenic differentiation of mMSCs132. (c) Cell volume expansion in 3D microenvironments regulates osteogenic commitment of MSCs133. (d) Cytoskeleton organization is
highly sensitive to the precise. The values of cell volumes are presented on each image135. (e)
Cell volume affects the stiffness sensing in a 3D microenvironment136.

morphologies. This study revealed that in a 3D microenvironment, mechanical
properties of the ECM regulate cell fate by cell volume.
Substantial progress has been made towards investigations about cell volume, but it
is still difficult to control cell volume accurately. Firstly, most of the methods to regulate
cell volume are based on changing physical or chemical properties (degradation,
concentration or ligands density) of a 3D matrix, and cell volume cannot be controlled
independently. Secondly, the cell is an irregular 3D structure and it is very hard
to measure cell volume. Several methods have been used, such as fluorescence
exclusion method137, optical methods based on interferometry or synthetic phase
microscopy138 or fluorescent visualization by confocal microscopy. But these methods
suffer from low throughput, and limited accuracy, often due to multicellular aggregates.
Recently, Bao et al. developed a robust method to precisely regulate cell volume
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independent of substrate stiffness or topography in a quantitative manner136, 139-140.
3D hyaluronic acid hydrogel microniches with precisely defined volume were
produced to regulate hMSCs volume, ranging from 2177 to 9198 μm3 (Figure 1.4d).
They found that there was an optimal volume (around 3600–3700 μm3) to promote
the formation of stress fibers and focal adhesions, irrespective of the stiffness.
However, in larger cells, FAs and stress fiber formation only showed with stiff
surroundings and in smaller cells, no FAs and stress fibers were detected (Figure 1.4e).
These results suggest that cell volume regulation could play an important role in
mechanotransduction through the extent of volume change or the optimal volume
acquisition.

1.3.3 Subcellular organelles
Subcellular organelles in the cytoplasm are interlinked and organized by the cytoskeleton, which responds to and transmit mechanical forces. The cell life cycle is a
finely tuned cellular process with high energy demands for growing, reproducing,
maintaining homeostasis, and responding to cellular microenvironments. It has been
reported that in neurons or resting platelets, as much as 50% of the total ATP will
be consumed to support actin cytoskeleton turnover141-142. As discussed above,
in order to withstand external forces, increased actin polymerization and actomyosin
contractility is required, indicating higher energy expenditure. Since cells respond to
external cues utilizing ATP produced mostly in mitochondria, reactive oxygen species
production in mitochondria has been shown to increase in respond to shear stress
and cyclic mechanical stretch143. Mitochondria preferred to localize on the protrusive
leading edge of cells, co-localizing with focal adhesions and higher traction forces
(Figure 1.5a)144. Moreover, Bartolák-Suki et al. found that mitochondrial-network
structure and function were regulated by fluctuation-driven mechanotransduction.
More ATP was generated by condensed mitochondrial networks and high mitochondrial
membrane potential to resist the irregular mechanical fluctuations (Figure 1.5b)145.
In a very recent study, DeMali and colleagues showed that the application of shear
stress to epithelial cells (MDCK II cells) resulted in a 3.8-fold increase in junction actin
polymerization and then stimulated a 2.6-fold increase in glucose uptake and 1.5 fold
increase in ATP levels through AMPK activation (Figure 1.5c)146. Apart from energy
metabolism-induced mitochondrial changes, Yang et al. reported that actin-myosin II
cytoskeleton can independently promote mitochondrial constriction by generating
pushing forces, which apply pressure on the mitochondrial surface147. Thus, there
appears to be a correlation between mechano-induced actomyosin contractility and
mitochondrial morphological changes.
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Figure 1.5. Different responses of cell metabolism and organelles to external cues. (a)
Mitochondrial traffic to the leading edge of migrating cells144. (b) Variability in stretch patterns
alters mitochondrial morphology and cellular energetics145. (c) Force-induced increases in ATP
reinforce the actin cytoskeleton and the E-cadherin adhesion complex to modulate barrier
formation146. (d) Extracellular matrix mechanical cues regulate lipid metabolism through
regulating SCAP accumulation to the Golgi apparatus148.

Additionally, in a very recent study, Roman et al. identified neutral lipid and cholesterol
synthesis as a general response to ECM mechanical cues. They proposed that
reduced actomyosin contractility and a soft ECM microenvironment reverberate on
the mechanical properties of Golgi rheology causing alteration of diacylglycerol at
the Golgi apparatus and other associated genes expression, in turn driving lipid
synthesis and accumulation (Figure 1.5d)148. These studies represent a novel
regulation of mechanotransduction at the organelle level, which coincides with a
growing number of reports in the field of mechanotransduction that focus on the
regulation of cell metabolism and associated organelles. As cellular metabolic states
facilitate a range of cellular processes required for tissue development, maintenance
and adaptation, the observation of organelle dynamics or tissue stiffening could
potentially be used in disease detection. In the future, it will be interesting to test the
effect of external cues on other metabolic pathways and organelles, and the
responses of normal or diseased tissues to external cues.
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1.4 Mechanotransduction to the nucleus
Since adhesive complexes of the ECM can physically link to actin cytoskeleton networks,
which in turn attach to the nucleus, the application of external forces to cells or internal
force generated by the cytoskeleton can modulate nuclear organization via the
connection between the cytoskeleton and nucleus149-150. In part, the cellular responses
to mechanical signals depend on how such signals are transduced to the nucleus
and influence gene expression programs in the context of the spatial and temporal
organization of the genome151-153.
As the largest cellular organelle in the cell, the nucleus is composed of the nuclear
envelope (nuclear membrane, lamina and nuclear pore complex) and nuclear interior
(nucleoplasm, chromatin) (Figure 1.6a)154-155. During nuclear mechanotransduction,
forces from the extracellular matrix and the cytoskeleton are captured by the nuclear
envelope through a series of proteins spanning the nuclear membrane and transmitted
to the nuclear interior, thereby altering nuclear shape, stiffness or chromatin
organization, leading to changes in DNA replication, gene transcription or protein selfassembly149, 156-158. This section reviews recent progresses on the nuclear mechanotransduction from the cytoskeleton to the nucleus. I will focus on the influence of forces
on the modulation of membrane-bound proteins and nuclear pore complexes,
cytoplasmic-to-nuclear shuttling of various transcription factors, and physical changes
of nuclear bodies and chromatin.

1.4.1 Nuclear envelope
The interface between the nucleus and cytoplasm is the nuclear envelop, consisting
of an outer and inner nuclear membrane (ONM and INM) with many membrane-bound
proteins, nuclear pore complexes (NPCs) and the nuclear lamina159-161. Forces from
the actin cytoskeleton are captured by the nuclear envelop through the linker of
nucleoskeleton and cytoskeleton (LINC) complex, which contains ONM nesprins that
are tethered by INM SUN proteins161-164. In turn, SUN proteins will bind to the nuclear
lamina and NPCs on the nuclear scaffold, and on the cytoplasmic side, nesprins can
interact with the actin cytoskeleton (Figure 1.6b). Defects in nesprin or SUN proteins
may severely impair nuclear mechanotransduction165-166 and mechanosensitive
gene expression167-169. For example, disruption of the LINC complex by depletion of
nesprins or lamin will affect the organization of the actin cytoskeleton due to the
requirement for their attachment at the nuclear surface170. Consequently, an intact
LINC complex is considered to be the critical structure mediating the transfer of
mechanical forces form the cytoskeleton to the nucleus. It has been identified that the
LINC complex, in many aspects, behaves like integrin-based adhesions (both of
them are transmembrane proteins embedded in phospholipid bilayer membranes)
during nuclear mechanotransduction, it can aggregate with actomyosin cytoskeleton
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Figure 1.6. Responses of the nuclear envelop to the transmission of forces. (a) Schematic
image showing force transmission from cell surface to the nucleus. (b) Schematic of SUN2
protein trimer spanning the nuclear envelope and linking between the nuclear lamina and
nesprins186. (c) Nuclear lamin-A scales with tissue stiffness179. (d) Nuclear lamin-A abundance
is mechanosensitive and enhances matrix-directed differentiation179. (e) Force-induced nuclear
pores increases YAP nuclear import15.

and remodel in respond to tension171-172. Recently, Arsenovic et al. generated a
fluorescence resonance energy transfer-based tension biosensor to directly measure
forces across the LINC complex. The result showed that the through force increased
with increasing actomyosin contractility173, which can be regulated by ligand density,
substrate stiffness, or cyclic stretch, leading to an increased connection with the actin
cytoskeleton. This connection can help to mobilize the nucleus and can be further
strengthened via recruitment of myosin and actin polymerization at the ONM induced
by emerin, which binds to the LINC complex through nesprins and lamins171.
Lamins, the main components of the nuclear lamina, serve as the nucleoskeleton
proteins binding the LINC complex to DNA, both directly and indirectly through
protein complexes, and control nuclear organization and gene function174-177.
A reinforcement of the physical connection between lamin A/C and the LINC complex
can be triggered by the application of tensional forces to nesprin-1, leading to a
decrease in strain and increased resistance to the applied tension172. The enrichment
or rearrangement of lamins at the nuclear envelope have been reported to occur in
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response to mechanical cues, such as shear stress178. Swift et al. revealed that the
level of lamin-A scaled with tissue elasticity and was elevated by tissue stiffness and
stress, contributing to lineage determination (Figure 1.6c). Stem cell differentiation
into fat cells on a soft matrix was enhanced by low lamin-A levels, whereas differentiation
into bone cells on a stiff matrix was enhanced by high lamin-A levels (Figure 1.6d)179.
It was further shown that actomyosin contractility is influenced by the topography and
rigidity of ECM promoted lamin-A, C dephosphorylation at Ser22, which regulated
turnover, lamina physical properties, and actomyosin expression180. Cells with lamin
A/C deficiency or mutations will fail to adequately activate nuclear mechanotransduction
when exposed to mechanical stimulations and lead to diseases showing defects in
nuclear stability181-183, cytoskeletal dynamics184-185 and nucleo-cytoskeletal force
transmission166, 183.
Besides the LINC complex and lamina, the nuclear envelope is punctuated by NPCs,
which is the largest macromolecular complex in the nuclear envelope and responsible
for molecular exchange between the nucleus and cytoplasm2, 187. As recently
reported, the assembly and distribution of NPCs is dependent on the component of
the LINC complex, specially coupled to the SUN1 domain of the LINC complex187-189.
Lamins also have a vital role in positioning NPCs by acting as the anchoring points,
otherwise, NPCs cannot resist forces generated in cytoskeleton and will be clustered
in the centrosome190. As cells extend or elongate responding to the external forces,
combined with the LINC complex and lamins, NPCs will physically distort by stretching
the pore, opening the baskets and other components of the inner NPCs, and hence
alter nuclear transport or post-transcriptional control of gene expression via mRNA
transport191-192. For example, Elosegui-Artola et al. found that substrate stiffness
transmitted through the LINC complex will stretch NPCs, and then mediate rigidity-dependent YAP nuclear translocation and downstream effects, independent of the
Hippo signal pathway (Figure 1.6e)15.

1.4.2 Physical organization of nuclear bodies
When external forces are captured by the nuclear envelop, they will result in substantial
deformations including the NPCs (as mentioned above), nuclear bodies and chromatin,
which will further modulate gene expression and transcriptional activity15, 193-195.
Physical properties of nuclear bodies, morphology and stiffness, are routinely used
as markers for cellular differentiation or disease detection in human cells or tissues.
Defects in them often correlate with some diseases such as cardiomyopathy,
Hutchinson–Gilford progeria syndrome, muscular dystrophy or cancer, and thus
regulation of the deformation of nuclear bodies is an important aspect during nuclear
mechanotransduction196-198.
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Even though the nucleus is the stiffest organelle, 2 to 10 times stiffer than the surrounding
cytoskeleton, external forces lead to clearly detectable nuclear deformations154, 199-201.
Studies have demonstrated that the nuclear morphology (including form and
orientation) and stiffness are established and maintained by the interplay of the actin
cytoskeleton-nucleus and generated tension110, 193, 202. Nuclear organization appeared
correlated with cyclic tensile strain (CTS) or substrate stiffness (Figure 1.7a, b)186, 203.
A stronger actin-mediated link to the nucleus was formed on rigid substrates than soft
ones, resulting in larger cell area and nuclear area. At low-intensity strain (1 h, 4% CTS
at 1 Hz), characteristics of cell and nucleus mimic responses to increased substrate
stiffness. However, high-intensity CTS (frequency increased to 5 Hz) caused the nuclear
area to decrease independently of cell area (Figure 1.7a)186.
Meanwhile, significant nuclear morphology remodeling is only triggered on stiff
substrates above 10 kPa (Figure 1.7b). On stiff substrates, focal adhesions and
stress fibers form, applying forces to the nucleus to flatten it. Whereas, on soft
substrates, the nucleus is mechanically uncoupled from the substrate and not
submitted to forces15. Supporting this idea, Versavel et al. altered spatial reorganization
of actin stress fibers by culturing cells on micropatterned substrates, leading to
nuclear morphology remodeling. As the cell elongated, the nucleus showed a
significantly deformed and oriented morphology with respect to the long-cell axis
direction and parallel to actin bundles (Figure 1.7c)110. Similarly, stronger actinnucleus links were observed in polarized cells with stress fibers formation compared
to isotropic cells with a mesh-like cytoskeleton structure. The formation of stress
fibers correlated with a reduction in nuclear height and was found to exert an active
compressive load on the nucleus (Figure 1.7d)195, 204. These coupled stress fibers
are part of an elaborate architecture of perinuclear actin exerting the mechanical
strain on the nucleus to determine its size and shape. This influence is mediated
through the perinuclear actin cap, which is composed of contractile actin filament
bundles and locates above or around the nucleus193, 205.
The capacity for nucleus remodeling critically depends on its stiffness. In human
embryonic stem cells, the nucleus is highly deformable and stiffens 6-fold upon
terminal differentiation; the nucleus of human adult stem cells has an intermediate
stiffness and deforms irreversibly206. It has been reported that the level of nucleocytoskeletal component lamins scales with tissue and nuclear stiffness (Figure
1.7e)179-180, 207. In the case of cells seeded on stiff substrates, high lamin A/C levels
are observed, resulting in tense and stiff nuclei, whereas low levels of lamin A/C lead
to a less spread nucleus with relaxed nuclei on a soft matrix or surrounded by a
constrained isotropic matrix 208. These findings indicate that the nuclear stiffness and
deformation are determined by the topography and rigidity of the ECM180. In order to
test the direct effect of force, forces were applied to isolated nuclei using magnetic
tweezers, showing stiffening by lamin A/C recruitment.
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Figure 1.7. Deformation of the nucleus and chromatin influenced by external cues. (a)
Substrate stiffness or cyclic tensile strain (CTS) influence nuclear organization186. (b) Nuclear
area couples on stiff substrate179. (c) Cell shape changes deform and orientate the nucleus110.
(d) Cytoskeletal control of nuclear area and height195. (e) Matrix stiffness alters nuclear
stiffness179. (f) Mechanical regulation of chromatin remodeling209. (g) Heterochromatin
dynamics are regulated by active cytoskeletal forces208. (h) Cell elongation leads to chromatin
condensation and affects cell proliferation110.
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1.4.3 Chromatin deformation
Chromatin is divided into heterochromatin and euchromatin, corresponding to
location and function210-213. Heterochromatin, which is tightly packed chromatin,
often locates at the periphery of the nucleus and is associated with suppression of
gene expression, whereas euchromatin has a more open chromatin structures,
preferentially locates at the interior, and shows high gene expression activity214.
Chromatin structure is dynamic and continuously shuttles between condensed heterochromatin and open euchromatin through a varying degree of condensation and
decondensation. Chromatin condensation promotes the repositioning of genes
towards to the nuclear periphery, which could alter specific gene expression and
influence nuclear mechanotransduction.
Since condensed chromatin is physically connected to the LINC complex via lamin
A/C, external cues are transmitted to the nuclear interior to influence chromatin
dynamics. More recent work has shown that force-induced alteration in cell spreading,
cell geometry or cytoskeletal remodeling leads to changes in chromatin organization.
For example, epithelial cells cultured on very stiff substrates (100-200 kPa) show
mostly euchromatin215, and application of external osmotic compression216 or dynamic
tensile loading to cells2, 217-218, all increase chromatin condensation (Figure 1.7f).
Reduced cell-matrix interactions promote heterochromatin dynamics (Figure 1.7g)208.
Similarly, altering cytoskeleton organization and actomyosin contractility by culturing
cells on micropatterned substrates also leads to changes in the chromosome
distribution and influences gene expression219. Large-scale cell shape changes that
result in a significant loss of nuclear volume induce a drastic condensation of
chromatin and dramatically affect cell proliferation (Figure 1.7h)110. In addition to
changes in cytoskeleton organization or actomyosin contractility, Tajik et al. directly
altered the condensation state of chromatin by applying stretch directly to chromatin.
In vitro experiments indicate that 5 pN of force is sufficient to decondense single
chromatin fiber220. In this study, they found that transient chromatin stretching of
∼20–100 nm can open sufficient space to decondense the chromatin for increased
accessibility of gene expression, leading to transcription upregulation167. Based on
the association between condensed chromatin regions and the nuclear envelop,
chromatin organization is a key downstream effect of forces applied to the nucleus221.
As reported, chromatin condensation will give rise to mechanical properties of the
nucleus showing increased nuclear stiffness and decreased nuclear deformability198,
222-224. However, Guilluy et al. found that application forces to the isolated nucleus
triggered nuclear stiffening that did not involve chromatin, indicating that chromatin
and DNA are not essential in the nuclear adaptation to force172.
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1.5 Content of the thesis
In vivo, cells reside in a complex microenvironment, surrounded by neighboring cells
and a fibrillar networks termed the ECM. The ECM provides mechanical support
(stiffness), structural cues (topography) and dimensional information (2D vs 3D) to
cells and influences cell behavior including spreading, proliferation, migration or differentiation. The process of cellular sensing and responding to these physical
properties of the surroundings is referred to as mechanotransduction.
In chapter 1, I have discussed cellular mechanotransduction throughout the cell
from matrix-cell interactions to chromatin organization and associated mechanisms
underlying the cell-matrix, cytoplasmic and nuclear mechanotransduction. The chapter
provides and overview of the force transmission pathways inside a cell and the
importance of force-induced downstream cascades to cell behaviors.
The aim of this thesis is to elucidate how the physical properties of an artificial ECM,
including ligand density, structure, stiffness and geometry are recognized and
transmitted into cells, and in turn regulate cytoskeleton organization, cell volume
expansion, energy metabolism and subcellular organelles dynamics. These studies
will provide a better understanding about the interconnections of cellular mechanotransduction from the matrix to cells. In particular, I will focus on the role energy
metabolism plays in mechanotransduction.
In chapter 2, different fibrillar microarchitectures are fabricated using collagen
hydrogel, to mimic the natural ECM consisting of a complex mixture of fibrillar
proteins, where the architecture and mechanical properties of the protein fibrils vary
considerably in various tissues. I use this model to investigate how different cell-matrix
interfaces provided by the fibrillar microarchitectures of collagen gels influence
cellular mechanotransduction.
In chapter 3, different 3D microniches in methacrylated hyaluronic acid (MeHA)
hydrogels are presented, in which single cell volume and matrix stiffness can be
altered independently. I will study how stem cell volume affects cellular responses to
matrix stiffness and how cell volume plays a role in governing cellular mechanotransduction.
In chapter 4, polyacrylamide (PAAm) with well-controlled mechanical properties are
used for preparing 2D matrices with different stiffness. Cellular responses to the
mechanical properties of the ECM, including focal adhesion formation, cytoskeleton
organization and contractility adjustment, are energetically costly processes. I will
examine the effect of substrate stiffness on energy expenditure and how the prime
energy generator, mitochondria, respond to different mechanical cues.
In chapter 5, I will regulate intracellular ATP levels, which are strongly coupled with
energetically costly processes, by the activation/inhibition of energy sensor, AMPK.
As the cellular response is a well-tuned process that must match energy supply with
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energy demands for actin polymerization, FA formation or cellular contractility
buildup, I will further investigate how cells balance energy supply and demand, and
maintain energy homeostasis for mechanotransduction.
In chapter 6, I will summarize the major findings of this thesis, and provide a
perspective look into future studies based on achievements from this thesis.
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Abstract
The extracellular matrix consists of a complex mixture of fibrillar proteins, where the
architecture and mechanical properties of the protein fibrils vary considerably in
various tissues. In this chapter, we systematically polymerized collagen gels at
different temperatures, providing substrates with tunable mechanics and defined
local micro-architecture. We studied the dependence of spreading dynamics,
proliferation, migration and differentiation of human mesenchymal stem cells (hMSCs)
on the fibrillar properties as compared to the bulk properties of the matrix. We found
that high fiber stiffness together with shorter fiber lengths, limited the transfer of
cellular traction forces to nearby fibers. As a result, cells were not able to build up
sufficient tension, which suppressed cell spreading, proliferation and migration. Cells
on such fibers also showed limited focal adhesion formation and different lineage
selection preferences. In contrast, cell spreading, proliferation, and migration was
always associated with fiber recruitment, long range deformations in the collagen gel
networks, and an increase in collagen density around cells. Typically, cells on such
substrates had a preference for osteogenic differentiation, and showed higher levels
of focal adhesions formation. These results contribute to a further understanding of
the mechanotransduction process and to the design criteria for future biomimetic
materials for tissue engineering applications.
Keywords: collagen gels, fibrillar microenvironment, physical cues, fiber recruitment,
force transmission.
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2.1 Introduction
Cells can sense and transduce physical properties of the extracellular matrix (ECM)
into intercellular signals that guide the cellular response1-6. Significant progress has
been made in understanding these mechanosensing and mechanotransduction
processes by studying cells on flat hydrogel substrates with tailored mechanical
properties7-9. However, the native ECM is a complex and heterogeneous environment,
making it very difficult to correlate specific materials properties of the ECM to cellular
responses. Furthermore, as the ECM is composed of fibrous proteins (e.g., collagen,
elastin, fibronectin and laminin)10-11, there is often a much higher local stiffness (~1 MPa
at the individual-fiber level) compared to the bulk matrix (~100 Pa at the bulk-matrix
level)12-13.
Baker et al.14 recently designed a synthetic fibrous material with tunable mechanics and
user-defined architecture, which mimics key aspects of the fibrillar nature of the ECM.
They found that lower fiber stiffness permitted cellular forces to recruit nearby fibers,
thereby dynamically increasing ligand density at the cell surface and promoting the
formation of focal adhesions (FAs) and related signaling. In contrast, networks of stiff
fibers seemed to limit cell spreading. This is somewhat counterintuitive to the
generally accepted notion that cells on softer surfaces often form fewer FAs and
spread much less compared to stiff substrate. Baker et al. highlighted the importance
of microstructure in synthetic fibrillar microenvironments. The aim of our work is to
establish whether a similar mechanism holds true for matrices composed of fibrillar
proteins instead of synthetic polymers, in order to gain a deeper understanding of
how local differences in structure and mechanics of the native ECM influence cell
behavior.
Type I collagen is the predominant structural protein in the native ECM and forms fibrillar
structure in various connective tissues such as tendons, ligaments and skin15-18. However,
the structural and mechanical properties of collagen fibers vary depending upon
their location in different tissues. For example, in areolar tissue, collagen fibers exhibit
a loose arrangement and run in random directions. Compared to areolar tissue, the
structure of tendons is completely different, as collagen fibers bunch up to form
dense, rope-like bundles. In addition, collagen fibers localized in various tissues also
differ greatly in mechanical properties, they are rigid in bone, compliant in skin or
form a gradient from rigid to compliant in cartilage19-22. A number of studies have
reported detailed protocols to control the fiber thickness, stiffness and length of
collagen fibers, primarily by changing collagen concentration and polymerization
temperature or pH17, 23-30. Here, we expand these methods and study the response
of hMSCs that are cultured on collagen gels composed of different fibers.
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2.2 Results and discussion
2.2.1 Formation of collagen gels with different physical properties
In order to investigate how cells sense local fibrillar microenvironments with different
physical cues, we tuned the collagen gel microarchitecture by varying the
polymerization temperature while maintaining the collagen concentration at 3 mg/
mL, as previously reported26, 31. This method gives us access to a number of
well-controlled gel morphologies with different mechanical properties and local
topography. We do note that changing the polymerization temperature leads to a
change in physical parameters, including fiber stiffness and topography. As shown in
Figure 2.1a-c, although reconstituted at equivalent concentrations, collagen fibers
formed at higher temperature (21 °C and 37 °C, denoted as Col-21 and Col-37)
exhibited a more compact structure and thinner fibers compared to those formed at
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Figure 2.1. Collagen gels polymerized at different temperature with tunable mechanical
and architectural features. (a-c) Morphologies of Alexa-Fluor 488-labelled collagen gels
polymerized at 4, 21 and 37 oC, respectively. (d) Stiffness of bulk gels; N=4. (e) Stiffness of
local fibers; N=4, n=5. Scale bars: 20 μm. **P<0.01.
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lower temperature (4 °C, denoted as Col-4), and substantial differences in terms of
fibril diameter and interfibrillar space were observed. The fiber diameter, length and
pore size of Col-4 were about 1.7 ± 0.4 μm, 30.6 ± 3.7 μm and 6.9 ± 1.9 μm,
respectively. Bulk stiffness all of these three collagen gels were very soft with stiffness
ranging from 16.4 to 151.5 Pa (Figure 2.1d). However, the local fiber stiffness
measured by AFM revealed that fiber stiffness was much higher and varied over a
much wider range (from 1.1 to 9.3 kPa), by simply decreasing the polymerization
temperature from 37 to 4 °C. (Figure 2.1e).

2.2.2 Microarchitectures influence cell spreading and proliferation
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Figure 2.2. Cell spreading dynamics and proliferation. (a) Morphology of representative
cells at different time points, cell skeleton staining with phalloidin (red), nucleus staining with
DAPI (blue). (b) Quantification of cell perimeter at different time points. (c) Quantification of cell
area at different time points. (d) Proliferation of cells over 48 h as determined by EdU test. N=3,
n≥ 80. Scale bars: 20 μm. **P<0.01.
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hMSCs were seeded on different gels of varying architecture at low cell densities
(1250 cells/cm2) in order to observe single cell behavior. Representative confocal
microscopy and time lapse microscopy images of cell spreading morphologies on
Col-4, Col-21 and Col-37 at different time points within 24 h incubation are presented
in Figure 2.2a. Spreading of hMSCs on Col-21 and Col-37 started with the formation
of small protrusions at 2 h after seeding. However, cells on Col-4 exhibited a round
state and failed to spread until 5 h culture time. Quantification of cell perimeter and
spreading area on Col-21 and Col-37 (Figure 2.2b) showed a rapid increase after
cell seeding, followed by a steady state around 15 h incubation. On Col-4, cell
spreading occurred at a later stage (around 5 h) and it took more time for cells to
reach a steady state (around 24 h). At steady state, cells on all gels adopted a similar
spindle-like morphology and cell perimeters were comparable (Figure 2.2b);
however, the spreading area was significantly lower for cells cultured on Col-4 (Figure
2.2c). Cell proliferation over 48 h culture was measured by EdU staining32 and
showed the same tendency with spreading area. Cell proliferation on Col-37 with soft
fibers was 1.7-fold higher compared to Col-4 with stiff fibers (Figure 2.2d). These
results suggest that the characteristics of the local microenvironment have an
important effect on both cell spreading and proliferation.

2.2.3 Cell-mediated remodeling of fibrillar microenvironment shows
positive correlation with cell spreading
Fiber recruitment has been described as a mechanism by which cells probe and
respond to mechanics in fibrillar matrices. We hypothesized that the different physical
properties of collagen gels alter the ability of cells to remodel the surrounding matrix.
Remodeling can be visualized by culturing hMSCs on fluorescently labeled collagen
hydrogels.
Interestingly, we observed that the remodeling on Col-37 and Col-21 started at very
early stages, around 5 h after seeding, and deformed networks and collagen fiber
alignments between cells were clearly observed (Figure 2.3a). However, cells on
Col-4 were immobile without any recruitment of fibers. A closer look at the interaction
between cells and the surrounding matrix demonstrated that cells on Col-37 and
Col-21 formed protrusions and pulled the surrounding fibers directionally along the
protrusions into a bundled, aligned, and condensed matrix (Figure 2.3a). After
culturing hMSCs for 15 h on collagen gels, cells on all substrates were able to remodel
their surrounding matrix. Compared with cells on Col-37 and Col-21, less formation
of long collagen lines between cells was observed on Col-4 (Figure 2.3b).
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low-magnification

Col-4
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high-magnification
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a

low-magnification
high-magnification
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b

Figure 2.3. Mechanical remodeling of fibrillar microenvironment by hMSCs. (a) Cell-mediated
initial recruitment after 5 h incubation. (b) Collagen fibers became gradually disorganized after
15 h incubation. Actin cytoskeleton is stained with phalloidin (red), collagen fiber is labelled with
collagen antibody (green). Arrows indicate collagen lines formed between cells. Scale bars are
200 μm for images at low-magnification (top) and 20 μm for images at high-magnification
(bottom).
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2.2.4 Recruitment of collagen fibers promotes β1 integrins and
vinculin expression through myosin-mediated cellular contractility
Immunostaining for activated β1 integrin (major integrin involved in collagen
binding)33-34 revealed that compared with cells on Col-4, higher levels of β1 integrin
was found in cells cultured on Col-37 (Figure 2.4a). Vinculin is a focal adhesionassociated protein connecting integrins to actin filaments and whose recruitment to
FAs can be induced by integrins. To assess the spatial distribution of FAs, cells were
fluorescently stained for vinculin. On Col-37, FAs frequently occur as clusters along
cell protrusions, and are located primarily at the cell periphery. In contrast, no clear
FAs were found on Col-4 (Figure 2.4b). Taken together, the compact structure of
Col-37 provides more anchoring sites and effective mechanical feedback, which can

a

actin/nucleus

β-integrin

actin/nucleus

vinculin

Col-4

Col-37

bb
Col-4

Col-37

Figure 2.4. Mechanical remodeling of fibrillar microenvironment promotes β-integrin and
FAs formation. (a) β-integrins and (b) FAs formation of representative hMSCs on Col-4 and
Col-37 after 24 h culture. Merged images (left, scale bars: 20 μm). Single-channel images at
low- and high-magnification overview (middle, scale bars: 20 μm; right, scale bars: 100 μm).
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promote cell spreading. In addition, in order to transmit forces, integrins, via vinculin,
couple to actomyosin motors, which mediate cell contraction to mechanically pull on
adhesion sites and promote cell spreading35-36.
To test if a complete loss of contractility would result in different cell behavior, cells
were treated with Blebbistatin (Bleb.), an inhibitor of myosin II–mediated contractility
but not adhesion to the collagen substrate37-38. Interestingly, significantly reduced
fiber recruitment (Figure 2.5a) and local stiffness were observed after Bleb. treatment
(Figure 2.5b). These results confirm that local force generation, fiber recruitment and
strain stiffening by spreading cells depend upon β1 integrin−collagen interaction,
focal adhesion assembly and myosin II-mediated contractility.

a
a

+Bleb.

24 h

Fix

10 h

+Bleb.

14 h

Fix

-Bleb.

2

Fix

24 h

Col-37
network

Collagen
F-actin

b
b

KPaa
2.5

Before treatment with Bleb.

After treatment with Bleb.

0

Figure 2.5. Myosin IIa-mediated cell contractility induces fiber recruitment. (a) Cell spreading
after inhibition of Myosin IIa with Bleb. treatment before (left images) or during (middle images)
cell culture. Cells without Bleb. treatment are control (right images). Scale bars: 200 μm. (b)
Local stiffness heatmap of Col-37 before and after Bleb. treatment. Heat maps were generated
over the corresponding positions of bright-field images and represent the Young’s modulus at
each probing position. Scale bars: 20 μm.
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2.2.5 Physical cues of fibrillar microenvironment and influence
on hMSCs migration
Previous studies have shown that there is a requirement for force in cell migration,
and FAs are also known to be sensitive to force. Continuous force generation and
effective feedback can promote not only FAs formation but cell migration. Cells were
inactive on Col-4 with delayed spreading and slow migration, during the whole culture
time (15 h), the migration speed was only 0.14 μm/min. However, on Col-37 and
Col-21, cells spread and migrated quickly, with 0.38 and 0.22 μm/min speed,
respectively (Figure 2.6). We tracked the migration of 25 representative cells on all
gels (Figure 2.6a-c) and displayed all trajectories emanating from the origin. The
movement of cells on Col-37 showed a substantially radial pattern; instead, on Col-4,
cells stayed close to the initial position. In addition, according to the movement
tracking and migration speed, cells on Col-37 showed significantly larger migration
distances than the other two groups within the same time frame. All these migration
quantitative analysis were performed according to the previous study39.

a

bb

c
c

dd

Figure 2.6. Cell migration influenced by fibrillar properties. (a-c) Movement tracking of 25
representative cells after 15 h culture on gels. (d) Average speed of cells on different collagen
gels. **P<0.01, *P<0.05; n=25.
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2.2.6 Fiber recruitment promotes osteogenic differentiation of hMSCs
Finally stem cell fates were tested on different substrates. Osteogenic differentiation
was determined by ALP staining which is a marker for osteoblasts and the adipogenic
differentiation was detected using Oil Red O staining, specific for intracellular oil lipids.
We found that under mixed medium conditions, hMSCs showed very significant
differences in ALP and Oil Red O staining when differentiated on Col-37 and Col-4
(Figure 2.7a). When hMSCs were cultured on Col-4, the ratio of osteogenic differentiation was 21.1 %, much lower than that on Col-37 with 34.1% ALP positive (Figure 2.7b).

2
Col-4

Col-21

Col-37

Oil-O staining

ALP staining
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Oil-O positive (%)
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**

60
40
20
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0

Col-4

Col-21

Col-37

Figure 2.7. Cells differentiation depends on substrate properties. (a) ALP and Oil-O staining
showing osteogenic and adipogenic differentiation of hMSCs. (b) Quantitative results of positive
osteogenic differentiation. (c) Quantitative results of positive adipogenic differentiation. Scale bars:
250 μm. **P<0.01, *P<0.05; N=3,n≥100.

53

540872-L-bw-Xie
Processed on: 4-2-2020

PDF page: 53

CHAPTER 2

On the contrary, on Col-4 cells showed a preference for adipogenic differentiation,
as up to 63.5% hMSCs were induced to adipocytes (Figure 2.7c). These results
indicate that the differentiation of hMSCs is related to physical properties of collagen
fibers instead of bulk gels. Gels consisting of stiffer, shorter fibers appear to limit
osteogenic differentiation and contribute to preferential differentiation to adipocytes.
While numerous studies have investigated the role of matrix stiffness in mediating cell
behavior on both 2D and 3D substrates, much less is known about cell response to
mechanics of ECM fibers40. In this study, we polymerized collagen at different
temperature (4, 21 and 37 oC), leading to gels with varying physical properties, as
previously shown41-42. In natural tissues, bulk stiffnesses range from several pascals
(Pa) to many kilopascals (kPa), while the stiffness of the protein fibers that these
tissues are composed of, is often much higher, in the megapascal (MPa) range17.
In our gels, we can engineer strongly different fiber stiffness while maintaining bulk
stiffness below 200 Pa, by changing the polymerization temperature without changing
the density of collagen. As a result, we have a range of gel substrates that mimic
some of the different fibrillar structures of the native ECM.
These structural and mechanical differences led us to investigate the effects of
physical properties of fibrillar microenvironment on cell behavior. hMSCs, an
often-used cell type for mechanotransduction studies2, 43-44, were seeded at a
relatively low cell density to observe cellular responses (spreading, proliferation,
migration and differentiation) that are primarily determined by the local ECM
differences, keeping the contribution of cell-cell interactions to a minimum. Several
earlier studies on synthetic hydrogels surfaces have shown a strong correlation
between hydrogel bulk stiffness and cell adhesion, spreading, proliferation and
differentiation1, 7, 45-46. In contrast, we found that lower fiber stiffness permitted
increased cell area, while stiff fibers suppressed cell spreading. Our results are
consistent with Baker’s recent study, where fibers made from polymer materials with
lower stiffness enabled cells to remodel the surrounding matrix, leading to a larger
spreading14. In addition, other research has shown that hMSC spreading, proliferation,
and focal adhesion formation are dependent on RGD density, but not on the fiber
mechanics of hyaluronic acid hydrogels47. However, in that study the fiber stiffness
ranged from 1.1 to 8.6 GPa, which is too stiff for cells to recruit. In that case, cell
behavior was indeed only regulated by ligand density.
We found that cell proliferation on Col-37 was 1.7-fold higher than on Col-4 with same the
collagen density. On Col-37 gels, cells pulled and deformed the networks, resulting in
significant recruitment of fibers to the cell and the formation of numerous densely
compacted clusters of fibers, and this increased collagen density around cells and
long-range force transmission appears to directly promote cell growth and spreading.
Conversely, cells were unable to remodel the Col-4 gels, as the short, stiff fibers were
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unable to create long range aligned structures upon cell traction, leading to negligible
overall architectural remodeling, a low proliferation rate, and limited cell spreading.
These findings are in line with literature reports that have highlighted that the role of
ECM fibers in long-range force transmission48-51. Despite these studies, little is
known about the effect of fiber mechanics on force transmission. Our study has
shown that soft fiber of collagen gel can facilitate long-range force transmission,
while cells on stiff fibers could not, because the fiber is too stiff and short. Due to
limitations of fiber recruitment and force transmission, the population of β-integrin
and FAs undergoing retraction at the leading edge were reduced. Via integrin-based
adhesion sites, cells can mechanically sense physical surroundings and adjust
mechanisms of migration52-53, through the process of protrusion, adhesion,
translocation and retraction. Thus, on Col-4 because of fewer FAs, the formation of
leading edge protrusions was delayed. The strongly remodeled collagen bundles
formed in Col-37 clearly do promote FAs formation and force transmission, and guide
cell migration along the bundles.
Numerous studies have demonstrated a strong correlation between hydrogel stiffness
and cell differentiation, where stiff substrate promoted stem cells to differentiate into
osteoblasts, while cells on soft substrate preferentially differentiated towards
adipocytes1-2, 54. However, in our study we used soft gels with bulk stiffness below
200 Pa, and found that more hMSCs differentiated towards osteoblasts on soft fibers
(Col-37 gels).

2

2.3 Conclusion
In this study, we investigated how physical cues from the fibrillar microenvironment of
collagen gels influence cell behavior. We formed collagen gels with different fibrillary
architecture by polymerizing a constant concentration of 3mg/mL collagen at different
temperatures. We find that the ability of cells to remodel the gels is a major factor in
determining whether cells can spread, proliferate, and migrate on these gels. Lower
polymerization temperatures lead to shorter, thicker and stiffer collagen fibers that
appear less able to reorganize over larger length scales as the fibers loose connectivity
upon reorganization by cells. As a result, cells show much slower spreading when
compared to gels with similar bulk stiffness, but with longer, more flexible fibers that
can be easily remodeled. These differences in adhesion and spreading are also
apparent in the much lower levels of focal adhesions on gels consisting of short and
stiff fibers, and cells tend to differentiate towards adipocytes on these substrates. Our
study highlights the importance for a better understanding of the role of fiber
architecture of the natural ECM on cellular behavior.
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2.5 Materials and methods
2.5.1 Formation of collagen gels with different physical cues
Fibrillar collagen gels were prepared from acid-solubilized rat-tail collagen I (BD
biosciences), as described previously26, 31, 42. Briefly, high concentration collagen
was diluted to 6 mg/mL with PBS, then NaOH (1 N) was added to neutralize the pH,
afterwards, an equal amount of DMEM-Hepes (Gibco) was added to dilute the collagen
to a 3 mg/mL solution. Finally, collagen gels with different physical cues were generated
at different polymerization temperatures, 4, 21 and 37 °C, and corresponding
polymerization times of overnight (15 h), 2 h, and 30 min, respectively.

2.5.2 Mechanical testing
We measured the bulk stiffness of collagen gels using an AR-G2 rheometer (TA
instruments, New Castle, DE). First, the polymerization temperature was set, and
upon reaching the desired temperature, 700 μL of the gel solution was added to the
35-mm steel parallel plate with 500 μm gap. Measurements were carried out at a
controlled temperature of 4°C, 21°C, and 37°C, respectively. After collagen had
polymerized (overnight (15 h) at 4°C, 2 h at 21°C and 30 min at 37°C,the shear storage
modulus of the gels was measured at 1 % strain at a frequency of 0.1 Hz for 30 min
and all results were based on four separate experiments. Local fibers stiffness was
measured by AFM (Bruker Nanoscope), using conical-tipped pyramidal cantilevers
(NP-S type D, Bruker) at 1 μm resolution, which was as close to the fiber diameter as
possible. The “point and shoot” procedure (Nanoscope software, Bruker) was used
to measure fiber stiffness, and all the gels were kept in PBS buffer during the
measurement. To obtain fiber stiffness values from force curves we used PUNIAS
software (http://punias.free.fr). Specifically, multiple force displacement curves (five
different locations) were fitted to the conical indenter Sneddon model:

where F is the force, E is the Young’s modulus, δ is the indentation depth, α=18° is
the indenter half-angle and ν is the Poisson ratio, which was set to 0.5 on the
indentation curve55.
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2.5.3 Morphology of collagen microarchitecture
After collagen gels formation, immunostaining with a fluorescently labeled collagen-antibody allowed us to observe the microarchitecture and the gel reorganization
using confocal microscopy. Immunostaining was carried out by first staining with
antibody anti-mouse Col (Abcam, ab90395) for 1 h and subsequently by secondary
antibody Alexa-Fluor 488 goat-anti-mouse (Thermo Fisher Scientific, R37120) for 1 h.
During the experiment, all the antibodies were dissolved in 1% BSA (Sigma). Finally,
a Leica SP8 confocal laser scanning microscope (Leica, Germany) was used to take
images and monitor reorganization of collagen fibers.

2

2.5.4 Fibrillar structure of gels calculation
To calculate fiber diameter, length and porosity, Alexa-Fluor 488-labelled collagen
gels were imaged on an SP8 confocal microscope with a 63x objective. 20 frames of
Z-stacks were captured and merged into a single image by Image 5D - Fiji software.
From these images an inverted threshold (dark threshold) was used to calculate the
per cent area that was not considered a fiber and used as a per cent porosity
measurement. For fiber diameter and length analysis, line segments were drawn
across the widths and lengths of fibrils found in merged images for Col-4 using Fiji
software. The number of independent experiments (N) was 3, the number of data
points (n) was ≥20: more than 20 regions of interest (ROI) from three separate
experiments were analyzed. In our study, due to the extensive overlap of fibers formed
at higher polymerization temperature, it was very hard for calculation, we just calculated
the fibrillar structure of gels formed at 4°C.

2.5.5 hMSCs culture and seeding
hMSCs were obtained from Lonza and cultured to passage 6 in normal medium
containing low glucose DMEM, FBS (Gibco), glutamine and Pen/Strep (Thermo fisher
scientific). Then hMSCs (P6) were seeded on the gels at the density of 1250 per cm2
for cellular spreading, proliferation, migration and microenvironment reorganization
tests, and 2500 or 25000 per cm2 for osteogenic and adipogenic differentiation
respectively. Proliferation medium (high glucose DMEM, FBS, Pen/Strep and glutamine)
was used to culture cells except for differentiation studies; differentiation medium was
composed of proliferation medium, osteogenic and adipogenic chemical supplements
(dexamethasone, ascorbic acid-2-phosphate, β-glycerolphosphate, 3-isobutyl-1methylxanthine, insulin and rosiglitazone maleate, all from Sigma).

2.5.6 Time Lapse Imaging
Nikon Diaphot 300 with Hamamatsu C8484-05G CCD Camera and a Leica SP8
confocal microscope were used to monitor cell movements and collagen fibers
reorganization. During all experiments, cells were cultured at constant 37 °C, 7.5%
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CO2 atmosphere and microscopes were used to take images at 10-minute intervals.
For cell movements, we used Nikon Diaphot 300 with a 10 × phase contrast objective
to track cells over 15 h. Then the movement of single cell was measured by manually
clicking on the geometric center of the cell using Image J Manual Tracking Plugin, the xy
coordinate corresponding to each clicked pixel was recorded. Trajectory graphs were
generated by inputting the data into “Plot_At_Origin” program provided in a previous
study56. For images of Alexa-Fluor 488-labelled collagen fibers reorganization,
488-nm argon laser of Leica SP8 confocal microscope was used and all of the
images were merged by Fiji software.

2.5.7 Immunofluorescence staining
Immunofluorescent staining was performed to observe cytoskeleton or FAs. After
incubation, cells seeded on the gels were fixed with 4% paraformaldehyde (Sigma)
for 10 min, and treated in 0.2% Triton X-100 (Sigma) for 10 min at room temperature.
For cytoskeleton staining, samples were incubated with phalloidin-Atto 633 (Sigma)
and DAPI (Millipore) for 1 h; for FAs staining, nonspecific binding sites were blocked
in 10% BSA solution for 1 h firstly, followed by incubation with primary antibody
anti-vinculin (Abcam, ab18058), anti-Integrin beta 1 antibody (ab30394) for 1 h and
subsequently with secondary antibody Alexa 488 goat anti-mouse (Thermo Fisher
Scientific, R37120), phalloidin and DAPI for 1 h. The stained cells were imaged using
the SP8, and spreading areas and perimeter measurements were obtained using
Fiji’s in-built “Measure” function after drawing a region of interest around cells. More
than 80 cells were meaured in three separated experiments

2.5.8 Proliferation test
For proliferation test, EdU labelling which can incorporate into the DNA of cells during
replication was performed. hMSCs were plated on different substrate at a density of
1250 per cm2 and allowed to recover overnight, followed by treatment with 1× EdU
solution. When the incubation up to 48 h, cells were fixed and permeabilized with 4%
PFA and 0.1% Triton X-100 respectively. Following these, samples were treated
according to the manufacturer’s protocol of Click-iT EdU Alexa Fluor-488 HCS Assay
(Thermo fisher scientific). All images were collected by a Leica SP8 confocal microscope
(Leica, Germany) with filters for DAPI and Alexa Fluor-488. For quantification, 8 or
lower magnification (10 × objective) fields were collected within regions of interest.

58

540872-L-bw-Xie
Processed on: 4-2-2020

PDF page: 58

CELL-MATRIX INTERFACES INFLUENCE CELLULAR MECHANOTRANSDUCTION

2.5.9 Differentiation assays
hMSCs were cultured for 7 or 10 days in mixture medium for osteogenic and
adipogenic differentiation, respectively. Subsequently, all cells were fixed with 4%
PFA and penetrated with 0.2% Triton-X 100 for 10 min, respectively. ALP staining was
performed by Fast Blue assay (naphthol-AS-MSC phosphate and Fast Blue RR,
Sigma) in Tris/HCl buffer (pH 8.9) and incubated at 37 °C for 1 h. Oil Red O staining
was performed by incubating cells with 1.8 mg/mL Oil Red O (Sigma) for 30-60 min
at room temperature and then rinsing with 60% isopropanol (Sigma). The nuclei were
stained with DAPI and images were acquired on a Zeiss inverted microscope
(Photometrics, USA).

2

2.5.10 Statistics
Statistical analysis was performed with Origin software and one-way analysis of
variance (ANOVA) using a Tukey post-test for more than two variables was carried
out. ‘Significant’ ‘very significant’ differences were indicated by *P < 0.05 or **P < 0.01,
respectively. All results were expressed as mean ± standard error. In each test,
the number of independent experiment (N) is more than three, and the number of
data points (n) in each experiment is different. Both of N and n are shown in the figure
legend.
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Abstract
The central question addressed in this chapter is whether cell volumes will influence
cell responses to matrix stiffness. We used methacrylated hyaluronic acid (MeHA)
hydrogels as the matrix to prepare an in vitro 3D microniche in which the single stem
cell volume and matrix stiffness can be altered independently from each other. This
simple approach enabled us to decouple the effects of matrix stiffness and cell
volume in 3D microenvironments. Human mesenchymal stem cells (hMSCs) were
cultured in individual 3D microniches with different volumes (2800, 3600 and 6000
μm3) and stiffnesses (5, 12 and 23 kPa). We demonstrated that cell volume affected
the cellular response to matrix stiffness. When cells had an optimal volume, cells
could form clear stress fibers and focal adhesions on soft, intermediate, or stiff matrix.
In small cells, stress fiber formation and YAP/TAZ localization were not affected by
stiffness. This study highlights the importance of considering cellular volume and
substrate stiffness as important cues governing cell–matrix interactions.
Keywords: cell volume, matrix stiffness, hydrogel, 3D cell culture, mechanotransduction, YAP/TAZ
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3.1 Introduction
Stem cells reside in a local extracellular microenvironment, or microniche, in which
their behavior is tightly regulated by biophysical cues (matrix stiffness, geometry,
topography) as well as biochemical signals (ligand density, chemical composition)1-7.
During the past decade, a range of materials science approaches have been
developed to control the various physical and biochemical parameters that govern
the interactions between cells and their environment8-12. Of the myriad of
environmental cues that cells receive, the mechanical properties of the extracellular
matrix (ECM) has been shown to play an important role in regulating cell behavior3.
Differences in matrix stiffness give rise to a range of responses in mesenchymal stem
cells (MSCs)13-14. For example, it was found that on 2D flat substrates, MSCs
will undergo robust osteogenesis on stiff substrates with moduli in the range of
40 kPa, while soft substrates (~1 kPa) aid adipogenic differentiation3. However, in 3D
microenvironments the correlation between matrix stiffness and cell behavior is
compounded by the fact that stiffer gels tend to reduce cell spreading15-16, and only
cells in a degradable (stiff) microenvironments spread and undergo osteogenesis.17
In addition, cell behaviour in a 3D microenvironment is affected by the viscoelastic
properties of hydrogels (stress relaxation or stress stiffening18,19-20).
When cells are embedded within a 3D matrix, it is important to realize that cell volume
also directly influences cell fate19, 21-22. Cells exist in a large range of sizes in vivo,
which affects many basic cell functions21-25, including cell migration, differentiation,
and apoptosis. It has been shown that cell volume regulation impacts not only the
mechanical properties of cells23, 26, but also gene expression profiles and cell
metabolic activity27. Decreasing cell volume as a result of water efflux leads to an
increase in cell stiffness and ultimately induces stem cells to become pre-bone
cells23. Furthermore, cell volume disturbances have been implicated in disease
states22, 27-28, and it is therefore important to gain a better understanding of how cell
volume affects cell function, and how cells maintain their optimal size.
Several studies have indicated that mechanical forces can affect cell volume, for
example by opening ion channels26, 29. Bush et al. found that cell volume reduced up
to 30% under compressive forces30, Guo et al. found that stiffer microenvironments
resulted in reduced cell volumes through water efflux, impacting on cell fate23.
However, to best of our knowledge, there are no in vitro methods that can be used for
independently controlling cell volume, independent of substrate stiffness, cell
volumes are typically directly correlated to substrate stiffness or mechanical loading23,
31-32. Moreover, most studies probing the importance of cell volume and ECM
stiffness are based on 2D substrate, and there is clearly a need for an in vitro 3D
model in which cell volume alone, independent of ECM stiffness, can be altered.

3
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Recently, we developed a way to control cell volume and geometry in a 3D microniche
and demonstrated that the organization of the cytoskeleton is highly sensitive to the
precise volume (and to a lesser extent shape)33. However, in these studies, one
crucial parameter was missing, and that is stiffness of the extracellular matrix. Here,
we expand upon this work in order to dissect the contribution of ECM stiffness and
cell volume on cell behavior, we focus on how different cell volumes enhance or
completely abolish the influence of stiffness on cell state (especially formation of
actin cytoskeleton and localization of YAP/TAZ).

3.2 Results and discussion
3.2.1 3D microniche preparation and functionalization
The key to the successful design of 3D microniches is the requirement to fully
encapsulate single cells within a matrix material that allows both cell adhesion and
permeability of nutrients. Figure 3.1a shows our method for compartmentalizing
cells in hydrogel niches with well-defined sizes and shapes. First, we formed
microwells in hydrogels of MeHA by photo polymerizing MeHA against a silicon
master with various geometries (Figure 3.1b). Prior to seeding the cells, the hydrogel
top surface was rendered protein-resistant using PLL-g-PEG, deposited using a
wet-stamping technique34. Subsequently, we soaked the PLL-g-PEG modified wells
with a fibronectin (Fn) solution (100 μg/mL), which binds directly to HA, to promote
cell adhesion and spreading35. We achieved selective and uniform Fn deposition on
the inside surface of the wells, as shown by confocal fluorescence microscopy after
staining with a fluorescent antibody against Fn (Figure 3.1c). Finally, and most
importantly, to complete 3D encapsulation of the cells, we covered the wells with a
flat piece (~30 μm thick) of MeHA hydrogel coated with Fn to construct a 3D
microniche. The Fn coating is also homogeneous within 3D microniches after closing
the lid (Figure 3.1d and e). Figure 3.1f shows that over 96% of cylindrical microniches
with different sizes were uniformly coated with Fn. Confocal imaging (Figure 3.1g)
showed that the MeHA hydrogel lid fully sealed the wells. To confirm the permeability/
diffusion of the cell culture medium through the MeHA hydrogel, we monitored
diffusion of GFP through the lid. After immersion in cell culture medium with GFP for
10 minutes, the fluorescence intensity of GFP protein inside the niches increased
(Figure 3.1h), providing strong indication that key components of the cell culture
medium could diffuse through the MeHA hydrogel36.
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Figure 3.1. 3D microniche preparation and functionalization. (a) Schematic of method to
encapsulate single cells in 3D microniche. (b) Phase contrast images of MeHA hydrogel
containing microwells of various geometries. (c) Maximum intensity projections with different
z-stacks and cross-sections of confocal images of microwells coated with Fn. (d) Confocal
image shows Fn distribution in microwells and on the surface of lid. Scale bar 20 μm. (e)
Confocal image (at larger magnification) shows homogeneous Fn distribution within 3D
microniches from top to bottom. (f) Confocal images of different sized microwells. (g) Confocal
image of MeHA hydrogel lid (red fluorescence) on MeHA hydrogel with microwells coated with
Fn (green fluorescence), scare bar: 50 μm. (h) Fluorescence intensity profiles (gray value) in
microwells covered with MeHA hydrogel before and after immersed in GFP contained cell
culture medium. Scale bar 50 μm.

3.2.2 Regulation of 3D microniche volume and matrix stiffness
Compared with conventional 2D cell culture and microwell systems, our 3D microniche
provides a symmetric and non-polarized environment for cells. The volume of the 3D
microniches can be easily adjusted by either changing the surface area of the base
of the niches (Figure 3.2a) or their heights (Figure 3.2b). In this study, the microniche
volume was adjusted by changing the height while keeping the lateral dimensions the
same. The stiffness of MeHA hydrogels was controlled during the polymerization
step, by varying the concentration of HA solution. The stiffness of the hydrogels was
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measured by colloidal probe atomic force microscope (AFM)37-38 as 5, 12 and 23
kPa, which we will refer to as “soft”, “intermediate” and “ stiff” respectively (Figure 3.2c).
The range of these three stiffnesses is large enough to mimic the elasticity of most
native tissues. And softer hydrogels (below 5 kPa) were not readily suitable for cell
studies due to the difficulty of transferring the complete patterned hydrogels from
silicon masters to tissue culture plates.

Project area

aa
10 µm
15 µm
20 µm

yz

Height

bb

cc
yz

7 µm
9 µm
15 µm

Figure 3.2. 3D microniche volume control and mechanical characterization. (a, b) Confocal
image shows Fn distribution in microwells with different volumes by changing the (a) project
area or (b) height. Scale bar 20 μm. (c) Experimental setup of AFM-indentation based stiffness
measurement for MeHA hydrogel. The dot plots show MeHA Hydrogel stiffness with varying
macromer concentration. The concentration of MeHA solution for soft, intermediate and stiff
hydrogel is 2, 10 and 15wt%, respectively. **P < 0.01 (ANOVA using a Tukey post-test).

3.2.3 Single cell encapsulation in 3D microniches
hMSCs from the same passage were used for all cell experiments in this study. Cells
readily spread in 3D microniches with different shapes, stiffnesses, and volumes
(Figure 3.3a). We previously showed that cells with volumes around 3600–3700 μm3
formed clear stress fibers33. In this study, three volumes (same base area: 400 μm2,
but different heights: 7, 9 and 15 μm) were selected to investigate a possible interdependence between cell volume and mechanical signals. Cells with different volumes
were denoted as V1 (2800 μm3), V2 (3600 μm3) and V3 (6000 μm3). All these volumes
were bigger than the average starting size of hMSCs (~2100 μm3, the size of cells in
suspension), which means cells were able to spread and expand their volume in the
microniches and cell nuclei were not compressed initially in any of the microniches.
As the triangular prism shape gave the clearest results on actin organization, we used
this shape throughout the study. Figure 3.3b and c show that after sealing the
microwells with a hydrogel lid to create a 3D microenvironment, cells adhere to the lid
(coated with Fn) and we find localization of β1 integrins and cytoskeleton both on top
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a
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3
Figure 3.3. hMSCs encapsulation in 3D microniches. (a) Phalloidin (F-actin, red) and DAPI
(nucleus, blue) staining for patterned cells with different shapes, stiffness and volumes.
Three-dimensional images of cells with triangular prism shape that entirely full fill the 3D
microniche are shown in the bottom. (b) b1 integrin staining from top stack to bottom stack for
hMSCs in triangular prism shape with and without hydrogel lid. (c) F actin staining and
cross-sectional view for cells in 3D microniches with and without hydrogel lid. (d) Percentage
of cells that fulfill 3D microniches with different volumes and stiffness.

and bottom of the niches. We manually quantified the percentage of cells that filled
3D microniches with different volumes and stiffness, and found over 75% occupancy
rates with fully spread cells (Figure 3.3d). Thus, unlike previous work, where stiffer
surfaces inherently gave rise to smaller cell volumes23, our 3D microniche enable us
to study the effect of cell volume and hydrogel stiffness independently.

3.2.4 FAs formation and F-actin polymerization in 3D microniches
Immuno-staining was performed for visualizing focal adhesions (vinculin staining,
green) and filamentous actins (F-actins, red) (Figure 3.4a and b). To better visualize
staining results, all confocal images were taken from different z-stacks and then
merged into a single stack. In cells of volume V1 (2800 μm3), focal adhesions were
immature and poorly visible, and distributed in a diffuse manner, even for cells
cultured in stiff hydrogels, and stiffness had no significant effect on FAs formation
(Figure 3.4c). Mature FAs were observed to be predominately distributed in sharp
corners of cells of volume V2 (3600 μm3), with over 80% of cells forming clear FAs in
cells cultured in hydrogels with different stiffnesses (Figure 3.4c). In cells of volume
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Figure 3.4. Vinculin and F-actin visualization in 3D microniches with different volumes.
Cells were cultured in 3D microniches with different volumes and hydrogel stiffness for 12 h and
stained for (a) vinculins (green), (b) F-actins (red), and nuclei (blue). Scale bars are 10 μm. The
insets (scale bar is 2 μm) are magnified local images to show vinculins and actin filaments
inside cells. (c) Statistical results of percentage of cells that can form stable FAs and actin
stress fibers with different volumes and hydrogel stiffness. Fluorescent intensity of F-actins was
normalized to the mean value of the group of the soft hydrogels with same cell volume. Mean
values and standard deviations from three independent experiments are presented (40-50 cells
were quantified in total). *p < 0.05, **p < 0.01 in a student’s t-test, indicating a significant
difference between groups. N.S. means no significant differences.

V3 (6000 μm3), more cells formed FAs with increasing stiffness; clear FAs structures
were observed in over 62% of cells cultured in stiff hydrogels, compared to 38% and
10% of cells that formed FAs in intermediate and soft hydrogels, respectively (Figure
3.4a and c).
For F-actin staining, less than 18% of V1 cells had clear and parallel fibrous actin,
whereas in over 80% of cells actin staining showed monomeric or spot-like structure
(Figure 3.4b), independent of stiffness. It should be noted that overall F-actin
concentration (intensity per stack) was comparable in cells on different stiffness
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(Figure 3.4c). Clear and well-organized actin cytoskeletons were observed in most
cells with V2 (2800 μm3) volume, where the percentage of cells with polymerized actin
slightly increased with increasing hydrogel stiffness, from 67% on soft hydrogel to
78% and 82% on intermediate and stiff hydrogels, respectively. F-actin concentrations
were similar in cells with V2 volume in hydrogels with different stiffnesses (Figure
3.4c). In contrast, in cells with the largest volume (V3, 6000 μm3), a strong relationship
between stress fiber formation and hydrogel stiffness was observed: in 5 kPa gels,
stress fibers were barely seen; in 12 kPa hydrogel, around 10% cells formed moderate
stress fibers; around 55% cells with clear cytoskeleton organization could be
observed in stiff gels. Compared with cells in soft hydrogels, F-actin concentration
increased 1.8-fold between V3 cells in soft or stiff hydrogels (Figure 3.4c).
These results are in contrast to previous findings on 2D substrates, where stiff
substrates always yielded more stress fibers in cells, but these cells also always
showed smaller volumes23. In our study, we show that cells of volume V2 appear to
be in some ‘optimal’ state, always forming stable FAs and stress fibers, irrespective
of the stiffness of the hydrogels. V1 cells did not form stable FAs and stress fibers,
regardless of stiffness of hydrogels, indicating that in these studies cell volume
overrides the effect of stiffness in affecting cell behavior. In contrast, in the largest
cells, stiffness appeared to be the major determinant for FA and stress fiber formation.

3

3.2.5 Influences of cell volume on cellular mechanoresponses
Finally, we investigated how cell volume and hydrogel stiffness affect YAP/TAZ
localization in single hMSC. YAP/TAZ is considered a key regulator in cell mechanotransduction, with nuclear localization typically associated with stiff substrates.39-40
However, no study has investigated how YAP/TAZ activity can be controlled in 3D
hydrogels where both stiffness and cell volume can be independently tailored.
Representative images of YAP/TAZ staining for hMSCs with different volumes and
hydrogel stiffness are shown in Figure 3.5a. Quantification of nuclear YAP/TAZ
localization was performed manually. Cells were considered to have nuclear YAP/TAZ
localization when the level of fluorescence of YAP/TAZ in the nucleus was higher than
the level in the cytoplasmic region (Figure 3.5b). We found that in low volume (V1)
cells, YAP/TAZ was predominately localized in the cytoplasm, with no effect of
stiffness. When cell volume reached V2, over 60% of cells exhibited nuclear YAP/TAZ
localization, even in soft gels. Typically, we would expect that increasing stiffness
would increase nuclear YAP/TAZ localization, but we found no significant differences
between soft and stiff substrates for cell volume V2. In contrast, for cells with largest
(V3) volumes, the percentage of cells with YAP/TAZ nuclear localization increased
significantly from 10% in soft microniches, to 35% in intermediate stiffness niches,
and to 70% in the stiffest hydrogels. Our work is different from previous findings on
2D substrates, where people have shown that increased cell spreading area and
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stiffer substrates led to increased actin formation, focal adhesion size and nuclear
YAP/TAZ formation41-43. Cell volume and matrix stiffness cannot be controlled and
decoupled in 2D, and has not been previously studied as an independent parameter.
We demonstrated, for the first time, that cell volume can affect cells to sense stiffness
in a 3D microenvironment. This could be that when cell volume is small, cells do not
have enough time to form actin-cytoskeleton structure before reaching to a steady
state. When cell reaches to a medium size, the concentration of most mRNA is
sufficient to trigger actin organization, focal adhesions formation, and nuclear YAP/
TAZ localization. However, when cell volume continues increases, the concentration
of macromolecules inside cells can be diluted, thus, cells need a stiffer environment
to provide a positive feedback to form actin cytoskeleton. Overall, these results
demonstrate that YAP/TAZ activity in a 3D microenvironment is strongly impacted by
cell volume, regardless of hydrogel stiffness.

a

b

c

Figure 3.5. Cell volume and matrix stiffness influence YAP/TAZ localization. (a) Images
that show the effect of different stiffness and volume on YAP/TAZ localization. (b) Quantification
of nuclear YAP/TAZ localization in cells with different volumes and hydrogel stiffness. Data were
shown as Mean ± SD, ANOVA oneway analysis followed by Tukey post hoc test shows
significance levels of *p < 0.05, **p < 0.01 and N.S.: p > 0.05. (c) A schematic image shows
cell volume regulation and matrix stiffness direct stem cell behavior in a 3D microniche.
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3.3 Conclusion
In conclusion, we have shown here how 3D microniches allowed us to probe the
effects of cell volume and matrix stiffness in a decoupled way. We demonstrated, for
the first time, that focal adhesions formation, stress fiber organization and YAP/TAZ
activity of hMSCs in 3D hydrogels is not merely regulated by substrate stiffness, but
is sensitive to cell volume (Figure 3.5c). Interestingly, cell volume always impacts on
cell behavior, whereas matrix stiffness only showed a strong influence for the largest
cells. Our study illustrates that the interplay of cell size (and shape) and matrix
stiffness must be considered when studying cell mechanotransduction and designing
new biomaterials. We believe that these results add to our understanding of how cells
function during mechano-transduction and opens up new routes to regulate YAP/TAZ
signaling, which could be particularly relevant for tissue engineering applications,
cell biology studies, organoids development and disease progression.

3
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3.5 Materials and methods
3.5.1 Fabrication of MeHA 3D microniches
Microwells with different geometries and different dimensions were produced on a
silicon mask using standard photolithography and inductively coupled plasma
etching (ICP). The silicon master was silanized with 1H,1H,2H,2H-Perfluordecyltriethoxysilan (Sigma). The photoinitiator for the hydrogel, lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), was synthesized following a previously described
procedure44. MeHA macromer and LAP were separately dissolved in PBS (pH 7.4)
and mixed at room temperature to a final weight percentage of 9:1 respectively.
Crosslinking of the gel was initiated by irradiation with a UV lamp (ABM, USA) at 25
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mW/cm2 for 5 min with a light output of 30%. The gel was peeled off the silicon master
and washed two times for 30 min in PBS to remove LAP. A lid was produced in a
24-microwell plate. A thin layer of the MeHA pre-solution (200 μL) with photoinitiator
described above was crosslinked with the UV lamp for 5 min at 30% intensity.
To visualize the MeHA lid cover on the microwells, 0.1 wt% rhodamine (Sigma) was
added to the pre-solution to form MeHA hydrogel lid.

3.5.2 Fabrication of PAAm gels containing PLL-g-PEG
PAAm gel containing PLL-g-PEG was made on a glass coverslip (13 mm, thickness
no 1, borosilicate glass); in order to make PAAm gel attach on the glass coverslip,
coverslips were oxidized using oxygen plasma (Diener electronic) and then incubated
in a 0.3 wt/vol% solution of 3-(trimethoxysilyl)propyl methacrylate (Sigma Aldrich) in
dry toluene overnight. The slides were washed thoroughly with ethanol and water.
Solutions of acrylamide (AA) at final concentrations of 30 wt/vol% and bis-acrylamide
(BA) at 0.5 wt/vol% were prepared. Thirty-microliters of 1 mg/mL PLL-g-PEG (SigmaAldrich) in PBS was added to 1 mL PAAm pre-gel; polymerization was initiated by the
addition of 10 μL of 10 wt/vol% ammonium persulfate (Sigma Aldrich) and 3 μL
TEMED (Sigma Aldrich) to the AA/BA solutions in PBS. Five-microliters of the gel
precursor solution was immediately pipetted onto de-methacrylated glass coverslips
and a 20-mm glass coverslip, washed but untreated, was carefully placed on top of
the polymerizing solution. After 2 h, the samples were soaked in PBS overnight to
remove the remaining monomer and crosslinker. The top coverslips were peeled off
to obtain the PAAm gels containing PLL-g-PEG adhering to the glass coverslips

3.5.3 MeHA hydrogel functionalization with fibronectin
The space in between the microwells on the MeHA hydrogel was made resistant to
protein adsorption and cell adhesion with PLL-g-PEG. The PLL-g-PEG was attached
to the hydrogel following a microcontact printing procedure. The MeHA hydrogel
containing the microwells was placed upside down on the PAAm gel (fully dried)
containing PLL-g-PEG for 1 h with a 10 g weight. To increase the amount of transferred
PLL-g-PEG, the procedure was repeated up to six times. Afterward, Fn (SigmaAldrich) solution at 100 μg/mL was added on the surface of the MeHA gel for 1 h at
room temperature, followed by washing three times with PBS to remove extra Fn
solution. Fn inside microwells was stained with anti-Fn antibody (Abcam, ab2413,
1:1000). For MeHA hydrogel lid preparation, same protocol was used but without
PLL-g-PEG treatment
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3.5.4 Permeability of MeHA hydrogel cover
MeHA microwells covered with MeHA hydrogel were placed under a SP8 confocal
microscope, and then immersed in cell culture medium containing 0.1 mg/mL−1 GFP
for 10 min. Images were taken at various time points and photon counting mode was
used for quantitative analysis of the fluorescence intensity.

3.5.5 Hydrogel mechanical characterization
Different concentrations of MeHA were used to obtain gels with different stiffnesses.
In this study, 2, 10 and 15 wt% MeHA in PBS were used for fabricating soft, intermediate
and stiff hydrogel. The stiffness of hydrogels was measured by atomic force
microscopy (AFM)37-38. Force curves were taken on at least six different locations per
hydrogel with a fluorescent polystyrene bead (10-μm diameter, Invitrogen) glued to
silicon nitride cantilevers (0.06 N/m, NP-S type D, Bruker). Stiffness values were
obtained from force curve data using PUNIAS software (http://punias.free.fr).
Specifically, we used the linear fitting option under the Hertz indentation model with
a Poisson ratio of 0.5 on the indentation curve.

3

3.5.6 hMSCs culture and seeding in 3D microniche
hMSCs were purchased from Lonza and used at passage 6 for all experiments in this
study. Cell culture medium contains DMEM low glucose (Gibco) supplemented with
10% FBS (Gibco), 1% L-glutamine, and 1% Pen/Strep (Thermo fisher scientific). All
materials and cell culture reagents were either sterile filtered or UV sterilized prior to
cell culture. Cells were seeded in 3D microniches at a density of 2500 cells/cm2. After
15 min incubation, the MeHA hydrogels were washed several times with cell culture
medium to remove non-adherent cells, and placed on top of a flat MeHA hydrogel.

3.5.7 Immunostaining and imaging
After 12 h culture, hMSC cells in 3D microniches were fixed with 4% paraformaldehyde (Sigma) for 10 min. To make sure the staining dye could fully penetrate into the
cells, the MeHA hydrogel lid of the microniches was carefully removed after fixation,
followed by permeabilizing with 0.2% Triton X-100 (Sigma) for 10 min, washed with
PBS, and blocked with 1% bovine serum albumin (BSA) in PBS for 1h. Cells were then
stained with phalloidin tetramethyl-rhodamine B isothiocyanate (TRITC) (Millipore,
R415, 1:1000 in 1% BSA) to visualize F-actin, anti-vinculin (Abcam, AB18058, 1:500)
for FAs, anti-β1 integrin (Abcam, ab30394) and YAP/TAZ (Cell signaling, D24E4,
1:500) , after 1 h incubation, cells were washed with PBS and stained with DAPI
(Millipore, 1:1000 in 1% BSA) and secondary antibodies for 1 h. Fluorescent images
were obtained using a Leica SP8 inverted confocal microscope.
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3.5.8 Microscopy image analysis
All image analysis was performed using Fiji (NIH). All confocal images were taken
with different z-stacks (1 μm between stacks) and overlaid in Fiji software with Image
5D plugin. For quantitative analysis of the F-actin fluorescence intensity, images were
taken by confocal microscope with photon counting mode to make sure camera
settings were identical. Quantification of YAP/TAZ nuclear localization was performed
manually.

3.5.9 Statistical analysis
Statistical analysis was performed with Origin software, and one-way analysis of
variance (ANOVA) using a Tukey post-test for more than two variables was carried
out. “Significant” and “very significant” differences were indicated by *(P < 0.05) or
**(P < 0.01), respectively. All results were expressed as mean ± standard error.
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Abstract
Cells respond to the mechanical properties of the ECM through formation of focal
adhesions, re-organization of the actin cytoskeleton and adjustment of cell
contractility. These are energy costly processes, but a potential causality between
mechanical cues and cellular (energy) metabolism has only recently been identified
and remains largely unexplored. Here, we examine the influence of substrate stiffness
on cellular energy metabolism by monitoring intracellular ATP levels, focal adhesion
formation, G/F-actin ratio and mitochondrial dynamics. We show that cytoskeletal
reorganization and FA formation during cell spreading on stiff substrates lead to an
initial drop in ATP levels, which activates energy sensor AMP-activated protein kinase
(AMPK) and in turn restores ATP levels for cellular contractility buildup. Consistent
with high energy demands of cells seeded on stiff substrate, mitochondria revealed
fast mitochondrial fission indicating higher mitochondrial dynamics. These findings
demonstrated a feedback between external cues-induced cell spreading and
intracellular energy expenditure.
Keywords: mechanotransduction, cell spreading, energy expenditure, AMPK
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4.1 Introduction
The physical properties of the extracellular matrix (ECM) have a profound impact on
cell behavior, and a direct relationship between matrix stiffness and cell spreading
has been demonstrated1-6. Forces generated within the actin cytoskeleton and
transmitted through focal adhesions (FAs), play a major role in the cellular response
to biophysical cues7-10. Much attention has been given to how cells respond to
mechanical forces11-14. However, less is known how these forces are integrated with
other cellular processes including bioenergetics15-17. In order to understand how
mechanical forces shape the cellular phenotype, it is necessary to consider the
highly dynamic nature of the cellular response, which involves a hitherto overlooked
large energy expenditure.
It has been reported that in neurons or resting platelets, as much as 50% of the total
ATP is consumed to support the actin cytoskeleton18-19. Elevations in actin polymerization and actomyosin contractility will be observed, indicating higher energy
expenditure, to withstand the external forces15-16. Growing evidence indicates that
the transduction of external mechanical forces are linked to metabolic signals such
as neutral lipid synthesis17, mitochondrial structural remodeling20-21 and cellular
glucose uptake15. For example, since cells respond to external cues utilizing ATP
produced mostly in mitochondria22, reactive oxygen species production in mitochondria
has been shown to increase in respond to shear stress and cyclic mechanical stretch23.
Fluctuation-driven mechanotransduction will lead to a condensed mitochondrialnetwork and high mitochondrial membrane potential, which can generate more ATP
to resist the irregular mechanical fluctuations20.
The cellular response is a well-tuned process that must balance energy supply with
energy demand to allow proper actin polymerization, FA formation and cellular
contractility buildup. It remains unclear how cells respond to this energy expenditure,
tune energy supply and demand, and maintain energy homeostasis for mechanotransduction. Here, we hypothesize that cell spreading on (stiff) substrate will trigger
the acute energy expenditure by regulating mitochondrial dynamics, which provides
a new insight into the further connections between energy homeostasis and cellular
response to biophysical cues.

4

4.2 Results and discussion
4.2.1 Correlation between cell spreading and intracellular ATP levels
We cultured human mesenchymal stem cells (hMSCs) (at low densities, 1250 cells/
cm2) on 1 kPa (soft) or 20 kPa (stiff) polyacrylamide (PAAm) gels functionalized with
collagen (50 μg/mL) (Figure 4.1a, b), and determined intracellular ATP levels at
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different time points, from initial adhesion and spreading of cells to the steady state
(when no further morphological changes were observed). Consistent with previous
findings 1, 6, cells grown on stiff substrates displayed larger cell spreading areas with
reinforced stress fibers and accompanying lower levels of G-actin, and greater sizes
and numbers of FAs (Figure 4.1c, d, e). During the same time window, intracellular
ATP levels on the stiff substrate decreased by ~27% within the first 3 h after seeding
(Figure 4.1 f), consistent with increased energy expenditure for spreading cells and
concomitant formation of the actin cytoskeleton and FAs. At the steady state (no
further changes in spread area after 20 h), intracellular ATP levels on stiff substrates
got a recovery and even exceeded ATP levels on soft ones (Figure 4.1 f).
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Figure 4.1. Observations of cell spreading and intracellular ATP levels over time. (a, b)
Confocal images of hMSCs cultured onto (a) soft (1 kPa) and (b) stiff (20 kPa) PAAm gels
showing G-actin (DNaseI-labeled staining: green) and FAs (vinculin staining: green) at different
time points. F-actin was stained with phalloidin (red) and nuclei were counterstained with DAPI
(blue). Scale bars, 50 μm. (c-e) Quantification of (c) spreading area, (d) G-actin to F-actin ratio
and (e) FA number over time on PAAm gels with different stiffness. (f) Normalized ATP level of
hMSCs cultured on soft (1 kPa) and stiff (20 kPa) PAAm gels over time.

4.2.2 Intracellular ATP levels and glucose uptake coupled with
substrate stiffness
When cells were cultured to 20 h, they will get a steady state demonstrating the
relative stable cell spreading (Figure 4.1c). In our study, we found that at the steady
state, besides of hMSCs, other mammalian cell types, including mouse embryonic
fibroblasts (MEF) and NIH 3T3 cells also displayed a similar trend of increased
intracellular ATP levels when cultured on substrates of increasing stiffness (Figure 4.2a).
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Since most of the ATP is derived from glucose oxidation, the increased ATP levels
coincide with increased glucose uptake levels in hMSCs cultured on stiffer substrates.
A 31% increase in glucose uptake in hMSCs cultured on 20 kPa compared to 1 kPa
PAAm substrates was determined from the higher intracellular levels of 2-NBDG,
a fluorescent glucose analog used for monitoring glucose uptake into living cells
(Figure 4.2b, c). These results established a critical link between the matrix stiffness
and cellular energy expenditure, it showed that stiff substrate will increase intracellular
ATP levels and stimulate glucose uptake.

1 20 100
0
Stiffness (kPa)

Figure 4.2. Stiff substrate increases intracellular ATP levels and stimulates glucose uptake.
(a) ATP levels in different kinds of cells (hMSCs, MEF, NIH3T3) cultured on PAAm gels at 20 h
after seeding with variable stiffness (1, 20 and 100 kPa). (b) Glucose uptake on different
substrate visualized by 2-NBDG. Scale bars, 100 μm. (c) Quantification of glucose (2-NBDG)
uptake.

4

4.2.3 Influences of energy starvation on mechanotransduction
A correlation between the energy demand and cell spreading was also evident in
glucose starvation experiments. Reducing glucose concentration in culture medium
from 4.5 to 0 g/L for cells on stiff substrates played a significant impact on intracellular
ATP levels (~34% lower Figure 4.3a). Surprisingly, when the glucose concentration
in culture medium reduced to 0 g/L, no proliferated cell observed indicated cellular
proliferation was halted and suppressed completely (Figure 4.3b). To investigate the
role of glucose in more detail, we monitored hMSC spreading on stiff substrates in the
presence or absence of glucose (Figure 4.1b and Figure 4.3c). Clearly, the glucose
depletion significantly reduced actin polymerization and FAs formation (Figure 4.3c),
also corroborated by the large increase in G-actin levels and decreased numbers of
FAs (Figure 4.3d, e). Meanwhile, compared to cells cultured with glucose medium,
glucose starvation will greatly reduce the intracellular ATP levels due to the limited
energy source (Figure 4.3f).
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Figure 4.3. Energy starvation inhibits F-actin organization and FAs formation. (a) ATP
intensities of hMSCs over 20 h culturing on stiff PAAm gels with different glucose concentration.
(b) Quantification of Edu positive cells (red) at the presence or absence of glucose. (c) Confocal
images of hMSCs cultured with glucose starvation on stiff PAAm gel showing G-actin (DNaseIlabeled staining: green) and FAs (vinculin staining: green) at different time points. F-actin was
stained with phalloidin (red) and nuclei were counterstained with DAPI (blue). Scale bars,
50 μm. (d-f) Quantification of (d) G/F actin ratio, (e) FA number and (f) normalized ATP levels in
hMSCs cultured under glucose starvation on stiff PAAm gel.

4.2.4 Influences of mechanotransduction inhibition on energy
expenditure
In order to investigate the energy expenditure of the mechanotransduction including
the FAs formation, F-actin polymerization and actomyosin contractility, we treated
hMSCs with ROCK inhibitor Y27632, myosin inhibitor Bleb. and actin polymerization
inhibitor Cyto D. Cells cultured on stiff substrates in the presence of Y27632 or Bleb.
showed a less developed actin cytoskeleton and reduced FAs formation (Figure
4.4a-c). Intracellular ATP levels showing a stable and low state were consistent with
the inhibition of cellular mechanotransduction (Figure 4.4d). Next, we studied the
temporal characteristics of intracellular ATP changes upon disruption and re-organization of the actin cytoskeleton. Cells were treated for 1 h with Cytochalasin D (CytoD),
after which they displayed a small rounded morphology and slightly increased ATP
levels. After CytoD removal from the medium, cells re-spread on the substrate, during
which intracellular ATP levels dropped by ~22% (Figure 4.4e), confirming that actin
cytoskeleton organization indeed consumes a significant fraction of intracellular ATP.
Finally, we studied the contribution of cytoskeletal reorganization and cell tension
buildup to ATP consumption on stiff substrates, by inhibiting actin polymerization and
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Figure 4.4. Inhibition of cellular mechanotransduction reduces energy expenditure. (a)
Confocal images of hMSCs treated with Rock inhibitor (50 μM Y27632; top) and myosin inhibitor
(50 μM Bleb.; bottom) on stiff (20 kPa) substrates. G-actin (DNaseI-labeled staining: green) and
FAs (vinculin staining: green). (b, c) Quantification of (b) G/F actin ratio and (c) FA number of
hMSCs in (a). (d) Normalized ATP intensity in hMSCs cultured on stiff PAAm gel treated with 50
μM myosin inhibitor Blebbistatin (Bleb.) or 50 μM Rock inhibitor Y27632 at different time points.
(e) Actin disassembly with 2.5 μM Cytochalasin D (Cyto D) and actin recovery after removal of
Cyto D. Confocal images showed the changes in cellular morphologies. Graph shows changes
in intracellular ATP intensity. Scale bars, 50 μm. (f) Quantification of intracellular ATP intensity
after 1 h of treatment with Cyto D and Bleb. at 3, 10 and 20 h after seeding.

4

cytoskeletal tension using CytoD and Bleb., respectively, at different time points
(Figure 4.4f). For ease of comparison, ATP intensities were normalized to the
non-treated control group at the particular time point. At early time points (< 5 h),
inhibition by CytoD restored intracellular ATP levels (up 1.2 fold - back to levels of
spreading cells); whereas Bleb. treatment had no significant effect. In contrast, at
later time points (10 h and 20 h), treatment with CytoD did not lead to increases in ATP
levels, but the addition of Bleb. did, showing a 12 % increase. These results indicate
that during early stages of cell spreading, ATP expenditure is mostly due to actin
polymerization, whereas at steady state, increased cell contractility is a major route
for ATP consumption.
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4.2.5 Adaptation of mitochondrial dynamics to ECM mechanics
In stem cells, mitochondria are prime generators of ATP20, 24, these organelles are
motile, and continuously fuse and divide, a process influenced by mechanical cues20, 25.
In addition to its role in ATP production, mitochondrial dynamics has been coupled to
the coordination of self-renewal vs. differentiation of stem cells26. Primed by these
findings we next determined whether substrate stiffness affected mitochondrial
dynamics. Time-lapse imaging of mitochondria revealed fast mitochondrial fission on
stiff substrates, suggesting faster mitochondrial dynamics (Figure 4.5a). Furthermore
we analyzed mitochondrial morphology in hMSCs by confocal microscopy at different
time points. Visual inspection suggested that, on soft substrates, mitochondria display
a filamentous structure at both 5 h and 20 h after seeding. In contrast, mitochondrial
morphology appeared more fragmented on stiff substrates (Figure 4.5b). Quantitative
analysis27 revealed that the mitochondria area (Am, a measure of mitochondrial size)
and form factor (F, a combined measure of mitochondrial length and degree of
branching), were significantly higher on soft than on stiff substrates (Figure 4.5c).
Functionally, the mitochondrial accumulation of the fluorescent cation tetramethyl-
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Figure 4.5. ECM mechanics correlates with changes in mitochondrial dynamics. (a) Timelapse images of hMSCs cultured on PAAm gels of different stiffness stained with Mito tracker
(green). Red arrow point to fast mitochondrial fission on stiff substrates. Scale bars, 10 μm.
(b) Mitochondrial morphologies on soft or stiff PAAm gels at 5 or 20 hours after seeding.
Mitochondria were stained with Mito tracker (green). Scale bars, 25μm. (c) Quantification of
mitochondrial form factor and area of the cells shown in (b). (d) hMSCs cultured on soft (1 kPa)
or stiff substrates (20 kPa) showed different TMRM intensities (red). Scale bars, 50μm. Graph:
quantification of the intensity of TMRM in mitochondria over the mitochondria area.
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rhodamine methyl ester (TMRM) was higher in cells on stiff substrates (Figure 4.5d).
This suggests that the mitochondrial membrane potential, which provides a large
part of the driving force for mitochondrial ATP production, is more positive27.

4.2.6 AMPK activation regulates changes in energy expenditure
AMPK plays a key role in the coordination of cell function by controlling intracellular
ATP levels15, 28-30, and becomes activated by reduced ATP levels that arise from, for
example, starvation, hypoxia or cell detachment from the matrix16, 31. Recent work
has also established a key role for AMPK in regulating mitochondrial dynamics,
showing that AMPK can phosphorylate the mitochondrial fission factor (MFF), and
leading to mitochondrial fission20, 32-33. Western blot analysis revealed increased
pAMPK/AMPK ratios in hMSCs cultured for 5 and 20 h on stiff vs. soft substrates
(Figure 4.6a). To gain insight into the chain of events during AMPK phosphorylation
we performed western blot and immunostaining analysis at different time points
(Figure 4.6b-d). On stiff substrates, virtually no pAMPK expression was observed
during the initial cellular adhesion period (0.5 h) (Figure 4.6b). Cells cultured on
these substrates for longer than 1 h showed elevated pAMPK levels as well as nuclear
localization of AMPK visualized by fluorescence staining (Figure 4.6c, d). Together,
these experiments establish that AMPK phosphorylation is preceded by a drop in
ATP levels (Figure 4.1f and Figure 4.6b-d). Consistent with AMPK-mediated Mff
activation, a fragmented mitochondrial phenotype was observed 1 h after seeding
(Figure 4.6e).

4

In this study, we demonstrate a clear link between mechanotransduction and the
energy expenditure needed for the formation of well-developed FAs, cytoskeletal
reorganization into well-defined stress fibers in spread cells, as well as the contractility
of the cytoskeleton. Intracellular ATP levels are strongly affected by these energetically
costly processes. Experiments disrupting cytoskeletal organization or limiting cell
contractility reveal that approximately 20% of cellular ATP is consumed by these
processes. A further link between energy metabolism and development of the actin
cytoskeleton is highlighted by glucose starvation experiments. In the latter, glucose
depletion significantly reduces actin polymerization and FAs formation, confirming
that cellular mechano-responses consume a significant fraction of intracellular ATP.
We demonstrate that cell spreading on stiff substrates is associated with an initial
drop in ATP levels. This drop activates AMPK, a kinase that is triggered by changing
AMP/ATP ratios that arise from, for example, starvation, hypoxia or cell detachment
from the matrix34-35. AMPK plays a central role in the coordination of cell metabolism
and function29, 36. We here provide evidence that AMPK effectuates increased cellular
glucose uptake and mitochondrial fragmentation to regulate cellular energy metabolism.
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Figure 4.6. Changes in energy expenditure mediated by AMPK correlate with ECM
mechanics. (a) Western blots of AMPK and Thr172-phosphorylated AMPK (pAMPK) after 5 or
20 h incubation on different PAAm gels. Graph: quantification of the ratio of pAMPK to total
AMPK. (b) Western blots of AMPK and pAMPK of cells at different time points after seeding. (c)
Confocal images of hMSCs stained with antibodies against pAMPK (green) and counterstained
with DAPI (blue) and actin (red) at different time points after seeding. Scale bars, 50 μm. (d)
Quantification of pAMPK fluorescence intensity in single cells cultured on different PAAm gels
at different time points. (e) Mitochondrial morphologies on stiff PAAm gels at 0.5 or 1 h after
seeding. Mitochondria are stained with 100 nM MitoTracker (green). Scale bars, 25μm.
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4.3 Conclusion
Taken together, in this study we have shown how an elevation of ATP expenditure via
energetically costly processes such as focal adhesion formation and F-actin
organization of cells on stiff substrate leads to an initial drop in ATP levels, which
activates energy sensor AMPK and in turn restores ATP levels for cellular contractility
buildup. Consistent with the high energy demands of cells seeded on stiff substrate,
mitochondria revealed fast mitochondrial fission indicating higher mitochondrial
dynamics. These findings establish a clear link between cellular responses to external
cues and intracellular energy expenditure, indicating that mechano-induced cell
spreading will trigger different energy expenditure.
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4

4.5 Materials and methods
4.5.1 Preparation of polyacrylamide (PAAm) hydrogels
This method was adapted from a previously described procedure5-6. 13-mm-diameter
borosilicate glass coverslips (VWR) were freshly oxidized by oxygen plasma and then
incubated in a solution composed of 0.3% w/v 3-(trimethoxysilyl)propyl methacrylate
(Sigma Aldrich) and toluene (Fisher Scientific) overnight. Slides were washed with
ethanol and dried with nitrogen. The stiffness of PAAm gels was regulated through
the concentration of acrylamide (AA) and bis-acrylamide (BA). PAAm gel solutions
were prepared with AA at final concentrations of 8, 20 and 30% w/v and BA at
0.02, 0.15 and 0.375% w/v. 5 μL of 10% w/v ammonium persulfate (Sigma Aldrich) and
1.5 μL TEMED (Sigma Aldrich) were added to AA/BA solutions to initiate PAAm
polymerization. 4 μL of PAAm solution was immediately pipetted onto the pre-treated
13-mm-diamter coverslips and covered with an untreated 20-mm-diameter coverslip.
The polymerization was completed in about 2 h, and then the samples were immersed
in PBS buffer overnight. The top coverslips were carefully peeled off to obtain the gels
adhering to the bottom coverslips. With the different concentrations of AA/BA
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described above, PAAm gels with different stiffness can be prepared. 8% w/v AA and
0.02% w/v BA, 20% w/v AA and 0.15% w/v BA, 30% w/v AA and 0.375% w/v BA
showed stiffness of ~ 1 kPa, 20 kPa and 100 kPa, respectively.

4.5.2 PAAm gels functionalization with collagen I
For cell adhesion, rat tail collagen I (BD biosciences) was crosslinked to the PAAm
gels using sulfo-SANPAH (Life Technologies). 30 μL of 1mg/mL sulfo-SANPAH
dissolved in milliQ H2O was added to PAAm gels which were irradiated under a
365nm UV lamp (ABM, USA) for 5 min. Then, gels were washed twice with PBS and
the crosslinking procedure was repeated once more. After that, the samples were
soaked in 50 μL/mL collagen solution for 2 h at room temperature. Finally, samples
were washed twice with PBS before cell seeding.

4.5.3 Cell culture
hMSCs, WT mouse embryonic fibroblasts (MEFs) and NIH-3T3 mouse fibroblasts
were cultured in low glucose DMEM (2 g/L, from Gibco), with 10% filtered fetal bovine
serum (FBS, from Gibco), 1% penicillin-streptomycin (pen/strep, from Thermo) and
1% glutamine (Gibco). hMSCs were obtained from Lonza and cultured to passage 6
before seeding onto gels at a low density of 1250 per cm2 for studies involving cell
spreading, mitochondrial dynamics, ATP measurements or specific proteins staining,
5000 per cm2 for glucose uptake.
For hMSCs cultured on gels, proliferation medium containing high glucose DMEM
(4.5 g/L, from Gibco), 10% FBS, 1% glutamine and 1% pen/strep was used. For glucose
starvation, cells were cultured in DMEM without glucose, pyruvate or glutamine (Gibco)
supplemented with 10 % FBS. For tests of F-actin inhibition (2.5 μM Cytochalasin D,
from ChemCruz), myosin inhibition (50 μM Blebbistatin, from Calbiochem) and Rock
inhibition (50 μM Y27632, from Sigma), these chemicals were added to the proliferation
medium or differentiation medium after 30 min of cell culture.

4.5.4 Cell staining
After incubation, cells were fixed with 4% paraformaldehyde (PFA) (Sigma) for 10 min
followed by washing three times with PBS and permeabilized with 0.2% Triton X-100
(Sigma) for 10 min at room temperature. For F-actin and G-actin visualization, cells
were stained with phalloidin-Atto 633 (1:1000, from Sigma), Alexa fluor488–DNaseI
(1:500, D12371, from Invitrogen), 4’, 6-diamidino-2-phenylindole (DAPI) (1:1000, from
Millipore) for 1 h. For vinculin and pAMPK staining, nonspecific binding sites were
blocked in 10% BSA solution for 1 h, followed by incubation with primary antibody
anti-vinculin (1:500, AB18058, from Abcam) and anti-AMPK alpha 1 (phospho T183)
+ AMPK alpha 2 (phospho T172) (1:500, AB23875, from Abcam) for 1 h. Subsequently,
stained with DAPI, phalloidin and secondary antibody, Alexa-488 goat anti-mouse
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(1:1000, A11029, from Thermo Fisher Scientific) or anti-rabbit IgG (1:1000, A10040,
from Thermo Fisher Scientific) for 1 h at room temperature.

4.5.5 ATP assay
Intracellular ATP levels were measured using ApoSENSOR™ ATP Cell Viability Bioluminescence Assay Kit (Biovision), according to the manufacturer’s instructions.
Briefly, 2500 cells were plated onto 13-mm-diameter gels (n≥6 per condition) and
cultured to specific time points. Cells were lysed with 100 μL of Nuclear Releasing
Buffer for 5 min at room temperature with gentle shaking. Then adding 10 μL ATP
Monitoring Enzyme to the lysate and reading the sample within 2 min in a luminometer
(Multimode Microplate Reader, from Berthod). The lysed cells were stained with DAPI
and imaged with a Leica SP8 confocal microscope. Cell number on each gel was
calculated from DAPI staining, it was used to normalize the ATP intensity to ensure an
equal number of cells.

4.5.6 Glucose uptake
Glucose uptake assays were performed by Glucose Uptake Cell-Based Assay Kit
(Cayman Chemical) following the instructions. This kit employs 2-NBDG, a fluorescently-tagged glucose derivative, as a probe for the detection of glucose taken up by
cultured cells. Cells were plated onto 13-mm-diameter gels (n≥6 per condition) and
cultured to 20 h on substrates with different stiffness or with different cell culture
medium. Immediately following this, cells were treated in glucose-free medium for 2 h.
At the end of treatment, 2-NBDG was added to a final concentration of 200 μg/mL in
glucose-free medium for 30 min incubation. For fluorescence images, samples were
visualized by Leica SP8 immediately. For uptake intensity test, the medium was
carefully aspirated without disturbing the cell layer and the Cell-Based Assay Buffer
was added to cells. After lysing cells, 100 μL of the supernatant was collected to a
96-well plate immediately. An additional 50 μL Cell-Based Assay Buffer was added,
followed by readout at 485/535nm via microplate reader (Berthold). Number of cells
was quantified by DAPI staining to normalize the glucose uptake.

4

4.5.6 Proliferation assay
EdU labeling, which can incorporate into the DNA of cells during replication, was
performed for proliferation studies. hMSCs were seeded on gels with different
stiffness or treated with AMPK inhibitor or activator for 20 h, followed by treatment
with EdU solution. When the cells were cultured to 48 h, followed by fixed and
permeabilized with 4% PFA and 0.1% Triton X-100, respectively. Subsequently,
samples were treated according to the manufacturer’s protocol of Click-iT EdU Alexa
Fluor-488 HCS Assay (Thermo Fisher Scientific). Samples were imaged by Leica SP8
confocal microscope (Leica, Germany) with 10× objective to collect regions of interest.
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4.5.7 Mitochondrial imaging
For time-lapse imaging, hMSCs were cultured on gels with different stiffness and
placed in a 24 well glass bottom plate (In Vitro Scientific), then mitochondria were
stained with 100 nM MitoTracker Deep Red (Life Technologies). Up to 30 min
incubation, a Leica SP8 microscope was used to track the mitochondrial dynamics.
Images were taken every 2 min with a 20× objective at constant 37 °C and 7.5% CO2
atmosphere. After acquisition, images were analyzed using Image 5D plugin of Fiji
and exported as uncompressed AVI sequences. For mitochondrial visualization, 30
min prior to imaging at specific time points after seeding, Mito Tracker Deep Red was
added to the culture medium. Cells were fixed with 4% PFA, permeabilized with 0.2%
Triton X-100 and then counterstained with DAPI and phalloidin tetramethyl-rhodamine
B isothiocyanate (TRITC) (Millipore). 15 Z- stack of images were acquired by SP8
confocal with a 63× oil-immersion objective and merged with Fiji software (http://fiji.sc/).

4.5.8 Mitochondrial membrane potential
The membrane potential was determined by TMRM Mitochondrial Membrane
Potential Assay Kit (Abcam). Cells were cultured on the gels with different stiffness for
20 h, and then adding 100 nM TMRM to the medium 20 min before imaging. Live cells
were immediately visualized without removing TMRM dye at 37 °C and 7.5% CO2
atmosphere and images were captured by the 549/575 nm laser of a Leica SP8
confocal microscope with a 40× water immersion objective at the photon counting
mode.

4.5.9 Western blotting
Cells were lysed with RIPA buffer (1:10, Cell Signaling) supplemented with protease
and phosphatase inhibitors (Roche). Protein were collected and quantified using the
BCA method. Equal amounts of proteins were loaded and separated on 12% Criterion
Precast Gel (Bio-Rad), subsequently transferred onto PVDF membranes (Bio-Rad)
and blocked with 5% non-fat dry milk (Bio-Rad) for 1 h at room temperature. AMPK
and pAMPK were stained using primary antibody polyclonal AMPK (1:1000, 2532,
from cell signaling) and anti-phosphorylated AMPK (Thr 172) (1:1000, 2535, Cell
Signaling), β-actin (1:2000, from Abcam) was performed as loading controls and then
incubated overnight on the roller bank at 4 °C. HRP-conjugated secondary antibodies,
anti-rabbit or anti-mouse immunoglobulins (1:3000, Dako), were applied for 1 h at room
temperature and detected using SuperSignal chemiluminescent substrates (Pierce).

4.5.10 Microscopy image analysis
Fluorescence images were captured by a Leica SP8 confocal microscope with
different objectives and overlaid in Fiji software with Image 5D plugin. All analysis of
cells was based on single cells not in contact with other cells. For quantification of
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fluorescence intensity, images were taken with photon counting mode to make sure
all settings were fixed. For quantification of G/F actin ratio, it was performed as our
previous studies37-38. The integrated fluorescence of F-actin and G-actin z-stack
images was measured for individual cells, followed by subtraction of the background
fluorescence.
Mitochondrial morphology was quantified in cells stained with MitoTracker Deep Red
using Image Pro Plus® software (Media Cybernetics, Rockville, MD, USA) and an
algorithm described in detail previously27. In brief, microscopy images were converted
to 8-bit grayscale and background-corrected to obtain a COR image. The COR
image was contrast-optimized using a linear contrast stretch (LCS) operation. The
LCS image was subsequently processed using a top-hat filter (THF) and median filter
(MED). Subsequently, the MED image was thresholded to obtain a binary (BIN)
image, representing mitochondrial objects in white on a back background. Applying
a Boolean AND operation on the COR and BIN image yielded a masked (MSK) image,
in which mitochondrial area (Am; in pixels) and form factor (F; a combined measure
of mitochondrial length and degree of branching) were quantified. Mitochondrial
morphology measurements were carried out in 3 independent experiments in each
of which >25 cells were analyzed.

4.5.11 Statistical analysis
Statistical analysis was performed with Origin 2018 to assess the significance
between data. One-way ANOVA tests was applied to compare data between multiple
groups with a Tukey post-test and student’s t test was used for two variables.
Significant differences were indicated by * P < 0.05 or **P < 0.01. NS indicates no
significant difference (P > 0.05). All results were presented as mean ± standard
error. All experiments presented were performed in at least three independent
experiments or biological replicates.

4
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Abstract
The cellular response to mechanical force, a major determinant of cell behavior and
stem cell fate, is an energetically costly event. However, how cells derive energy to
regulate the mechanoresponse of cells is unknown. An emphasis on mechanoinduced cell behavior changes fails to recognize the importance of the energy
expenditure placed by FAs formation and actin cytoskeleton organization. Here, we show
that activation of energy sensor AMPK triggers rapid mitochondrial fragmentation
and an increase in ATP levels to reinforce cell tension and regulate nuclear localization
of YAP/TAZ and Runx2. Genetic ablation of AMPK or chemical suppression of AMPK
lowered cellular ATP content and strongly reduced responses to substrate stiffness.
Together, these findings reveal the importance of energy expenditure in regulating
the mechanoresponse of cells, and point to AMPK as a key mediator of stem cell fate
in response to ECM mechanics.
Keywords: mechanoresponses, AMPK activation/inhibition, energy expenditure
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5.1 Introduction
Seminal studies have shown the direct relationship between matrix stiffness and cell
spreading and lineage selection1-5. Substantial progresses have been made in identifying
and characterizing the underlying metabolism of cellular mechanoresponses to external
cues including bioenergetics6-9. However, less is known about how cells derive energy to
regulate the mechanoresponse of cells. Thus, in order to investigate how mechanical
forces regulate cell behavior and stem cell fate, it is necessary to take into account
the highly dynamic energy metabolism, which drives the adhesion complex and actin
cytoskeleton to resist external cues.
Energy homeostasis is controlled by AMP-activated protein kinase (AMPK)10. AMPK,
a well-characterized cellular energy sensor11-13, plays a key role in the coordination of
cell function by controlling intracellular ATP levels14-15. AMPK is Thr172-phosphorylated
and thereby activated (yielding pAMPK) when the AMP/ATP ratio increases, for instance
during starvation, hypoxia or cell detachment from the ECM12, 16-17. Upon AMPK
activation, energy homeostasis is restored by altering mitochondrial morphology or
glucose, protein and lipid metabolism12, 18-19. A recent study in MCF10A (human
breast epithelial) cells and MDCK II (canine kidney epithelial) cells, revealed that
force-mediated AMPK activation stimulated actomyosin contractility and increased
cellular ATP levels, thus linking energy homeostasis with cell-cell adhesion mechanotransduction6. Actomyosin contractility also plays a major role in the cellular response
to the physical properties of the ECM through FA formation and organization of the
actin cytoskeleton20-22, which are ATP-dependent6, 8, 23-24. We hypothesized that the
changes in the expenditure of ATP during spreading regulates the cellular mechanoresponse to physical cues.
In this study, we regulate intracellular ATP levels, which are strongly coupled with
energetically costly processes, by the activation/inhibition of AMPK. As the cellular
response is a well-tuned process that must match energy supply with energy
demands for actin polymerization, FA formation or cellular contractility buildup, we
will further investigate how cells balance the energy supply and demand, and
maintain energy homeostasis for mechanotransduction.

5

5.2 Results and discussion
5.2.1 AMPK ablation disturbs energy metabolism
Cellular energy homeostasis is controlled by AMPK, which serves as the energy
sensor of a cell. On the basis of this rationale, we further regulate intracellular ATP
levels and the glucose uptake via AMPK. We cultured AMPKα1-/- AMPKα2-/(AMPKα-null) mouse embryonic fibroblasts (MEFs) and wide type (WT) MEF on soft
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Figure 5.1. Genetic ablation of AMPK lowers ATP levels and suppresses glucose uptake.
(a) Normalized ATP levels in WT-MEF and AMPKα-null MEF cultured on 1, 20 and 100 kPa
PAAm gels at 20 h after seeding. (b) Quantification of glucose taken up on different substrate.
(c) Confocal images showing 2-NBDG (red) uptake on stiff substrate. Scale bars, 100 μm.

and stiff substrates. AMPK-null MEFs displayed a 40-50% lower ATP content that was
not affected by stiffness (Figure 5.1a). Also, no differences in glucose uptake were
observed for AMPKα-null MEFs cultured on different substrates (Figure 5.1b), which
is lower compared to WT MEFs on either substrate (Figure 5.1b, c). This observation
indicated that mechano-induced energy enrichment (high ATP levels and more
glucose uptake) can be disturbed by AMPK changing.

5.2.2 Mechanotransduction is AMPK-dependent
To establish the key role of AMPK-mediated energy metabolism in mechanotransduction, spreading of AMPK-null MEF and WT MEF were tested after 20 h culture.
Interestingly, cell morphology of WT and AMPKα-null cells on soft substrates
appeared very similar (Figure 5.2a), but on stiff substrates AMPKα-null cells
displayed limited spreading, and a less well-developed actin cytoskeleton (as
evidenced by the ~2.3-fold higher G/F-actin ratio). Due to the limited ATP contents
and glucose uptake in AMPKα-null cells on stiff substrates, Figure 5.2b demonstrates
reduced actomyosin contractility and a lower number of FAs. YAP/TAZ is a mechanical
regulator that typically shows cytoplasmic or nuclear localization regulated by
external signals25-26. Stiff substrates and actomyosin tension are associated with
high levels of nuclear YAP/TAZ 27-29, and in WT cells we observed nuclear localization
in up to 79±10% cells. Conversely, inhibition of actin polymerization and stress fiber
formation by silencing AMPK almost halved YAP/TAZ nuclear localization (Figure
5.2c). These results demonstrated that AMPK was required to reinforce cellular
mechanotransdcution through energy regulation.
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Figure 5.2. AMPK-mediated energy metabolism drives mechanotransduction, independent
of stiffness. (a) WT-MEF and AMPKα-null MEF cultured on stiff substrate demonstrating
F-actin (red) and G-actin (green) after 20 h culture. Top: scale bar 100 μm; middle: scale bar 25
μm; bottom: scale bar 25 μm. Graph: quantification of spreading area and G/F-actin ratio. (b)
Vinculin (middle: green) and Myosin II (right: green) expression in cells cultured on stiff
substrate. Scale bar 25, μm. Graph: quantification of FA numbers in cells cultured on stiff
substrate. (c) YAP/TAZ localization in WT and AMPKα-null cells on stiff substrates. Cells were
stained with YAP/TAZ (green), F-actin and nuclei were counterstained with phalloidin (red) and
DAPI (blue). Scale bars, 100 μm. Graph: Quantification of YAP/TAZ nuclear localization in single
cells on stiff substrate.

5

5.2.3 AMPK inhibition-induced ATP reduction will limit cellular
mechanotransduction
To further dissect the role of AMPK during cellular mechanotransduction, we inhibited
the phosphorylation of AMPK with the cell-permeable inhibitor Compound C30-31. 30
min after hMSCs seeding on stiff PAAm gels, AMPK inhibitor was added to medium
for the following 20 h incubation which resulted in markedly decreased intracellular
ATP levels (Figure 5.3a). Similarly, Compound C reduced glucose uptake by ~13%
(Figure 5.3b) and induced a shift in mitochondrial morphology from a fragmented to
a more filamentous phenotype (Figure 5.3c) on the stiff substrate. The latter is
comparable to the morphology changes induced by stiff (fragmented) and less stiff
(filamentous) substrates (Figure 5.3c).
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Figure 5.3. AMPK inhibition is sufficient to regulate cellular response. (a) ATP levels and
(b) glucose uptake in cells treated with variable concentrations of AMPK inhibitor (Compound
C) on stiff substrate. (c) Comparison of mitochondrial morphologies on stiff substrates with
(bottom) or without (top) AMPK inhibitor treatment. Scale bars, 20 μm. (d, e) Confocal images
of (d) FAs and (e) YAP/TAZ localization in cells on stiff substrates, treated with different
concentrations of AMPK inhibitor (from 0 to 20 μM). Stains: vinculin (green), YAP/TAZ (green),
F-actin and nuclei were counterstained with phalloidin (red) and DAPI (blue). Scale bars, 50 μm.
(f) Quantification of cell area, number of FAs and YAP/TAZ nuclear localization in single cells on
stiff substrate treated with different concentrations of AMPK inhibitor. (g) Expression of G-actin,
RhoA, β-integrin and Myosin II (green, from left to right) in cells treated with (bottom) or without
(top) AMPK inhibitor. Scale bars, 50 μm. Graph: quantification of Myosin II intensity of the cells.
(h) Cell proliferation on stiff substrates with (bottom) or without (top) AMPK inhibitor as
determined by EdU assay. Confocal images show merged intensities of EdU (red) and DAPI
(blue). Graph: quantification of EdU positive (proliferating) cells. Scale bars, 200 μm.
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AMPK plays a dual role in migrating cells, stimulating cytoskeletal dynamics in the
leading edge of lamellipodia, but inhibiting integrin activity and mechanotransduction
in the more mature lamellum region8, 32. Inhibition of AMPK clearly influenced FAs,
which appeared smaller and confined to the edge of spreading cells (Figure 5.3d).
Furthermore, cytoskeletal organization was less developed, with fewer cross-cell
stress fibers. Although cells displayed a similar spreading area, the number of FAs in
cells decreased with increasing concentrations of Compound C. YAP/TAZ was
increasingly localized in the cytoplasm with declining ATP levels after inhibition of
AMPK (Figure 5.3e, f). Nuclear YAP/TAZ localization induced by ECM stiffness
requires RhoA activity, which can regulate the formation of actin bundles, stress fibers
and tensile actomyosin structure33-35. With the inhibition of AMPK, RhoA expression
also decreased contributing to cytoplasmic YAP/TAZ localization. Interestingly, AMPK
inhibition lead to lower levels of myosin II and β-integrin, suggesting a direct role for
AMPK in regulating cell contractility36 (Figure 5.3g). Finally, cell proliferation after 48
h culture was completely suppressed upon Compound C addition (Figure 5.3h).
These results support the hypothesis that energy metabolism and mechanotransduction are linked.

5.2.4 AMPK activation promotes ATP production
Having demonstrated the effect of AMPK inhibition-induced ATP reduction in cellular
mechanotransduction on stiff substrates, we next studied AMPK activation by adding
the AMPK activator, A-76966237-38 after 30 min of cell spreading on soft substrates

b
b

Normalized ATP level

0 200 400
AMPK activator (µM)

c

0 µM

Normalized glucose uptake

aa

2-NBDG
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2-NBDG/BF

0 µM

5

Mito
200 µM

0 200
AMPK activator (µM)

Figure 5.4. AMPK activation on soft substrates promotes ATP production. (a) ATP levels in
cells on soft substrates treated with AMPK activator (A-769662) after 20 h culture. (b)
Comparison of glucose uptake in the presence or absence of AMPK activator. Graph:
quantification of glucose uptake. Confocal images showing 2-NBDG (red) uptake. Scale bars,
100 μm. (c) Mitochondrial morphologies on soft substrate with (bottom) or without (top) AMPK
activator. Scale bars, 10 μm.
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(using a culture medium containing 4.5 g/L glucose), and culturing cells for 20h.
As expected, A-769662 treatment increased intracellular ATP levels (up to ~1.2-fold),
and increased glucose uptake (up to ~1.2-fold) (Figure 5.4a, b). Moreover, compared
to the cells without treatment on soft substrate, activation of AMPK triggered a
fragmented mitochondrial phenotype indicating the energy metabolism is more
dynamic (Figure 5.4c).

5.2.5 AMPK-mediated ATP production is required for cellular
mechanoresponses
The increase in ATP levels was paralleled by lower G-actin levels, increased FA
formation and enhancement of actomyosin contractility, when cells seeded on soft
substrates exposed to 200 μM AMPK activator (Figure 5.5a). And then, we monitored
YAP/TAZ localization of hMSCs on soft substrates treated with different concentrations
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Figure 5.5. AMPK activation on soft substrates promotes YAP/TAZ nuclear shuttling. (a)
Expressions of G-actin, vinculin and myosin II (green, from left to right) in cells with (bottom) or
without (top) AMPK activator. Scale bars, 50 μm. Graph: quantification of G/F actin ratio and
myosin II intensity. (b) YAP/TAZ nuclear localization in the presence of different concentrations
of AMPK activator. Graph: quantification of YAP/TAZ nuclear localization. Scale bars, 50 μm. (c)
Cell proliferation with (bottom) or without (top) AMPK activator as determined by Edu assay.
Confocal images show merged intensities of Edu (red) and DAPI (blue). Graph: quantification
of EdU positive (proliferating) cells. Scale bars, 200 μm.
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of A-769662 varying from 0 to 400 μM. Interestingly, while cells on stiff substrates
showed increasing levels of cytoplasmic YAP/TAZ upon inhibition of AMPK, we now
observed preferential nuclear YAP/TAZ localization in cells on soft substrates upon
AMPK activation (Figure 5.5b). Compared to the cells on the soft substrate, the
additional AMPK activation promoted cellular proliferation 2.6-fold (Figure 5.5c).

5.2.6 AMPK activity influences differentiation into osteoblasts
Finally, we determined how manipulation of AMPK activation impacted on cell fate.
Runx2 protein is a prominent transcription factor which can be detected in pre-osteoblasts and induces the differentiation of MSCs into osteoblasts when translocated
into the nucleus of stem cells39-40. Compound C (10 μM) was added to the medium
for cells cultured on stiff substrates and A-769662 (200 μM) was added to the medium
for cells on soft substrates. Relative to standard culture conditions, a higher Runx2
nuclear localization was detected under conditions that promote higher AMPK
activation on stiff substrates (i.e. with no inhibitor present) (Figure 5.6a) or additional
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Figure 5.6. AMPK inhibition or activation affects stem cell differentiation. (a, b) Runx2 and
alkaline phosphatase (ALP) staining showing osteogenic differentiation of hMSCs. Runx2
(green) localization and ALP (bright field) expression of the cells treated with (a) AMPK inhibitor
on stiff substrates or (b) AMPK activator on soft substrates (bottom). Scale bars 20 μm
(fluorescence images), 250 μm (bright field images). Graph: quantification of Runx2 nuclear
localization after 1 day and ALP positive cells after 7 days at different conditions.
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AMPK activator on soft substrates (Figure 5.6b) after 1-day culture. Further, hMSCs
were seeded on stiff and soft substrate and cultured in differentiation medium. After
7days culture time, ALP staining was used to indicate osteogenic differentiation41-42.
It showed AMPK inhibition in cells on stiff substrates significantly decreased ALP
intensity, indicating lower osteogenic differentiation, whereas on soft substrates ALP
staining was clearly more intense in the presence of AMPK activator (Figure 5.6a, b).
These results indicate that energy metabolism, as controlled by AMPK, competes
with, or overrides, the impact of biophysical cues.
Cells respond to the mechanical properties of the ECM by adjusting the contractility
of their actin cytoskeleton, which requires well-developed FAs and well-defined stress
fibers4-5, 43. In chapter 4, we demonstrated that mechano-induced cell spreading will
elicit different energy expenditure. On stiff substrates, cell spreading is associated
with an initial drop in ATP levels. This drop thereby activated AMPK and then triggered
rapid mitochondrial fragmentation and an increase in ATP levels. In this chapter, we
investigated how cells derive energy to regulate the mechanoresponse of cells.
Experiments with AMPKα-null cells firmly established the central role of AMPK in
translating the initial spreading response on stiff substrates into elevated ATP levels
at steady state. We further observed that osteogenic differentiation appears correlated
with activation of inhibition of AMPK, and not with the substrate stiffness.
Our findings provide a long-elusive mechanism for the mechanoresponse of cell via
the activation of AMPK. This response is initiated by cell spreading and the concomitant
consumption of ATP which leads to further spreading and increased cell tension as

Positive control
Negative control
Cell tension Mitochondrial fragmentation

Figure 5.7. Schematic overview showing the link between meachnotransduction and energy
homeostasis. Cellular mechanoresponses are initiated by cell spreading and the concomitant
consumption of ATP leading to a drop in ATP levels and activation of AMPK. AMPK then
activates energy metabolism via reinforcement of mitochondrial dynamics to influence YAP/
TAZ localization and osteogenic differentiation.
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the actin cytoskeleton organizes and FAs form. ATP expenditure exceeds production,
thus leading to a drop in ATP levels and activation of AMPK. AMPK then activates
energy metabolism and mitochondrial morphodynamics, while at the same time
influencing YAP/TAZ localization and, ultimately, osteogenic differentiation (Fig 5.7).

5.3 Conclusion
This work establishes temporal changes in intracellular ATP levels during cell
spreading as a new mechanistic link between mechanical forces and molecular
responses. In this sense, energy expenditure couples mechanical cues with cellular
metabolism via AMPK activation in response to lowered ATP levels. These findings
provide an impetus for further studies into the mechanisms that guide energy
metabolic remodeling in cells with increased energy demands during their response
to environmental cues. Of particular interest in this context is how the remodeled
energy metabolism in tumor cells shapes their mechanoresponse to ECM alterations.
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5.5 Materials and methods
5.5.1 PAAm hydrogels preparation and functionalization
Preparation and functionalization of PAAm hydrogels with different stiffness were
described in section 4.5.1 of this thesis.

5.5.2 Cell culture
hMSCs, WT MEFs and AMPKα-null MEFs were cultured in low glucose DMEM (2 g/L,
from Gibco), with 10% filtered fetal bovine serum (FBS, from Gibco), 1% penicillin-streptomycin (pen/strep, from Thermo) and 1% glutamine (Gibco). hMSCs were
obtained from Lonza and cultured to passage 6 before seeding onto gels at a low
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density of 1250 per cm2 for studies involving cell spreading, mitochondrial characterization, ATP measurements or specific proteins staining, 5000 per cm2 for glucose
uptake and 2500 or 25000 per cm2 for differentiation on stiff or soft gels, respectively.
For hMSCs cultured on gels, cells were cultured as described in section 4.5.3.
For osteogenic or adipogenic differentiation, differentiation medium contained of
proliferation medium and osteogenic/adipogenic chemical supplements (5×10−7 M
dexamethasone, 0.1 mM ascorbic acid-2-phosphate, 5 mM β-glycerolphosphate,
250 μM 3-isobutyl-1-methylxanthine, 5 μg/mL insulin, and 5×10−8 M rosiglitazone
maleate, all from Sigma).For tests of AMPK inhibition (Compound C, from Sigma) and
AMPK activation (A-769662, from Cayman Chemical), these chemicals were added
to the proliferation medium or differentiation medium after 30 min of cell culture.
WT MEF and AMPKα-null MEF were gifts from Benoit Viollet (Paris Descartes
University), they were cultured and tested as described previously44. 5000 per cm2 of
cells were seeded onto gels for all following experiments including ATP measurements,
glucose uptake, morphology visualization and mechanotransduction markers
staining.

5.5.3 Cell staining
After incubation, cells were fixed with 4% paraformaldehyde (PFA) (Sigma) for 10 min
followed by washing three times with PBS and permeabilized with 0.2% Triton X-100
(Sigma) for 10 min at room temperature. For F-actin and G-actin visualization, cells
were stained with phalloidin-Atto 633 (1:1000, from Sigma), Alexa fluor488–DNaseI
(1:500, D12371, from Invitrogen), 4’, 6-diamidino-2-phenylindole (DAPI) (1:1000, from
Millipore) for 1 h. For vinculin, RhoA, β-integrin, myosin, YAP/TAZ and Runx2 staining,
nonspecific binding sites were blocked in 10% BSA solution for 1 h, followed by
incubation with primary antibody anti-vinculin (1:500, AB18058, from Abcam),
anti-integrin β1 (1:500, AB30394, from Abcam), anti-RhoA (1:500, AB187027, from
Abcam), anti-myosin IIa (1:500, 150M4764, from Sigma), anti-YAP/TAZ (1;500, D24E4,
from Cell Signaling) and anti-Runx2 (1:500, AB76956, from Abcam) for 1 h.
Subsequently, stained with DAPI, phalloidin and secondary antibody, Alexa-488 goat
anti-mouse (1:1000, A11029, from Thermo Fisher Scientific) or anti-rabbit IgG (1:1000,
A10040, from Thermo Fisher Scientific) for 1 h at room temperature.

5.5.4 ATP assay and glucose uptake
ATP assay and glucose uptake were performed as described in section 4.5.5 and
4.5.6.

5.5.5 Differentiation assay
hMSCs were cultured for 7 days in differentiation medium for osteogenic differentiation test. The differentiation medium containing the AMPK inhibitor or activator was
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changed twice a week. After incubation up to 7 days, all samples were fixed with 4%
PFA and penetrated with 0.2% Triton-X 100 for 10 min, respectively. Osteogenic differentiation was analyzed by alkaline phosphatase (ALP) staining with Fast Blue
assay (naphthol-AS-MSC phosphate and Fast Blue RR, Sigma) in Tris−HCl buffer
(pH 8.9) and incubating at 37 °C for 1 h. Finally, nuclei visualization was performed by
DAPI and images were collected by Zeiss inverted microscope (Photometrics, USA).
The quantification of osteogenic differentiation was performed by manually counting
the number of ALP positive cells in relation to the number of DAPI stained cells.

5.5.6 Microscopy image analysis
Fluorescence images were captured by a Leica SP8 confocal microscope with
different objectives and overlaid in Fiji software with Image 5D plugin. All analysis of
cells was based on single cells not in contact with other cells. For quantification of
fluorescence intensity, images were taken with photon counting mode to make sure
all settings were fixed. For quantification of G/F actin ratio, it was performed as
described in section 4.5.10. For quantification of YAP/TAZ and Runx2 subcellular
localization, nuclear localization was defined as a ratio of the average intensity of
target proteins in the nucleus compared to the average intensity of target proteins in
the cytoplasm was larger than 1.

5.5.7 Statistical analysis
Statistical analysis was performed with Origin 2018 to assess the significance
between data. One-way ANOVA tests was applied to compare data between multiple
groups with a Tukey post-test and student’s t test was used for two variables.
Significant differences were indicated by * P < 0.05 or **P < 0.01. NS indicates no
significant difference (P > 0.05). All results were presented as mean ± standard
error. All experiments presented were performed in at least three independent
experiments or biological replicates.

5
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6.1 Summary
Cellular mechanotransduction is a very complicated process, which is strongly
coupled to many different parts of the cell, from the adhesive ligands of the ECM to
focal adhesions; from the cytoskeleton to cell volume; from cellular metabolism to
subcellular organelles. Cellular responses to external cues via mechanotransduction
are precisely controlled by these connections and all contribute to the overall cellular
response. In this thesis, I have investigated the influence of extracellular properties,
cell volume and energy expenditure on cell fate, and revealed a new mechanism of
mechanotransduction coupling to energy metabolism and mechanical cues.
In chapter 1, I divided cellular mechanotransduction into cell-matrix interactions,
cytoplasmic mechanotransduction and nuclear mechanotransduction, and discussed
the role of all involved elements in mechanotransduction. I provide an overview of
how external signals are transmitted into cells and the cellular or subcellular responses
to these signals, which provides us with a deeper understanding about the mechanical
coupling between the ECM and cells, including cell-matrix adhesions, cytoplasmic
remodeling and nuclear stability.
In chapter 2, I investigated the influence of different cell-matrix interfaces mediated
by different local microarchitectures of collagen gels on cellular mechanotransduction.
I systematically polymerized collagen gels at different temperatures (4, 21 and 37 oC),
providing substrates with tunable mechanics and defined local micro-architecture.
I found that fibers formed at lower temperature showing high fiber stiffness together
with limited connectivity between bundles due to short fiber lengths, limited the
transfer of cellular traction forces to nearby fibers, leading to suppressed ligand
recruitment and force transmission. hMSCs cultured on such fibers demonstrated
limited focal adhesion, cell spreading, proliferation and migration, and a preference
for adipogenic differentiation. The results in this chapter highlighted the important
role of fiber architecture of the natural ECM in cell behavior.
In chapter 3, we developed a simple approach to construct 3D microniches with a
lid on top using methacrylated hyaluronic acid hydrogels, which enabled us to
decouple the effects of matrix stiffness and cell volume in 3D microenvironments.
We demonstrated that the cell volume, instead of the aspect ratio, project area or
shortest axis, was the main factor regulating stress fibers, focal adhesions, cell
contractility, YAP/TAZ localization and lineage selection. Furthermore, cell volume
affected the cellular response to matrix stiffness. When cells had an optimal volume,
all cells could form clear stress fibers and focal adhesions, irrespective of the
stiffness. However, in larger cells, FAs and stress fiber formation were only observed
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in stiff niches and in smaller cells. This study highlights the importance of considering
cellular volume as an important signal in governing cell mechanotransdutcion.
In chapter 4, I prepared 2D matrix with tunable stiffness, soft (1 kPa) and stiff
substrate (10 kPa), using polyacrylamide hydrogels coated with collagen. I examined
the influence of substrate stiffness on cellular energy metabolism by monitoring
intracellular ATP levels, focal adhesion formation, G/F-actin ratio and mitochondrial
dynamics. I found that stiff substrate-induced ATP expenditure via energetically
costly processes such as focal adhesion formation and F-actin organization leads to
an initial drop in ATP levels, which activates energy sensor AMPK and in turn restores
ATP levels for cellular contractility buildup. Consistent with high energy demands of
cells seeded on stiff substrate, mitochondria revealed fast mitochondrial fission
indicating higher mitochondrial dynamics. These findings demonstrated a feedback
between cellular responses to external cues and intracellular energy expenditure.
In chapter 5, I further regulated intracellular ATP levels by activation/inhibition of
AMPK to investigate how the energy expenditure influence cellular mechanotransduction. I found that AMPK knockout (AMPK∼-null MEF) or AMPK inhibition (hMSCs)
cells on stiff substrate showed reduced ATP levels and a strongly lowered response
to substrate stiffness such as loose cytoskeleton organization, limited focal adhesions,
suppressed proliferation, lowered YAP/TAZ nuclear localization and attenuated
osteogenic differentiation. Activation of AMPK in cells on soft substrate showed
increased ATP levels, higher number of FAs, enhancement in actomyosin contractility
and osteogenic differentiation. Together, this work revealed the importance of energy
expenditure in regulating the mechanoresponse of cells, and points to AMPK as a key
mediator of stem cell fate in response to ECM mechanics.
Finally, the work in this thesis demonstrated different factors influencing cell behaviors
and investigated the interconnections of cellular mechanotransduction throughout
the cell. Studies were performed from cell-matrix interactions to energy metabolism,
which broaden this field into cell metabolism and provides new insights into the
regulation of mechanotransduction.
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6.2 Perspective
Previous work has already revealed some of the underlying mechanisms by
investigating cell-matrix connection1-2, cytoskeleton-energy metabolism connection3-4
and other interconnections of cellular components5-6, which contribute to the efficiency
of mechanotransduction based on the degree of these connections. Nonetheless,
much work remains to be done. I propose some thoughts on future directions in
this field.

6.2.1 Different cellular sensitivities
Cells are very sensitive and different cell types demonstrate vastly various sensitivities
to external forces. But we know very little about the importane of the difference in
magnitude of forces triggering mechanotransduction in different cell types. It might
be possible to regulate the magnitude of external forces to trigger a specific cell type
in multicellular clusters or tissues. Application of different magnitudes of external
forces through magnetic beads or magnetic twisting cytometry, combined with super
resolution fluorescence microscopy (STED or PALM/STORM) to identify the molecular
mechanisms of molecular interactions may help advance the understanding of
different cell responses.

6.2.2 Different dimensions
Most of the previous studies, including some of work in this thesis are performed
on 2D platforms, which present grossly oversimplified environments compared to
the in vivo 3D scenario. In chapter 3, we proposed a robust method to prepare 3D
microniches, which can be applied to investigate cell metabolism dynamics responding
to different external cues in 3D microenvironments. Based on this method, future
work could focus on the generation of 3D free standing microtissues in vitro, which
can recapitulate the dimensionality and geometry of native tissues. It will be
fascinating to study these free standing microtissues in vitro, for example, by mixing
different cells into a defined structure to really mimic in vivo tissues, generate tumor
models for migration studies or mimicking the embryonic development.

6.2.3 Clinical applications

6

It should be noted that cellular mechanotransduction is not confined to the basic
research in biology. For example, tumor cells depend on their flexibility and metabolic
activity to metastasize7, leukocytes physically deform when passing through
pulmonary capillary beds8 stiffening of the vascular ECM leads to pulmonary
hypertension9-10. In future, it will be interesting to test whether ECM mechanical cues
affect cell metabolisms, morphologies or functions, and how these impact the
responses of normal and diseased tissues to mechanical cues. Of particular interest
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in this context are disturbances in metabolic regulation, which are increasingly
regarded as a cause of disease. Hence, it will be important to investigate the linkages
between cell metabolism and mechanotransduction in diseases such as cancer,
diabetes and obesity which are accompanied by aberrant metabolic reprogramming
and cell behaviors.
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