1duasnueln Joyny vVd-HIN 1duasnueln Joyny vd-HIN

yduasnuey Joyiny vd-HIN

> " NIH Public Access
@@‘ Author Manuscript

2 HEpst

Published in final edited form as:
Integr Biol (Camb). 2012 September ; 4(9): 1008-1018.

10,

o WAT;

Control of stem cell fate and function by engineering physical
microenvironments

Kshitiz&P, Jinseok ParkP, Peter Kim2P, Wilda Helen®, Adam J Engler®, Andre Levchenko®,
and Deok-Ho Kima#

aDepartment of Bioengineering, University of Washington, Seattle, WA98195, USA
bDepartment of Biomedical Engineering, Johns Hopkins University, Baltimore, MD 21218, USA
¢Department of Bioengineering, University of California, San Diego, La Jolla, CA 92093, USA

Abstract

The phenotypic expression and function of stem cells are regulated by their integrated response to
variable microenvironmental cues, including growth factors and cytokines, matrix-mediated
signals, and cell-cell interactions. Recently, growing evidence suggests that matrix-mediated
signals include mechanical stimuli such as strain, shear stress, substrate rigidity and topography,
and these stimuli have a more profound impact on stem cell phenotypes than had previously been
recognized, e.g. self-renewal and differentiation through the control of gene transcription and
signaling pathways. Using a variety of cell culture models enabled by micro and nanoscale
technologies, we are beginning to systematically and quantitatively investigate the integrated
response of cellsto combinations of relevant mechanobiological stimuli. This paper reviews recent
advances in engineering physical stimuli for stem cell mechanobiology and discusses how micro-
and nanoscale engineered platforms can be used to control stem cell niches environment and
regulate stem cell fate and function.
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1. Introduction

Stem cells possess the capability to differentiate into cell types of many varied lineages; the
variety of cell typesisdictated by the type of stem cell, e.g. pluri- (embryonic or induced
pluripotent cells), multi- (adult stem cells), or uni-potent (tissue-specific stem cells). This
capability isregulated by the various stimuli dictated by the microenvironment including
soluble factors and matrix-mediated signals, as well as from cell-cell communication2.
Although it is an accepted knowledge that soluble factors, including many growth factors
and cytokines significantly influence various stem cell phenotypes such as self-renewal and
differentiation34, many of the effects are not explained by known soluble factor-mediated
signaling pathways. Recently, the cues presented by the physical microenvironment are
being thought to be important regulators of stem cell behavior (Fig. 1)°. The mechanisms
through which aliving organism responds to its mechanical environment, e.g. physical
force, and hemodynamic shear stressis referred to as mechanotransduction®7;many cell
responses induced by mechanotransduction are summarized in Tablel.
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Recent advancement in various techniques in tissue engineering and micro/nanotechnol ogy
has allowed researchers to unveil many aspects of biomechanical regulation, especially in
the context of stem cells®. Most cells are in contact with extracellular matrix (ECM), a 3-
dimensional scaffold to which they adhere. ECM can induce mechanically-coupled signaling
pathways among its various functions to direct stem cell fate. To guide stem cellsinto
specific lineages, researchers and bioengineers are now trying to mimic ECM propertiesin
which stem cells reside /n vivo by combining tissue engineering and micro/nanofabrication
techniques. New developments in tissue engineering such as the design of novel scaffolds
for cell culture mimicking various features present in the ECM permit the stem cell
researchers to understand the biomechanical interactions of cells with their
microenvironment. In addition, micro/nanofabrication technique used for complex layers of
integrated circuits allows one to create specific structures mimicking the /n vivo
physiological topography integrated in in vitro cell culture models®. Cells can discern the
physical cues from the substrate at nanometer scales, and their phenotypic responses are
highly specific in nature. These responses may initiate the expression of specific genes or
the signaling pathways related to the biomechanical regulation.

This review introduces the biomechanical regulation of cellular behaviors, and especially
describes the studies showing that the effects of biomechanical properties on regulating stem
cell fate. Thisresearch is of high significance due to its promise in stem cell therapy and
important implications in biomechanical control of cell and developmental biology.

2. Extracellular matrix as a conveyer of biochemical and mechanical

signals

Cellsreside in a complex microenvironment consisting of other similar or dissimilar cell
types, extracellular matrix, biochemical, and physical factors. Extracellular matrix (ECM) is
diversely constituted consisting of various protein molecules, proteoglycans (carbohydrate
polymers attached to other ECM proteins), carbohydrate polymers and other molecules that
combine with water to create the mechanical properties, and structure of the ECM
matrix1%11, ECM signalsto cellsin multiple ways: as mechanical signals owing to its
physical properties!?15, as chemical signals by virtue of special motifs present in the
protein molecules present in the ECM 16, and as a presenter of biochemical paracrine signals
that adhere to ECM and activate receptors present on the cellst”-18, In order to understand
therole of ECM signaling, it is necessary to decouple the various aspects of ECM involved
in the observed phenotypic response, which till the recent development of micro- and
nanofabrication tools, presented substantial challengesin experimental designs. Use of
micropatterning tools, protein immoabilization, and cell constraints imposed by controlling
spatial presentation of ECM signals have presented unique insights into the role of ECM
based signaling and cellular morphology, and how cell shape can control cell division,
death, and even fatel®21, Geometry of ECM can control cell spreading which could
determine the cellular decision to undergo apoptosis or cell growth?219, Geometrically
anisotropic substrata can stimulate cells to elongate via contact guidance of focal adhesion
aligned by the topographical cues, and the degree of cell elongation is determined by both
the architecture, as well as the biochemical properties of the substrata?324, These data
indicate that ECM modulate cellular phenotypes by acting not only as biochemical

modul ators of cell behavior, but also by presenting biological cuesin different shapes,
topography, and as direct mechanical forces?®. Modern micro- and nanotechnology based
platforms that have now been perfected for biological use present awide range of toolsto
allow careful experimental designs to decouple the mechanical cues presented by ECM from
physical, and biochemical nature?6-28, These considerations are important, sinceit is
possible that the various characteristics of ECMsinfluence cellular phenotypes via different
signaling mechanisms2>29,

Integr Biol (Camb). Author manuscript; availablein PMC 2013 September O1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kshitizet al.

Page 3

3. Effects of mechanical stimuli on stem cell fate and function

Stem cells can sense, transduce, and respond to stimuli such as shear stress®°, mechanical
strain3l, matrix topography32, and rigidity33 (Fig. 2). While responses in stem cells vary,
these processes typically modulate fundamental behaviors of stem cellsincluding lineage
regulation. Despite the significance of these interactions in fundamental devel opmental
biology and the biomedical applications such as stem cell therapy, their widespread
incorporation in biological techniquesislimited, and understanding of the mechanism of
mechanotransduction still remains poorly understood. However, the establishment of
microscal e technol ogies enables us to create the well-controlled biomechanical environment,
and to investigate the effect of biomechanical regulation in stem cells.

2.1 Mechanical strain

Cdls maintain a balance of force between cell and ECM through their actin cytoskeleton.
External mechanical strain transduced by specific molecules expressed on cell surfaces such
as integrins may induce the instantaneous imbal ance and the re-organization of actin
cytoskeleton. The change of this balance induced can influence cell shape, stimulate various
signal transduction pathways, and induce transcription of genes resulting in a switch
between cell growth and differentiation. For instance, the pulsatile nature of hemodynamic
stresses leads to cyclic tensile strain prevalent in cardiac tissue and the blood vessel wall,
leading to differentiation of the affected cells into smooth muscle cells34.

Although mechanical strain usually exhibits complex patterns /n vivo, its impacts and
related mechanisms can be investigated with simplified /7 vitromodels. Depending on
system geometry, a combination of trandlational, rotational and/or multi-axial strain can be
applied to cellsto study the interaction between strain and cellular responses.
Physiologically relevant mechanical strain could induce self-renewal and maintenance of
pluripotency of embryonic stem cells (ESCs). For example, human ES cells (hESCs)
cultured under biaxial cyclic strain exhibited small, tightly packed morphology with high
level of Oct4 and SSEA-4, exclusively expressed in undifferentiated hESCs®. The cross-
talk between mechanical and chemical signaling was evidenced by the reduced
differentiation of hESCs cultured in mouse embryonic fibroblast (M EF)-conditioned
medium, but not in the unconditioned medium3. It was also suggested that TGFB/Activin/
Nodal signaling might play as a key pathway to regulate strain induced inhibition of
differentiation via the up-regulation of Smad2/3 phosphorylation blocking hESC
differentiations®.

Owing to their multipotency, availability for stem cell therapy applications, and low
immunogenicity, adult mesenchymal stem cells (MSCs) have been widely employed for
potential usein stem cell-based therapy. M SCs have the potential to differentiate into cell
types residing in widely varying mechanical microenvironments, making them attractive
targets for mechanical perturbation studies. For example, uniaxial strain transiently
stimulated the up-regulation of smooth muscle contractile marker, promoting the
differentiation into smooth muscle cell3’. In contrast, equiaxial strain induced osteo-genes is
through the activation of the extracellular signal-regulated kinase (ERK1/2) and p38
mitogen-activated protein kinase pathways38. With translational and rotational strainin a
three dimensional bioreactor, MSCs could highly express specific ligament markers such as
collagen |, 111, and tenascin C31 (Fig. 2B). Mechanical strain direction also influenced
vascular cell phenotypes and strain rate in physiological ranges was found to induce
phosphorylation of (Erk)1/23°. Furthermore, chemical signaling may have a crosstalk with
mechanical strain as indicated by strain-exposed human embryoid body derived cellsto
exhibit high chondrogenic differentiation with the treatment of TGFBC. Despite various
studies about the effect of mechanical strain on stem cell behavior, the role of crosstalk
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between mechanotransduction, and known signal transduction pathways initiated by soluble
factors has remained unexplored. The critical point, however, is that these investigations still
illustrate the vast possibilitiesto further our understanding of strain and their phenotypic
effect on stem cells.

2.2. Substrate stiffness

Many characteristics of cell including morphology, function, and fate can depend strongly
on substrate stiffness, i.e. the ability of the adherent material to undergo deformation in
response to applied force by the cells. Non transformed adherent tissue cells generally must
attach to a solid substrate for their survival in contrast to suspended cells e.g. red blood
cells*. Actomyosin structures within the cell then generate traction forces against these
attachments, resulting in transmission of these forces to the substrate. As areaction, the
substrate resists this deformation proportionaly to its stiffness and this repul sive force
influences cellular behavior. Moatile cells cultured on elastic substrates have been
demonstrated to align their shape along the direction of highest stiffness and move toward
stiffer regions*243, and normal fibroblast on flexible substrate exhibit decrease in the DNA
synthesis rate as well as an increase in the apoptosis rate*. Since each tissue in the body has
adifferent stiffness ranging from pliable brain tissue (1kPa) to calcified bone (100kPa) (Fig.
3A)13, cellslocated on different tissue may show particular properties and reactions. For
example, appropriate substrate elasticity can be used to guide cell proliferation, and
expansion of hematoopoietic stem cells*, and proliferation and apoptosis* of various cell

types.

MSCs have the potential to differentiate into cells of awide variety, from neurons to
osteocytes, guided by factors that are still unknown but are probably provided by the niche
environments in the different tissue types. Among these niches, the wide variation in
substrate stiffness with respect to tissue and organs can switch the lineage of its
differentiation (Fig. 3B and 3C).13 Specifically, a soft substrate (1kPa) mimicking brain
tissue induces neurogenesis, stiffer substrates (10kPa) similar to muscle stimulate
myogenesis, whereas M SCs on rigid matrix (30+ kPa) similar to collagenous bone cellular
environment exhibit osteogenesis3. These observations are tension-dependent and illustrate
that ECM stiffness can determine the developmental lineage of stem cellsto a significant
extent. Furthermore, it has been shown that interplay between matrix stiffness and adhesive
ligand presentation is critically important. For instance, osteogenesis of M SCs was promoted
only on the stiffest collagen I-coated gels (80 kPa), not fibronectin-coated gels whereas
myogenesis was induced on moderately stiff, fibronectin-coated gels (25 kPa), with similar
levels of that on the stiffest collagen |-coated gels (80 kPa)*6.

The differentiation of neural stem cells (NSCs) has also been demonstrated to be modulated
by matrix elasticity. NSCs exhibited peak level of the neuronal marker, g-tubulin 111 on gel
near the physiological stiffness (0.1~1kPa) of brain tissue in serum-free neuronal media®’.
Under mixed differentiation conditions with serum, softer substrates led NSCs to neuronsin
contrast to harder gels that resulted in a higher proportion of glia cellsin the culture,
indicating that tuning substrate stiffness modulate growth factor sensitivity. In much the
same light, cell spreading a so acts through an actomyosin-related mechanism that generates
tension within the cytoskeleton resulting in differential response to mixed growth factor
conditions®. Again in both scenarios, focal adhesion kinase and Rho kinase pathway have
been implicated as potential regulators*®49, p190RhoGAP, an inhibitor for RhoA, might
play an important role in modulating the cellular sensing of substrate rigidity, presumably
viaregulation of RhoA activity, and also in RhoA independent fashion!248, Src family
kinases and phospho-tyrosine signaling has also been implicated to play an important rolein
rigidity sensing®®. Mechanical and biochemical factorsinfluence cellular and tissue
behavior®l, and greater knowledge about the parameters of these factors will be useful in
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designing tissue constructs towards therapeutic objectives. For example, biochemical factors
available in neo natal heart, and tissue stiffness of the heart were used to create a
biodegradable cardiac tissue construct®2. However, to completely appreciate the complete
mechanism for substrate rigidity sensing in cells, future studies will need to unveil the
underlying coupling between these signaling observations. Improving the scaffold design to
be even more biomimetic, e.g. spatial and temporal changes in stiffness, would greatly
enhance our understanding of stem cell behavior in response to matrix elasticity and may
lead to creation of novel therapeutic biomaterials.

2.3. Shear stress

/n vivo, cells experience a dynamic shear environment, both in liquid tissues (blood,
lymphatics) and solid ones. Mechanical 1oading and bending of bonesresult in strain
gradients as well aslocal pressure gradients in the bone that can drive interstitial fluid flow
resulting in complex shear stress patterns®3. Vascular and lymphatic endothelial cells are
particularly exposed to shear stress stemming from blood flow and their physiology is
largely guided by the shear forces present in the blood®. Shear stress significantly affects
cell behavior at molecular levels®>28. Dueto alack of technological platforms to study
cellular behavior in defined shear stress conditions, however, the role of shear stressin
physiological processes is underappreciated. With the advent of modern tools like
microfluidics, molecular mechanisms underlying stress mediated cell-cell adhesion and cell-
cell interactions are now being revealed. To generate such physiological levels of shear
stress, aparallel plate flow chamber30 or microfluidic shear devices®%50 are extensively
used and demonstrate cell type-specific responses to shear stress. For example, endothelial
cells can activate mechanosensitive ion channels and modify gene regulation by laminar
flow-mediated shear stress originated from blood flow52. In addition, shear stress aligns cell
shape along the direction of the flow by dynamically reorganizing cytoskeletal filaments,
focal adhesions and ECM in cell density-dependent manner62,

Since stem cells need to home to sites of injury, they are expected to be sensitive to the shear
stress they encounter in their path either post intravasation, or through interstitial fluid flows.
Specifically, hESC-derived endothelial cells exhibited the up-regulation of MM P1 that
degrade ECM for helping morphological change and COX2 responsible for formation of
prostanoids involved in the inflammatory response on the application of physiologic level of
shear stress®0. This up-regulation can explain the morphological elongation and
amplification of inflammatory signal under shear stress. The exposure of hESC-derived
endothelial cellsto flow could also cause the increase in angiogenic and vascul ogenic
potential aswell as cytoskeletal rearrangement in the direction of flow®3. Endothelial
progenitor cells under shear stress up-regulated the expression of VEGF receptors and
activated these receptors without corresponding ligands. Shear stress also stimulated
molecular pathways leading to histone modifications in mouse ESCs, resulting in epigenetic
modifications, indicating that stress response can result in even epigenomic regulation®®.
These changes control the cardiovascular cell fate as shown by up-regulation of vascular and
cardiovascular marker such as smooth muscle actin, smooth muscle protein 22-alpha,

platel et-endothelia cell adhesion molecule-1, VEGF receptor 2, myocyte enhancer
factor-2C (MEF2C), and alpha-sarcomeric actin®.

In addition to ESCs, shear stress may also contribute to adult stem cell differentiation into
vascular cells. For instance, shear stress (15 dyn/cm?) for a 12-hour period significantly
increased the expression of mature endothelial cell-specific markersin CH3H/10T1/2 cells
such as CD31 (757-fold as compared with static control), von Willebrand factor (108-fold),
and vascular endothelial-cadherin (23-fold) at both the mRNA and protein level 54,
Angiogenic growth factor was also up-regulated, while markers associated with smooth
muscle cell differentiation were down-regulated. As with mixed media conditions, the
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introduction of osteogenic differentiation factors coupled with pulsatile fluid flow for
adipose-derived stem cells modulates their sensitivity, but in the opposite manner: rather
than pulsatile fluid flow inducing adipose- or vascular-like responses, growth factors
override them to induce osteogenic responses including increase in nitric oxide production
and the up-regulation of cyclooxygenase-2 are observed®®:66, This differentiation of MSCs
is suggested to result from the increase in the phosphorylation of (Erk)1/2 by shear stress5®.
Overdl though, shear stressis of particular interest in vascular cell fate becauseit is
suggested to be involved in endothelial function, and potentialy in endothelial
differentiation of stem cells. Again, the molecular machinery involved in shear stress
sensing and the resulting activation of signaling leading to transcription of genesis only now
begun to be understood.

2.4. Substrate topography

ECM can be organized into fibers, sheets, and other features that range in sizes from
nanometers to many centimeters. To mimic these features el ectron beam lithography®’,
photolithography®8, self-assembly of colloidal monolayers®®, and other micro/
nanofabrication techniques!® have been used to create experimental platforms to understand
the role of substratum topography on cellular behaviors’®. Stem cells can sense these
features and regulate their shape, apoptosis, proliferation or differentiation. For example,
ECM electron beam lithography has been used to demonstrate that geometric control of cells
determines cell fates'® 71, Similarly, micro/nanofabrication techniques have been used to
create topographical features of arbitrary sizes and shapes. Recently, control of randomness
in nanoscal e surface agglomeration was accomplished allowing understanding of anisotropy
and randomness in influencing ESCs behavior /L. In addition, combination of roughness with
micro-grated groove pattern led to control the axonal growth orientation from resulting
neuronal cultures from the ESCs!®.

Like other ECM properties, topographical guidance may impact various stem cell behaviors.
Nanoscal e substrata have recently been developed to culture MSCsin long cultures (8
weeks) while maintaining their multipotency’2. In the case of osteoprogenitors, the
topographical cue manufactured by electron beam lithography allowed stem cellsto adhere
more strongly to the substrate, to reorient cytoskeleton, and to produce osteoblasts specific
markers such as osteocalcin and osteopontin (Fig. 4A)%7. Furthermore, disordered nanoscale
pits constructed by colloidal lithography induced differentiation of osteoprogenitors as
evidenced by the production of bone mineral /n vitro, and transcription of osteoblasts
specific genes, presumably through the topography induced inhibition of Wnt/B-catenin
signaling®8. In addition to attachment and differentiation, cell-cell communication is also
regulated by topographical cues. Osteoblasts on10-pum grooved substrate exhibited a
reduced expression of the gap junction protein connexin-43 compared to aflat substrate,
resulting in reduced communication between adjacent cells’3.

With three-dimensional (3D) topographical cues, height and diameter feature control has
also been implicated to be involved in the regulation of stem cell behavior™4. Using
nanotube structures to control surface height and feature diameter, larger diameter nanotubes
(70 to 100 nm) support noticeable stem cell elongation by inducing cytoskeletal stress and
selective differentiation into osteoblast-like cells when compared to smaller diameter
nanotubes (30 nm) (Fig. 4B and 4C)">. 3D networks of electrospun nanofibers also can alter
substrate height and have been shown to preferentially induce NSC differentiation into
neurons rather than into astrocytes’S. In addition, nanofiber diameter also appears to regulate
NSC proliferation and cell spreading, though its influence on differentiation is not as
certain’’. In general, however, these micro/nanofabrication techniques permit us to design
the substrate with defined topographical cues with arbitrary features that regulate stem cell
shape, fate, migration, proliferation. Aswith other cues, the importances of surface
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fabrication in future stem cell research or therapy is dependent on our better understanding
of the mechanism behind sensing these topographical cues.

4. Co-regulation of stem cell function by multi-variant mechanical stimuli:
the move to 3D cultures

/n vivomicroenvironment is complex and can exert multiple cues on cells, consisting of
combinatorial stimuli of biomechanical, biochemical, or biophysical nature’®. For example,
endothelia cellsin the lumen are exposed to growth factors, cytokines, and shear stress as
well as receiving cues from the properties of their cell-cell and cell-ECM contacts!2 78,
MSCs used for vascular grafts are also affected by mechanical strainsin the vascular wall,
which are anisotropic and circumferential 7. Generally though, these sorts of cues are sensed
in concert with each other in a 3D environment where dramatically different behaviors can
be observed compared to the conventional 2D environment discussed at length above8081,

Before discussing the effects a 3D environment has on stem cells and how it couples various
cues together, it is necessary to compare and contrast the material requirement and technical
limitations for these systems. Synthetic polymer hydrogels are typically polymerized as a 3D
network that presents a 2D culture substrate as they are often composed of cytotoxic
components that upon polymerization become inert. However, cells can now be mixed in
situin liquid gels that can be polymerized by temperature, chemical or photo induced
polymerization82. Novel techniques to encapsulate cellsin gelsin a highly controlled
manner are emerging from microfluidics community by leveraging the control over fluid
flow of polymer gels8384. Cells are seeded on top of the hydrogel after polymerization and
functionalization with avariety of ECM proteins or cell adhesive peptides, e.g. RGD®86 or
collagen87:88, On the other hand, nanofibers closely mimic the /n vivo3D
microenvironments, are capable of encapsulating cells, and are seen to be more compatible
with widely available techniques including fluorescence microscopy but suffer from not
presenting the mechanical cues to the cellsin a complete 3D fashion?8:89, In addition,
culture on these scaffolds can be combined with chemical and physical perturbations with
relative ease. For example, nanofiber organization with immobilization of ECM protein and
growth factor can mimic the native matrix fibrilsin a closer manner9. A combination of
both nanotopography and chemical signaling have also been shown to significantly
enhanced skin cell migration, in the context of wound healing, while also presenting novel
phenotypes that are not observable on a smooth surface®.

For stem cells specifically, the phenotype of many stem cell types has been shown to change
greatly when cultured on 3D systems as compared to the more conventional 2D systemsL.
The most common observation isthat cellsfail to form /n7 vivolike structures on flat and
hard surfaces, while collectively assemble into tissue-like structures when grown in 3D such
as tube formations by endothelial cells, mammary gland formations by breast cancer cells
and closed organoid formation by epithelial cells?1-93, Stem cells also are expected to
exhibit more tissue like organization when grown in compliant 3D microenvironments33,
We conjecture that while there may be observable differences in cell autonomous behavior
when cells are cultured on physiologically relevant mechanical substrata as compared to on
tissue culture dishes/cover dlips, collective cell behavior differences may be more visible
when these physiological mechanical cues are presented to the cellsin 3D. Ultimately
however, the ‘devil isin the details' for the specific stem cell and its niche, which can vary
widely in terms of their anatomical organization, extracellular composition, cell-cell
interactions, and mechanical cues®.

There are many characteristics that vary between cell niches, e.g. the elasticity, strain, and
topography are all different between ESCs, MSCs, Drosgphiliagerm cells, etc. Yet the
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biochemical and biophysical reactions at play in these niches must remain balanced so that
the tissue remains static unless an external trigger is presented, for example, by
inflammation, tissue injury, or loss of somatic cell types. This process, called dynamic
reciprocity, affects cell migration, fate, and proliferation®, and since each niche s different,
the exact balance of forcesin each caseis different. It is this balance that leads to tissue
morphogenesis, relating form and function, but what results are quantifiable and specific
phenotypic changes within cells. For example, cells sense their mechanical
microenvironment through integrin molecules that are part of larger focal adhesion
complexes that couple the intracellular cytoskeleton and ECM protein networks. Focal
adhesions, especially in stem cells, are largely dependent on their context as their
composition can change based on the dimensionality of their matrix®. Indeed, the focal
adhesions observed in 3D environment are found to be more mature consisting of many
more molecules localized together (vinculin, paxillin, focal adhesion kinase, a-actinin, a5p1
integrin and phosphotyrosing)®80, In addition to adhesions, cytoskeletal tension in stem cells
balances and aligns their internally-generated forces exerted on the ECM with that generated
in neighboring cells®. This phenomenon differs significantly in 3D where a highly fibrillar
ECM transduces unidirectional forces along fibers rather than bidirectionally asin 2D.
Ultimately a more detailed examination is required of how cells sense mechanical cuesin
3D viafocal adhesion components, and then respond via signaling pathway activation and
transcriptional activity to affect lineage commitment.

Cellsreside in a3-dimensional world, and it isincreasingly being appreciated that cellular
phenotypes are significantly affected by the reduction of dimensionality in which
mechanical and biochemical cues are presented to the cell. An adult stem cell niche contains
the cues presented to the cellsin 3 dimensions in the form of a cellular neighborhood with
specific identities, growth factors tethered to the ECM, mechanical forces provided by the
ECM, topography and physical parameters, e.g. ischemia. Future research and development
isrequired to create true 3D contexts of the cells that mimic the natural niche environment
of the stem cell combining all the above factors.

5. Mechanisms of mechanosensing

How cells sense and respond to the mechanical stimuli remains an unresolved question, but
significant progress has been made recently in determining the signaling mechanisms
involved in mechanotransduction®”:98, Mechanical forces, as described in Section 2,
manifest themselves in different waysto the cells, but recent research suggests significant
redundancy in the pathways used to transmit and transduce mechanical information into
biochemical signals that cells can interpret®”:99, Mechanical forces can occur both “outside-
in” and “inside-out,” meaning the cell can generate traction stresses on their environment in
the former case or be exposed to an external force in the latter case. For outside-in
situations, forces are typically generated by actomyosin contractions in sarcomeres for
muscle or in pre-myofibrilsin non-muscle cells. These forces are transmitted via a complex
assembly of focal adhesion proteins and integrins, which bind to ECM molecules that can
transmit these forces to adjacent cells bound to the same matrix proteins®®100, Within the
focal adhesions, guanine exchange factors (GEF) activate Rho, Rac and other small
GTPases!91. RhoA activation resultsin ROCK phosphorylation, which in turn activates
myosin light chain kinase (MLCK). MLCK can recruit myosin |1 to myofibrils and induce
its activation, which is ultimately responsible for cell contractility and enables the cell to
“feel” its extracellular environment192, In addition, mDiA, another effector of RhoA, results
in the polymerization and stabilization of the actin cytoskeleton to ensure that it may
develop the intracellular tension necessary for an array of cell behaviorst01:103,
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While Rho GTPases are the most well studied mechanotransduction pathway, several
alternative sensing mechanisms have been identified. For instance, cells employ stretch
activated ion channels that allow Ca2+ influx in stretched cells transiently1%4 and resultsin
increased activation of Calmodulin (CaM) and MLCK 195, p190RhoGAP, a GAP protein of
RhoA is aso known to directly influence transcription in both RhoA dependent and
independent manner248, Y AP, a downstream transcriptional factor in the Hippo pathway
has also been found to be involved in sensing substratum rigidity196. Thereis also evidence
that talin, and vinculin, both found in the focal adhesion complex, undergo conformational
changes and alter their binding affinitiesin response to forcel%”, and this represents another
important class of potential mechanosensing mechanisms. In thisway, signaling from
cryptic binding sites could either invoke a biphasic response, as suggested with MAPK 108,
or amonotonically increasing one where additional stretch induces more signaling.

While thislist of potential mechanosensing pathways may appear to be both extensive and
redundant in many ways, these mechanism likely only represent a partial list of the ways
cellsfeel their surroundings. From that perspective, discovering all of cell mechanosensing
mechanisms may be impractical astoo much overlap in the control of common functions
may limit our detection capabilities. One critical areathat remains somewhat uncertain are
the specific ways that upstream mechano-signaling resultsin gene transcription. Not to be
lost in the variety of mechanisms, however, isthe point that mechanobiol ogists must
appreciate that mechanical stimuli can be transient (e.g. shear stress) or static (e.g. rigidity or
topography), and each may require different signaling machinery or involvement of control
modules that have still not been discovered.

6. Conclusions and outlook

Stem cell investigations have often been guided by the discovery of novel soluble cues or
signaling pathways that regulate stem cells fate, many of which are well known growth
factors with unexpected function in stem cells. However, the role of mechanical cuesin
determining stem cell fate has only now come into focus with findings from the past 5 years
indicating that embryonic and adult stem cells are profoundly affected by various
mechanical and biophysical cues?8. Importantly, the role of mechanical cues on stem cell
fate underlines the fact that the heterogeneous mechanical milieu in an organism affects
stem cellsin very significant ways!9. This underlines the need to create physiologically
relevant environments for stem cell culture, maintenance, and application to regenerative
medicine where these findings can be used as design criteria for new materials. A common
critique of adult stem cells based experiments conducted /n vitrois the disconnect between
the physiological nichesin which stem cells reside, and the plastic or glass platesin which
they are observed. There is a need to combine mechanical, biochemical, and physical cues
present in adult stem cell nichesin asingle platform to bridge the disconnect allowing in
vitro observations to have increased expected extrapolation with the physiological context of
the cells. Further, our understanding of these underlying biophysical mechanism(s) require
significantly more investment in molecular biology toolsintegrated with the novel platforms
to study role of mechanical forces on the cells. Only then can the role of
mechanotransduction, especially in conjunction with other known signaling pathways, be
fully appreciated.
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Figure 1.

Schematic diagram of biomechanical regulation of stem cell behaviors. Mechanical stimuli
such as mechanical strain, substrate stiffness, shear stress and topography affect on stem cell
phenotypes in a combinatorial fashion.
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Figure 2.

Representative examples of biomechanical regulation of stem cell behaviors.(A) Actin
filaments (green) and vVWF (red) in the absence and presence of shear, respectively. Arrows
indicate direction of flow; Scale bars = 50 um3C. Reprinted with permission from John
Wiley and Sons. (B) Immunofluorescent staining of MAP2 and nestin of hM SCs cultured on
nano-patterned, and unpatterned PDMS. Nestin, the neuronal differentiation marker is
shown in red, MAP2 in green. The direction of the gratings on the nano-patterned PDMSis
indicated with awhite arrow. Reorinted with permission from Elsevier Publishing®?. (C)
Immunohi stochemical assessment of gels either seeded with bovine bone marrow-derived
progenitor cells3l. Mechanically stimulated bovine gels (Left) compared with static controls
(Right) cultured for 21 days showed stimulated cells containedordered collagen type | fiber
bundles (arrowheads) in the direction of load, i.e., along the longitudinal axis of the
ligaments (double-arrow); Static controls exhibited absence of fuber bundle organization.
Reprinted with permission from FASEB. (D) The response of human fibroblaststo rigid
(Left; Young' s modulus (E)=100 kPa) or soft (Right; E=10 kPa) fibronectin-coated PDMS
substrates33. Organization of paxillin-GFP-labelled focal adhesions (green) and phalloidin-
labelled filamentous actin (red), aswell as overall cell shape, strongly differ in cellsthat are
plated onto the two substrates. Reprinted with permission from Nature Publishing Company.

Integr Biol (Camb). Author manuscript; availablein PMC 2013 September O1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Kshitizet a.

Page 18
A c
Blood Brain Breast Muscle Skin Bone
EEEEE | | ! 1 == E~10kPa
Fluid 0.1 1 10 50 100

Increasing Stiffness (kPa)

B 10% serum Collagen-1 =

h «; Elastic Substrate (£)

v | v
0.1-1kPa  8-17kPa _25-40kPa

Figure 3.

Effects of substrate stiffness on stem cell phenotypes. (A) Solid tissues exhibit a range of
stiffness, as measured by the elastic modulus, E. (B) The /n vitrogel system allows for
control of E through crosslinking, control of cell adhesion by covalent attachment of
collagen-1, and control of thickness, h. Naive MSCs of a standard expression phenotype are
initially small and round but develop increasingly branched, spindle, or polygona shapes
when grown on matrices respectively in the range typical of brain (0.1-1 kPa), muscle (8-17
kPa), or stiff crosslinked-collagen matrices (2540 kPa). Scale bar =20 pm13. A, B reprinted
with permission from Elsevier. (C) Substrate stiffness influences adhesion structures and
dynamics, cytoskeleton assembly and cell spreading, and differentiation processes such as
striation of myotubes®. A cell-on-cell layering demonstration; Lower layer is attached first
to glass followed by the upper layer, derived from myoblasts that are added later allowing
myoblasts to perceive a softer, cellular surface.
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Figure 4.

Influences of substrate topographical cues on stem cell phenotypes. (A) Top row shows
images of nanotopographical geometries fabricated by electron beam lithography. All have
120-nm-diameter pits (100 nm deep, absolute or average 300 nm centre—centre spacing)
with hexagonal (2), square (3), displaced square (4)(50 nm from true centre) and random
placements (5)119. Osteoprogenitors cultured on the control (1) exhibit lack of positive OPN
and OCN stain; on hexagonal arrangment (2) show loss of cell adhesion; and on square (3)
show decreased cell adhesion but increase in OPN and OCN stain; on displaced square
geometry (4) show bone nodule formation; and on random arrangement (5) an OCN and
OPN positive cell subpopulations. Actin=red, OPN/OCN=green. Reprinted with permission
from Nature Publishing Group. (B) Immunofluorescent images of OPN (Right), aswell as
actin (Left) on 100-nm diameter TiO2 nanotubes after 3 weeks of culture. (C) Schematic
illustration of the overal trends of nano cue effects on hM SC fate and morphology after a
24-h culture’. The change in hMSC cell adhesion and growth without differentiation (solid
red line) has the same trend as protein particle density (broken red line), whereas that of
differentiation (solid blue line) has the same trend as hM SC elongation (broken blue line).
Reprinted with permission from National Academy of Sciences.
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Table 1

Examples of biomechanical regulation in stem cell behaviors
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Mechanical Stimuli Cell Source Highlights

Ref.

The formation of stress fiber by cyclic uniaxial strain without

Endothelial cell Rho pathway

111

The upregulation of elastin and collagen gene expression and
Smooth muscle cell theincrease in the express of elastin and collagen by cyclic
strain

112

Tightly packed morphology with high level of Oct4 and
SSEA-4 under biaxia strain
ESC

35

Mechanical Strain The up-regulation of Smad2/3 phosphorylation by strain which
block ESC differentiation

Saha, 2008 #31}

The up-regulation of smooth muscle contractile marker, SM
alpha-actin and SM-22alpha by uniaxial stain

37

The activation of ERK1/2 and p38 MAPK signaling pathway by

MSC equiaxial strain

37

Theincrease in the expression of the specific ligament markers
such ascollagen |, 11l and tenasin C

113

The direction of stem cell lineage by mimicking tissue stiffness

13

S Theinduction of MyoD expression, an indicator of myogenic

differentiation on gel coated FN with 25kPa

Substrate Stiffness Theincrease in B-tubulin 111, the neuronal marker on gel near

NSC stiffness of brain tissue

a7

Differentiation of CSC into endothelial cells via p190RhoGAP

csC downregulation

12

The upregulation of COX2, the indicator of amplification of
inflammatory signal and MMP1 that degrades matrix for

hESC-derived endothelial call morphologica change by shear stress.

30

The increase in angiogenic and vasulogenic potential as well as
cytoskeletal rearrangement in the direction of flow

61,62

The increase in the expression of VEGF receptors and the
Endothelial progenitor cell activation of VEGF receptor withoug corresponding ligands by

Shear Stress shear stress

ESC The histone modification by shear stress

56

Theincrease in the endothelial markers such as CD31, vVWF and
cadherin at the mRNA and protein level by shear stress
MSC

114

The increase in nitric oxide production and the upregulation of
cyclooxygenase-2 by shear stress

65

The increase in osteoblastic markers such as osteocalcin and

MsC osteopontin on disordered nanoscale pit pattern

71

Substrate Topography
The decrease in the expression of the connexin-43, the gap

Osteoblasts junction protein by the groove pattern

73
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