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Abstract

The two definitive characteristics of stem cells, the capacity for proliferation without loss of potency and
the ability to differentiate into specialized cell type(s), endow these cells with great promise for the development
of cell replacement therapies for degenerative disease and injury. Furthermore, stem cells are increasingly
being recognized as versatile systems for developmental biologists to study lineage specification and tissue
organization.

Understanding the mechanisms that underlie stem cell self-renewal and differentiation is central to
realizing this potential, and efforts have increasingly focused on elucidating the signals that regulate cell
function in the tissues where they reside, i.e. the endogenous stem cell niche. The governing principle of
this niche, first proposed 30 years ago, is that stem cell fate decisions are influenced by cells’ interactions
with components of their microenvironment, and these cell extrinsic factors include soluble and immobilized
factors, the extracellular matrix, and signals presented by neighboring cells. Thus, recreating or simulating
this microenvironment may be critical for properly expanding and controlling the differentiation of stem cells
outside the body, for both basic biological study and therapeutic translation.

In this chapter we review the biology of stem cell niches, focusing on the mechanisms and “strategies”
by which various niche components support stem cell functions, including immobilization of signals to control
activity and dosage, progressive specification of cell behavior by a series of sequential signals, complex signaling
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feedback from adjacent niche cells, and presentation of mechanical cues. We then illustrate how these mech-
anisms can be translated into design criteria for stem cell engineers to create biomimetic microenvironments
that emulate the ability of native niches to precisely control cell function.

1. Introduction

Stem cells – defined by the capacities for self-renewal and for differentiation into multiple cell types – hold
great promise for applications in regenerative medicine and as model systems for basic developmental biology studies.
Tissue-specific adult stem cells have been isolated from a broad variety of adult tissues in many species. In addition
to these multipotent stem cells, pluripotent embryonic stem cells that have the ability to generate all cells in an
adult organism have been isolated from embryos (Martin, 1981; Thomson et al., 1998), and induced pluripotent stem
cells (iPS) have been created from somatic cells via the forced overexpression of key factors (Takahashi et al., 2007;
Takahashi and Yamanaka, 2006). Understanding how to preciously control the behavior of these cells is a key challenge
for utilizing them in both therapeutic and scientific applications.

The hallmark properties of stem cell self-renewal and differentiation are governed by a complex set of extrinsic
cues in collaboration with intrinsic gene regulatory machinery. The identification of numerous tissue-specific stem cells
has driven recent investigations into whether there are intrinsic regulatory mechanisms shared by all self-renewing cells
(Ivanova et al., 2002; Ramalho-Santos et al., 2002). However, gene expression profiling studies across many different
types of stem cells have not been able to define a common, core set of genes responsible for “stemness” (Fortunel et
al., 2003). This finding in part has led to a perceptible shift in focus from the role of intrinsic regulation to the function
of cell extrinsic stimuli as determinants of cell fate. The conceptual framework for the latter efforts was initially
proposed in 1978 by Schofield, who hypothesized that the soluble growth factors, extracellular matrix interactions,
and cell-cell interactions that comprise the stem cell microenvironment play a role in supporting stem cell self-renewal
(Schofield, 1978). Accordingly, the identification of extrinsic factors and their downstream, intracellular signaling
pathway targets has led to much progress in understanding how to control the expansion and directed differentiation of
stem cells.

In parallel to these basic efforts, engineered microenvironments have been increasingly successful in controlling
stem cell fate by emulating the key regulatory signals from native stem cell niches. This chapter has the dual objectives
of discussing principles of stem cell biology, focusing on the strategies and mechanisms by which niche components
support stem cell functions, as well as illustrating key examples of engineered stem cell microenvironments that
build from these principles. We present examples of how growth factors and morphogens, neighboring cells, and the
extracellular matrix regulate the size and composition of the niche (see Figure 1). Since there are many more cell types
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Figure 1. Schematic overview view of niche components. Stem cell fate decisions are mediated by interactions with the matrix proteins, soluble factors and
other cell types in stem cell niches. In particular, this chapter focuses on mechanisms by which niche components direct stem cell fate decisions, including
(1) and (2) immobilization of signals to control activity and dosage, (3) direct interactions with ECM proteins, (4) complex signaling feedback from adjacent
niche cells, and presentation of mechanical cues. SC=stem cell; NC=niche cell; GF=growth factor; DC=differentiated cell.

in organisms than there are signaling factors, biology encodes information that specifies cell fate not only through
the presence or absence of signals, but also via their combinations, localization, level, and timing. The examples
of engineered microenvironments discussed below indicate how a detailed understanding of how these components
regulate stem cells in native niches has led to the elucidation and development of key design criteria for synthetic
niches that allow greater control over cell fate.
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2. Growth factors and morphogens
2.1. Immobilization of signaling factors as a mechanism to control local concentration

Growth factors and morphogens can exert potent, long-range effects in stem cell microenvironments. Owing to
their relative ease of study, soluble growth factors and their downstream signal transduction pathways are the best
characterized determinants of stem cell fate and have been extensively used in ex vivo stem cell culture systems, as
has been effectively discussed elsewhere (Lowry and Richter, 2007; Molofsky et al., 2004). We will instead discuss
the application of growth factor immobilization, a ubiquitous theme in developmental biology, to engineered niches.

In vivo, numerous growth factors and morphogens are immobilized by binding to the extracellular matrix through
specific heparin-binding domains or by direct binding to ECM molecules such as collagen as well as by fibronectin,
or direct anchoring to cell membranes (Rider, 2006). Immobilization of growth factors in this manner can serve to
increase local concentration of the protein by hindering diffusion and receptor-mediated endocytosis. For example, the
morphogen Sonic hedgehog (Shh) is modified at its termini by lipids – cholesterol and palmitic acid – that link it to
the cell membrane and thereby limit its mobility. Removing the lipids dilutes the factor to a lower concentration and
thereby shrinks the range of its effective activity (Li et al., 2006; Saha and Schaffer, 2006). Accordingly, mimicking
the natural immobilization of cytokines is one approach utilized by engineers to concentrate factors in proximity to
the cell surface in a manner that effectively activates target signaling pathways, as well as reduces the levels of growth
factor necessary to elicit a potent cellular response.

An early study exploring this design concept focused on epidermal growth factor (EGF; Kuhl and Griffith-
Cima, 1996), which is effective in repair of damaged tissues, but is often difficult to deliver at a sufficiently high
concentrations to mediate downstream signaling events since it does not contain a matrix-binding domain and rapidly
undergoes receptor-mediated endocytosis (Reddy et al., 1996). Immobilization of EGF on a biomaterial surface in
a manner that preserved its activity but precluded receptor-mediated downregulation was first explored as a way to
achieve high local concentration and sustained signaling in primary rat hepatocytes (see Figure 2; Kuhl and Griffith-
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Figure 2. Tethered growth factor ligands allow sustained signaling without receptor mediated internalization. Flexible PEO tethers (∗) covalently link
the N terminus of transforming growth factor-alpha (TGFa), a member of the epidermal growth factor family, to the polymer substrate. Crystal structure
reprinted from Garrett et al with permission from Elsevier. Figure courtesy of L.G. Griffith.

Cima, 1996). In a recent example involving human and porcine mesenchymal stem cells (MSCs), amine-targeting
chemistry was used to tether EGF to the surface of poly(methyl methacrylate)-graft-poly(ethylene oxide) (PMMA-g-
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PEO) comb polymers (Fan et al., 2007). The tethered EGF led to sustained EGFR signaling and subsequent cellular
responses including cell spreading and protection from apoptosis whereas saturating levels of soluble EGF did not
(Fan et al., 2007).

Motivated by naturally-occurring heparin-binding domains, Sakiyama-Elbert and colleagues incorporated hep-
arin into biomaterial scaffolds to allow for immobilization of basic fibroblast growth factor (bFGF), a growth factor
with many important roles during development and in adult physiology (Sakiyama-Elbert and Hubbell, 2000). bFGF
was released either passively by diffusion, or actively via heparinases secreted by neighboring cells, thereby allowing
for a controlled release and presentation of signal not possible with soluble growth factor delivery. In a chick dorsal root
ganglion model, immobilized bFGF led to greater neurite extension into the scaffold than for cells cultured on scaffolds
with free bFGF (Sakiyama-Elbert and Hubbell, 2000), likely due in part to the finding that the local concentration in
the scaffold was 500-fold greater for immobilized bFGF than for soluble FGF. The same delivery system has been used
for differentiation of murine ESCs into mature neural cell types, including neurons and oligodendrocytes, indicating
that biomaterials scaffolds functionalized with immobilized growth factors may be a potential strategy for generation
of engineered tissue for treatment of spinal cord injury (Willerth, 2008).

Finally, in a recent study, polymer substrates functionalized with the signaling domain of Sonic hedgehog (Shh)
supported enhanced osteogeneic differentiation of bone marrow-derived MSCs, as compared to cells cultured on the
same surfaces with soluble Shh at the same concentration (Ho et al., 2007). This example further demonstrates that
growth factor or morphogen immobilization serves as an effective means to achieve sustained activation of downstream
signaling pathways.

2.2. Sequential factors to program stem cell differentiation

Decades of elegant studies in numerous model organisms have elucidated signals and molecular pathways that
sequentially and progressively regulate the generation of terminally differentiated cell types during the process of
organismal development (see Figure 2). One of the major accomplishments of embryonic stem cell biology thus far
has been to apply this concept of a step-wise developmental program in vitro to recapitulate organ formation. In
particular, generation of functional motor neurons and pancreatic cells are illustrative examples of how sequential
soluble factors can be used to program stem cell differentiation.

Differentiation of motor neurons from primitive ectoderm requires progression through two intermediate stages,
each guided by a distinct set of soluble factors. Ectodermal cells first acquire a rostral neural fate through signaling
by BMP, FGF, and Wnt proteins (Munoz-Sanjuan and Brivanlou, 2002). The next transition is retinoic acid-mediated
caudalization, followed by progression to terminally differentiated motor neurons in the presence of Shh (Briscoe and
Ericson, 2001). In a landmark study, Jessell and colleagues were able to guide mouse ESCs down this pathway by
applying these soluble factors in a step-wise manner that emulates natural neural development, resulting in the in vitro
generation of motorneurons that can survive and engraft in vivo (Wichterle et al., 2002).

Analogous sequential exposure to soluble factors has enabled recapitulation of pancreatic development in vitro.
The pancreas develops from the embryonic endoderm, first appearing as buds at two sites of the gut tube. Progression
to the next stage of development, denoted by expression of pancreatic-specific transcription factors, depends on Shh-
antagonists secreted by the embryonic mesoderm (Hebrok et al., 1998; Kim et al., 1997). Further growth and branching
of the nascent pancreatic buds is mediated by FGF10 (Bhushan et al., 2001). This step is followed by endocrine cell
specification, which is mediated by soluble signals from the surrounding endothelium that inhibit Notch signaling and
subsequently initiate expression a cascade of transcription factors that lead to differentiation of insulin-producing cells
(Gu et al., 2003; Lammert et al., 2001). Application of these soluble signals in sequence to undifferentiated embryonic
stem cells in vitro resulted in the generation of functional insulin-producing cells (D’Amour et al., 2005; D’Amour
et al., 2006), illustrating an important concept for directed differentiation of ESCs.

2.3. Factors secreted or presented from differentiated cells within the niche

Stem cells reside in complex and heterogeneous compartments throughout the body, and interactions with one
another and with surrounding cells can modulate their fate decisions. Therefore, the specific balance of cell types
within the niche is a regulator of stem cell behavior. In some regions of the adult brain, signaling feedback from
differentiated cells inhibits the proliferation of progenitor cells in order to maintain the balance of cell types in the
niche. Wu et al. identified a TGF-β family member that inhibited neurogenesis in the olfactory epithelium, and then
showed that it was produced by differentiated neurons (Wu et al., 2003). This system demonstrates the concept that
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differentiated cells can express a soluble protein to exert negative feedback control over stem cell proliferation, thereby
maintaining a balance of signals and cell types within the local microenvironment.

Similar paracrine signaling has been shown to regulate human embryonic stem cell (hESC) cultures. Even
when not grown on embryonic fibroblast or other feeder cells, hESCs grow in heterogeneous colonies composed of
undifferentiated cells and hESC-derived fibroblast-like cells that do not express ES cell markers (Stewart et al., 2006).
Recent work suggests that the fibroblast-like cells form a part of the hESC microenvironment by secreting factors
necessary for stem cell self-renewal (Bendall et al., 2007). Specifically, fibroblasts derived from hESCs were shown
to secrete insulin-like growth factor (IGF) II, which interacts with the IGF receptor I expressed on the surface of
undifferentiated hESCs.

A closely related parameter is overall cell density. As one example, the Notch signaling pathway mediates the
process of lateral inhibition, where a cell presenting a Notch ligand stimulates Notch activity in adjacent cells, which,
in addition to modulating the recipient cell’s fate, also downregulates the expression of Notch ligands on that cell. This
signaling mechanism regulates key stages of neural development in both vertebrates and invertebrates. For example,
specification of neuronal ganglion cells in the retina from a population of competent progenitors is mediated by Notch
signaling such that inhibition of Notch leads to differentiation (Austin et al., 1995). A similar juxtracine signaling
relationship is observed in in vitro neural stem cell cultures in which high cell density exerts an inhibitory effect on
neuronal differentiation, which can be abrogated by the addition of antisense oligonucleotides directed against Notch
(Bartlett et al., 1998).

One strategy to engineer paracrine and potentially juxtracrine regulation into a synthetic stem cell environment
is to culture stem cells alongside more differentiated cell types. While these co-culture systems serve as the in vitro
analog of native environments comprised of multiple cell types, they are often difficult to design and optimize, as
well as to precisely control for basic investigation of paracrine signaling. Recently, tissue engineers have developed
technologies that address some of the challenges of co-culture systems. For example, Hui and Bhatia used microfab-
ricated, interdigitating silicon combs to control cell-cell interactions over time (Hui and Bhatia, 2007) (see Figure 3).

Figure 3. Sequential soluble factors specify differentiation programs. A. Specification of motor neurons from ESCs. RA retinoic acid. Shh Sonic
hedgehog. Adapted from Wichterle et al. B. Specification of pancreatic endocrine cells from definitive endoderm generated from ESCs. FGF fibroblast growth
factor. DAPT δ-secretase inhibitor. Adapted from D’Amour et al. (2005).

In this system, cells are cultured on silicon combs whose spacing can be modulated over time. Micromechanical control
of comb spacing allows for the modulation of cell-cell contacts and spacing to explore the roles of contact-mediated
versus soluble signals among heterogeneous cell types. For example, dynamic regulation of the spacing between hepa-
tocytes and stromal cells revealed that stromal contact is only needed at an early time interval to sustain hepatocellular
function. Similarly, Wright et al. used a microstencil to pattern various cell types layer by layer over time (Wright et
al., 2007). This system allows for the optimization of each layer for each specific cell type (e.g. adhesive substrate
coating), as well as the addition of cells in the co-culture in a defined sequence. Each of these systems represents
emerging technologies that are a step towards recreating and exploring the complex dynamic cell-cell interactions that
occur in stem cell niches.

Another approach to regulating cell-cell contacts in synthetic stem cell niches has been to regulate overall cell
density. Negative feedback mechanisms mediated by cell-cell contacts can serve to maintain the balance of cell types
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Figure 4. Micromechanical substrates enable micrometer-resolution cell positioning. (A) Microfabricated silicon parts can be fully separated (Left),
locked together with comb fingers in contact (Center), or slightly separated (Right). (B and C) Bright-field images of hepatocytes (darker cells) and 3T3
fibroblasts cultured on the comb fingers. (D) Devices in a standard 12-well plate. Cell culture and functional assays were performed with standard methods.
Figure adapted from Hui et al. (2007).

in some stem cell niches, and controlling cell density can thus be considered a simpler proxy to recreating complex
cell-cell contacts. One example comes from embryonic stem cell culture. In order to begin to parse the complex cell-cell
interactions in hESC culture, Zandstra and colleagues have studied the effect of local cellular microenvironments on
intracellular signaling pathways (Peerani et al., 2007). Using high-resolution imaging, they showed that hESCs retain
stem cell marker expression upon growth factor removal in regions of high local cell density within hESC colonies.
Nuclear levels of signaling molecules such as phosphorylated Smad1, a component of the TGF-β pathway known to
function in hESC self-renewal, were also found to be dependent on local cell density. Further analysis suggested that
differentiated cells secrete Smad1 agonists, while undifferentiated cells secrete Smad1 antagonists. Moreover, using
engineered surfaces with micropatterned cell adhesive features, they showed that controlling hESC colony size can be
used to modulate the level of Smad signaling and maintenance of self-renewal. Their findings suggest that self-renewal
requires a balance between TGF-β agonists and antagonists, and that this balance is determined by the subpopulations
and densities of cells that comprise the local cell microenvironment.

This study indicated that ESC colony size can impact cell fate decisions, suggesting the importance of controlling
this parameter. One technology to modulate ESC colony is the Bio Flip Chip (BFC), a polymeric chip fabricated with
microwells that allow for cell patterning on culture substrates or other cell layers (Rosenthal et al., 2007). Cells are
pipetted on the surface of the BFC and allowed to settle into microwells. The chip is then inverted onto the desired
culture substrate, allowing the cells to settle, attach, and grow in the desired pattern. By altering the spacing between
microwells, the chip can be used to investigate the effects of cell density and cell-cell contact on stem cell culture.
Using this technology, Rosenthal et al. found that seeding mouse ESCs as single cells maximized the number of
resulting undifferentiated colonies. This behavior is distinct from that of human ESCs, which have low survival rates
as single cells (Stewart et al., 2006). Therefore, these studies demonstrate that modulating cell density can impact and
potentially control cell fate, but in a cell-specific fashion.

Cell density is an important variable not only for the self-renewal but also for the differentiation of embryonic
stem cells. The first steps of lineage commitment of embryonic stem cells can occur in embryoid bodies (EBs),
which express markers of all three embryonic germ layers. EB formation is typically conducted in suspension culture
via growth factor removal, which results in spheroids with a broad size distribution. The heterogeneity in EB size
can impact further downstream differentiation through cell density and diffusion effects, among others. To allow for
more precise control over embryoid body formation, Karp et al. created microfabricated polymeric microwells for ESC
differentiation that allow for control over EB size through variation of microwell dimensions (Karp et al., 2007). Murine
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EBs generated using this method had more uniform expression of α-fetoprotein, brachyury, and nestin – markers of
the three embryonic germ layers – a result that may impact the efficiency of downstream differentiation processes.

3. Direct cell-cell contact

Stem cells have important interactions with the heterogeneous cell types that comprise stem cell niches, among
them direct cell-cell signaling relationships through molecules expressed on the cell surface. Presentation of the
signaling molecules in a fluid lipid bilayer differs from ECM-immobilization, for instance, in that it allows for diffusion
and receptor clustering. Clustering of cell surface receptors often serves to polarize cells and in some cases is necessary
for activation of downstream signaling pathways. Integrins, the major class of cell surface adhesion proteins, are well
known to mediate signaling through receptor clustering. Phosphorylation of downstream signaling targets depends on
β1 integrin clustering (Kornberg et al., 1992), and presentation of synthetic integrin ligands in clusters reduced the
ligand density required for cell adhesion (Maheshwari et al., 2000). Similarly, antibody-induced oligomerization of
soluble, recombinant Notch ligand Delta is in many cases necessary for receptor binding, internalization, and activation
of downstream signaling targets and has been used to activate Notch in neural crest stem cells (Hicks et al., 2002;
Morrison et al., 2000).

Presentation of membrane-bound signals is also a mechanism by which cell polarity is established in stem cell
niches. Study of the development of the germline in Drosophila has led to major insights into the role of the niche
in directing cell fate decisions, and in particular the signals provided by neighboring cells. In the male germline stem
cell (GSC) niche, one role of hub cells is to establish stem cell polarity (Yamashita et al., 2005). Stem cell polarity is
necessary for asymmetric cell division, which is the primary mechanism of self-renewal. Adherens junctions between
GSCs and hub cells enable orthogonal orientation of the stem cell mitotic spindle with respect to the hub, an elegant
illustration of how niche cells guide stem cell fate decisions (Yamashita et al., 2003).

These examples of how membrane-bound or lipophilic factors can regulate cell function are particularly instruc-
tive for the design of stem cell microenvironments. As shown above, soluble ligands often do not result in the desired
downstream effects. Thus, one successful approach in designing synthetic microenvironments for stem cell culture has
been to incorporate ordinarily lipid-bound signaling molecules into the surface of biomaterials, thereby mimicking the
native cell-cell interactions.

The morphogen Shh has important roles in development, and is thus a critical factor in stem cell engineering
efforts. Lipid modifications at both the N- and C-termini of Shh enable interactions with the transmembrane protein
Dispatched that lead to Shh multimerization (Kawakami et al., 2002; Zeng et al., 2001). Motivated by the biochemistry
of naturally occurring Shh, immobilization and/or oligomerization of Shh molecules on biomaterials in a manner that
allowed for multivalency was explored as a technique to stimulate angiogenesis in a chick corioallantoic membrane
assay (Wall et al., 2008). Multivalent, immobilized Shh had a more potent angiogenic effect than soluble Shh,
illustrating how multimerization of lipophilic signaling molecules can be effectively emulated ex vivo.

The Notch signaling pathway is also broadly implicated in the regulation of numerous stem cell populations
(Carlson et al., 2007); therefore, there is considerable interest in modulating the activity of this pathway in culture
to regulate cell fate. Liu and colleagues have designed artificial ECM proteins that express the bioactive domain of
Notch ligands Jagged and Delta for use in neural stem cell culture (Liu et al., 2003; Liu et al., 2003). Similarly,
microbeads functionalized with immobilized Notch ligands were used to direct differentiation of bone marrow-derived
hematopoietic stem cells into T cells (Taqvi et al., 2006). Addition of the functionalized beads to an established
lymphoid differentiation co-culture system shifted the balance of differentiated cells from exclusively B cells in the
absence of Notch signaling to a mix of B and T cells, indicating that recreating the signaling environment normally
provided by neighboring cells can recapitulate the niche ex vivo. This system can also be used to study effects of ligand
density on downstream cell fates, providing additional design criteria for stem cell engineers.

Synthetic membranes have also been explored as a method to recreate cell-cell interactions ex vivo. In these
systems, cells are cultured on a supported lipid bilayer presenting a signaling molecule. Using this technique to
explore cell-cell interactions at the neuronal synapse, Groves, Isacoff, and colleagues report that clustering of sig-
naling molecules in the membrane lead to strengthening of cell-membrane adhesion (Pautot et al., 2005). This work
reconstituting the neuronal synapse with a synthetic lipid bilayer can be extended to stem cell applications.
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4. ECM presents important biochemical and mechanical cues to stem cells

The specific cell-cell interactions and growth factors that influence stem cell fates in vivo exist in combination
with signals from the extracellular matrix. ECM has been primarily understood as the adhesive substrate that anchors
cells within their microenvironments. For example, in the Drosophila GSC niche, abrogation of hub cell adhesion
to the ECM resulted in mislocalization of hub cells and subsequent disruption of the mechanisms by which hub
cells support GSC self-renewal (Tanentzapf et al., 2007). However, the ECM itself can also provide instructive cues
for cell fate decisions, primarily via the integrin family of cell surface adhesion receptors. In erythropoiesis, for
example, adhesion of primary erythroid progenitors to the niche ECM protein fibronectin mediated by α4β1 integrin is
necessary for proper proliferation in vitro (Eshghi et al., 2007). In this system, signals from the ECM thus cooperate with
signals from the soluble factor erythropoietin to activate signaling pathways necessary for terminal differentiation and
proliferation.

ECM molecules are typically quite large and present diverse domains for cell adhesion. In addition, many ECM
proteins such as fibronectin and laminin are characterized by alternative splicing events as well as post-translational
modifications, making it sometimes difficult to work with purified proteins. Synthetic ECMs, comprised of polymer
backbones functionalized with adhesion motifs, have thus been utilized to dissect the mechanisms by which ECMs
support stem cell fate decisions. For example, the ECM molecule laminin, which is important in both in vivo and in
vitro neural stem cell (NSC) niches, engages at least 7 distinct integrin receptor pairs (Powell and Kleinman, 1997). In
order to achieve greater control over NSC fate, synthetic ECMs incorporating several laminin motifs were designed
and used to elucidate the differential effects of adhesion molecule motifs on stem cell fate decisions (Saha et al., 2007).
This work demonstrated that, surprisingly, the canonical integrin adhesion sequence RGD was sufficient to support
the proliferation and differentiation of NSCs, whereas other laminin-derived adhesion motifs were unable to support
these stem cell functions.

The ECM in a given tissue typically exists as a mix of several different proteins – often collagens, laminins,
and fibronectins – and high-throughput approaches have accordingly been developed to investigate the combinatorial
effects of ECMs on stem cell fates. One system analyzed the combinatorial effects of ECM on differentiation of ESCs
into hepatocytes, and it found that an approximately 140-fold difference between the least and most efficient conditions,
suggesting that ECM components may strongly influence hepatic differentiation (Flaim et al., 2005). This work has
been extended to include synthetic ECMs in addition to various soluble growth factors, yielding the interesting result
that the effect of a given growth factor often depended on the substrate background in which it is presented (Nakajima
et al., 2007).

In addition to biochemical motifs or signals, the ECM also provides a physical framework in which stem cells
reside and develop. Importantly, the diverse tissues of the adult body exhibit a range of matrix stiffness spanning several
orders of magnitude, and such differences in substrate stiffness have long been known to influence cell fate decisions
in differentiated cell types (Discher et al., 2005). An emerging area of study in stem cell biology and engineering is
investigation of the role of these mechanical cues in stem cell fate decisions.

Because mesenchymal stem cells can differentiate in vitro into cell types from tissues ranging from muscle,
bone, and potentially brain, Engler and colleagues hypothesized that the mechanical cues provided by the ECM
are particularly instructive in lineage specification. Their study provides evidence that matrix elasticity influences
differentiation of human MSCs into osteogenic, myogenic, and neurogenic cells (Engler et al., 2006). Specifically,
by culturing naı̈ve MSCs on elastically-tunable polyacrylamide gels, they show that gels of bone-like stiffness led to
osteogenic differentiation, gels of muscle-like stiffness resulted in myogenic differentiation and soft gels of brain-like
stiffness led to neuronal differentiation.

This landmark work illustrates the principle that stem cells are regulated by the mechanics of the cellular
microenvironment. Mesenchymal stem cells generate lineages that are present in load-bearing tissue, and it would
therefore be interesting to determine whether this important principle extends to other stem cell types, including ones
from tissues that are relatively mechanically insulated. It has recently been found that substrate stiffness collaborates
with soluble medium conditions to regulate the proliferation and differentiation of adult neural stem cells (Saha et al.,
submitted). Cells exhibit an optimum in proliferation (in FGF-2) and an optimum in neuronal differentiation (in retinoic
acid) at an intermediate stiffness that is characteristic of brain tissue. Furthermore, under conditions that induce general
or nonspecific cell differentiation (serum), stiff substrates support the differentiation of GFAP-expressing astrocytes,
whereas soft substrates preferentially support the differentiation of β-III-tubulin expressing neurons. Taken together,
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these results suggest that the design of ex vivo stem cell culture systems should consider mechanical cues in the
microenvironment such as matrix stiffness as factors in guiding proper lineage specification.

5. Summary

Stem cell behavior is controlled by the interactions of the soluble and immobilized factors, heterogeneous
cell types, and extracellular matrix molecules that collectively comprise the stem cell niche. Furthermore, these
components vary in a spatiotemporal fashion. Progress toward culturing and expanding stem cells outside their native
environments depends on identification and mechanistic understanding of the contributions of these components,
as well as technologies to control the presentation of multiple signals to cells. This chapter has reviewed diverse
mechanisms by which niche components influence stem cell fate decisions, as well as presented successful efforts to
incorporate these concepts into the design of biomimetic stem cell microenvironments.

Future progress in the field of synthetic stem cell microenvironments will be aided by a detailed, mechanistic
understanding of the biology of native stem cell niches. In particular, understanding the role of niche components in
instructing specific cell fate decisions versus selecting among heterogeneous cells is of critical importance. In addition,
cell fate decisions are influenced by a number of factors in combination. To this end, systems biology approaches
that can detect combinatorial interactions are of strong interest. Finally, novel technologies that enable the delivery of
extrinsic stem cell fate determinants along with approaches to vary intrinsic factors will allow for the development of
truly biomimetic environments that yield exquisite control over stem cell fates.
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