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Abstract

Modes of signaling in fibroblasts can differ substantially depending on whether these cells are in
their natural three-dimensional environment compared to artificial two-dimensional culture
conditions. Although studying cell behavior in two-dimensional environments has been valuable for
understanding biological processes, questions can be raised about their in vivo physiological
relevance. This review focuses on some of our research involving fibroblast behavior in cell-derived
three-dimensional matrices. Specifically, we examine how these matrices affect cell morphology,
adhesion, proliferation, and signaling compared to two-dimensional substrates. We stress the
importance of controls for three-dimensional matrix studies and discuss cancer as an example in
which altered three-dimensional matrices can influence fibroblast signaling. Studying cells in three-
dimensional microenvironments can lead to the design of more physiologically relevant conditions
for assaying drug responses and deciphering biological mechanisms.
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1. Introduction

1.1 Functions of the extracellular matrix

The extracellular matrix (ECM) is composed of a three-dimensional (3D) scaffold of collagen,
fibronectin (FN), and other proteins, interlaced with proteoglycans. The ECM promotes
signaling and provides structural support to the cells and tissues of the body. It also serves as
a reservoir for growth factors, cytokines, enzymes, and other diffusible molecules. The ECM
can be deposited by both epithelial and mesenchymal cells to create an environment best suited
for their function. Fibroblasts and other mesenchymal cells, however, are the most important
players in ECM remodeling. Studying these cells in model 3D matrices allows us to better
understand signaling responses as they would normally occur in vivo. This approach can lead
to the generation of more accurate cell-based assays for probing drug function or for
engineering of suitable biomaterials to influence cell proliferation, cell motility, and cell fate
[1,2].
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1.2 Integrins and the extracellular matrix protein fibronectin

Fibroblasts remodel the ECM primarily through integrin receptors and coreceptors. The
integrins comprise a family of 8 3 and 18 a subunits that form 24 distinct, noncovalently bound,
heterodimeric receptors. Most integrins can bind to more than one ligand, but each receptor
appears to have distinct biological roles as assessed by knockout mouse studies [3]. Since
integrins lack intrinsic enzymatic activity, they transmit information about the changing
extracellular environment via numerous intracellular signaling and structural proteins. Early
integrin-mediated adhesion is thought to lead to the activation of focal adhesion kinase (FAK)
and other tyrosine kinases. These signals are further propagated via various pathways,
including activation of the Rho GTPases: Rac, Cdc42, and Rho [4]. These GTPases in
conjunction with many other proteins play major roles in regulating cell behavior in response
to the changing extracellular matrix milieu.

FN is a major matrix component often associated with biological processes involving ECM
remodeling. Some of these processes include tissue repair and regeneration, stromatogenesis,
and fibrosis. Integrins such as asp4 and a,f3 are known to interact with FN via the arginine-
glycine-aspartic acid (RGD) binding domain [3]. Both of these integrins require the RGD
binding sequence for maximal activity, but asf1, which is often the primary receptor for FN,
also requires the nearby synergy site [5-7]. By controlling the ability of cells to interact with
this synergy site, cells can switch which of these integrins is preferentially used for migration
in a 3D matrix [8]. Additionally, the binding of B1 or B3 integrins to a ligand can mediate
transdominant inhibition of the other integrin [9-12].

1.3 Cell-derived 3D matrix

Natural 3D matrices can have varying degrees of both compositional and structural
heterogeneity, depending on the cells and environment in which they are formed. Artificial or
synthetic cellular environments are now being used to mimic and model 3D matrix in vivo
situations. Although 3D collagen gels have provided many valuable insights into the roles of
three-dimensionality and extracellular matrix tension in cell function [13], 3D
microenvironments in living animals obviously contain many other ECM proteins besides
collagen 1, as well as growth factors. A newer, alternative approach beyond the use of 3D
collagen gels involves using natural, cell-derived 3D extracellular matrices [14,15]. 3D cell
cultures that generate 3D matrices, e.g. fibroblasts generating matrices 15 pm thick, or cryostat
sections of tissues can be extracted with detergent at alkaline pH to remove cellular contents.
This treatment leaves behind a 3D ECM that is intact and cell-free (Figure 1A). These 3D cell-
derived matrices are comprised of fibronectin with varying levels of collagen, heparan sulfate
proteoglycan and laminin. These matrices are highly fibrillar and contain spaces originally
occupied by the cells that generated the matrix. They are also pliable as time-lapse movies
show that migrating cells can readily deform the 3D ECM [16].

Since natural 3D matrices are generally less rigid, or more pliable, than 2D matrices [17], cells
within a 3D matrix can have differences in signaling responses due to modulation of both
integrin activity and downstream effectors such as Rho GTPases and myaosin 11 [18]. It is
therefore important to take into account differences in substrate rigidity when generating and
using artificial or synthetic 3D cellular microenvironments. For example, culturing NIH 3T3
fibroblasts and rat kidney cells on 3D polyamide nanofibers compared to two-dimensional
culture surfaces induces activation of Rac [19], whereas human primary fibroblasts have
decreased Rac activation when plated on a more pliable cell-derived 3D matrix compared to a
2D substrate coated with FN [16]. These signaling differences could result from differences in
substrate properties and/or different cell types, but they demonstrate that placing cells in
different 3D microenvironments can lead to differences in signaling responses.
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1.4 Controls for 3D ECM studies

As reviewed below, comparisons of 2D tissue culture and 3D ECM conditions identify a
number of morphological, signaling, and behavioral differences in cellular responses.
Appropriate controls for these comparisons are important, since it is difficult to compare 2D
with 3D systems. Controls can include compressing the 3D ECM to produce a flat 2D substrate
that contains all the same proteins, solubilizing the 3D ECM in guanidine and plating it on 2D
surfaces, and coating 2D surfaces with individual components, such as FN, known to be present
in the 3D matrices (Figure 1B). Additional 3D controls include comparisons with 3D collagen
gels and reconstituted basement membrane extracts, for example, Matrigel, as well as
attempting to generate 3D fibrils using purified FN. In all cases, these controls have replicated
few if any of the following characteristic responses to cell-derived 3D ECM [14].

2. Biological responses of fibroblasts to 3D cell-derived matrices compared
to 2D substrates

2.1 Cell attachment and migration on cell-derived 3D matrix

A comparison of human primary fibroblasts grown within 3D matrices to those grown on 2D
regular tissue culture surfaces (with or without coating the substrate with matrix proteins)
revealed striking differences in behavior and in several aspects of signaling [14]. Initial cell
adhesion, i.e. cell attachment assayed after 10 minutes, is enhanced 6-fold for human fibroblasts
interacting with the 3D cell-derived matrix compared to flat substrates of fibronectin, collagen,
laminin, or even 3D collagen gels. Flattening of the 3D matrices or solubilization and coating
on glass surfaces resulted in much lower adhesion equal to that occurring on purified ECM
components.

Assays for fibroblast migration in 3D matrices indicate that cell migration path lengths are
markedly enhanced because of both a modest stimulation of cell migration velocity by ~50%
[14] and a substantial increase in directionality or persistence of migration [16]. This increased
persistence is due to altered Rac activity (see below).

2.2 Integrin response to 3D matrix

Although one might predict that the set of integrins used in 3D microenvironments would be
complex due to the presence of multiple molecules in 3D matrices, there was found to be an
unexpected dependence solely on the agfq integrin [14]. In contrast, the attachment of human
fibroblasts to purified 2D FN is dependent on both this major FN integrin receptor and the
ayB3 general-purpose Arg-Gly-Asp integrin receptor, as shown by inhibition of fibroblast
adhesion to purified 2D FN with antibodies to both types of integrins (unpublished
observations). The mechanism of this striking integrin specificity in 3D is not yet clear, but we
speculate that it may result from transdominant inhibition of a\/B3 by asp1 triggered by the
high levels of integrin binding to FN in the form of a pliable fibrillar matrix. Interestingly, a
recent study has suggested that a 3D matrix can promote agf; integrin activation [20,21].

In fact, the molecular composition of the cell adhesion complexes that form on 3D compared
to 2D substrates differ. The most striking difference in these “3D-matrix adhesions” is the
absence of the a3 integrin, which is a characteristic component of focal adhesions but is
absent from the “3D matrix adhesions” formed on fibrillar 3D matrices. Another interesting
difference between cell adhesions on 2D versus 3D surfaces is the involvement of FN. Focal
adhesions can form on surfaces lacking FN, whereas 3D matrix adhesions appear to be
intimately associated with fibronectin-containing fibrils [14].

Adv Drug Deliv Rev. Author manuscript; available in PMC 2008 November 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Green and Yamada Page 4

2.3 Effect of 3D matrix on proliferation rate and cell morphology

Besides altered cell adhesion, human fibroblasts cultured in 3D matrices have twice the
proliferation rate, which is remarkable considering that FN is an excellent substrate for
fibroblast growth and proliferation. Analogous to adhesion to 3D ECM, this enhancement of
fibroblast proliferation is also dependent primarily on the asp1 integrin, according to an
antibody inhibition analysis [14].

Fibroblasts cultured within 3D cell-derived matrices also have an elongated, spindle-shaped
morphology characteristic of fibroblasts in vivo (Figure 2). Although a similar morphological
change has been known for many decades to occur after culturing fibroblasts in collagen gels
[22], the speed of this acquisition of a markedly elongated and/or arborized shape is much
faster in cell-derived 3D matrices [14]. The mechanism underlying this difference in
morphology remains to be clarified. Fibroblast morphology in 3D collagen gels needs to be
examined in the presence and absence of FN to determine the role of FN versus collagen in
this alteration. Interestingly, simultaneous experimental apposition of flat surfaces to which
FN or collagen has been attached to both ventral and dorsal surfaces of fibroblasts results in
an elongated cell shape; the authors suggest that loss of polarity may contribute to this effect
[23].

3. Signaling in 3D compared to 2D microenvironments

3.1 Protein kinase activity in 3D matrix

Various forms of signal transduction can differ markedly, slightly, or even not at all in their
response to 3D versus 2D interactions. The tyrosine phosphorylation of FAK at residue 397
has been studied intensively in 2D settings as an early step in integrin signaling. Remarkably,
phosphorylation of this kinase in cell adhesions is virtually absent from human fibroblasts in
the cell-derived 3D matrix. Instead, phosphorylation appears to be confined to spot-like focal
complexes or mini focal adhesions, and overall signaling at this well-known signaling site is
reduced by more than four-fold [14]. In puzzling contrast, tyrosine phosphorylation of the focal
adhesion protein paxillin at tyrosine 31 is not significantly altered. This discrepancy might be
due to dependence of FAK signaling on matrix or substrate rigidity [24]. Conversely, activation
of the MAP kinase ERK1/2 is enhanced about 25%, which may be associated with the enhanced
proliferation rate [14]. Overall, these findings strongly suggest that the significant number of
signaling studies published to date using cells grown on flat 2D substrates should be reevaluated
under arguably more physiological 3D conditions. While the principles of signaling established
using regular tissue culture are likely to remain valid, the extent, nature, and regulation of
specific signaling responses of cells may well differ in 3D microenvironments.

3.2 Rho GTPases and 3D matrix

A particularly instructive effect of 3D versus 2D environments on signaling is seen with Rho
family GTPases. Although overall activation levels of Rho and Cdc42 are unchanged, Rac
activation is reduced by ~30%. Although this alteration might seem minor, it has major effects
on fibroblast migratory behavior [16]. Levels of Rac activation can be manipulated in living
cells using RNA interference [25] or by genetic means [16]. A series of analyses demonstrates
that a decrease in overall Rac activity by 30% or greater results in a switch of the mode of cell
migration from relatively random to more directionally persistent. This doubling of the
persistence of migration appears to be caused by suppression of lateral or peripheral lamellae
of migrating cells. Cells with slightly reduced Rac levels have only a single leading edge and
consequently fail to migrate in other directions, because they do not activate lateral lamellae
as the new leading edge advances [16]. This “Rac switch” for persistence of migration is found
in multiple cell types including human epithelial and tumor cells. Figure 3 summarizes this
Rac switch, where a modest reduction in overall Rac activation levels in a 3D
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microenvironment results in a marked alteration in the mode of cell migration, with enhanced
persistence of migration.

Chemotaxis is a well-studied phenomenon by which an external soluble factor induces
directional migration. It is generally thought to depend on a phosphatidylinositol 3'-kinase
(PI3K) and PIP3-dependent signaling system, and inhibition of PI3K is known to inhibit
chemotaxis [26,27]. In striking contrast, the Rac-dependent switch in directional persistence
described above is not dependent on PI3K. Nevertheless, a modest reduction in Rac that
promotes more directional migration can cooperate with an external chemotactic signal to
enhance the effectiveness of human fibroblast chemotactic migration [16]. A simple
interpretation is that once chemotaxis defines a direction of migration, Rac-regulated
persistence promotes efficiency of overall cell migration.

4. Other signaling pathways, ECM pliability, and cancer

We predict that further examination of other signaling pathways will identify yet additional
signaling systems affected by 3D versus 2D microenvironments. Although no general
principles for predicting which pathways will be affected are known yet, it is possible that
examination of the dozens of other known signaling pathways will identify key elements. One
important physical feature is likely to be the markedly increased pliability of fibrillar 3D
matrices compared to flat, rigid 2D substrates. In fact, rigidifying 3D matrices by chemical
crosslinking results in changes in the types of cell adhesion structures from 3D matrix adhesions
to structures that resemble focal adhesions on rigid substrates [14]. Future studies should ideally
examine the effect of graded changes in rigidity of 3D fibrillar matrices on fibroblast signaling,
cell morphology, and biological responses.

Figure 4 summarizes the major microenvironmental factors affecting cellular function. The
biochemical composition of the surrounding ECM can substantially affect cellular responses,
as can ECM pliability. In addition, however, three-dimensionality of the ECM also appears to
be important for fibroblast responses, affecting the type of cell adhesions, the nature of signal
transduction, and various biological responses.

A biological condition in which the normal 3D matrix is known to be altered is cancer, which
is often associated with desmoplasia. This latter phenomenon, in which the matrix becomes
stiffer and denser, is likely to have direct effects on cell functions. For example, a stiffer matrix
is known to produce alterations in signaling [24]. Interestingly, stromal fibroblasts isolated
from tumor tissue can generate a 3D ECM that differs from that produced by normal fibroblasts.
This altered ECM can cause normal fibroblasts to mimic tumor fibroblasts through the
induction of a-smooth muscle actin and desmin [28]. The relationships between 3D ECM,
pliability, signaling, and cancer are currently under intense investigation [21].

5. Conclusions

Many researchers continue to discover differences in cell signaling when comparing cells in
3D microenvironments to 2D matrices. While much has been done, the enormous diversity
and complexity of the extracellular matrix milieu that cells encounter assures us that our work
is just beginning.

In this review, we have discussed our work with cell-derived 3D matrices and research from
other groups demonstrating differences in cell behavior in 3D verses 2D microenvironments.
Signaling and adhesion structures observed in 2D cultures may represent exaggerated stages
of dynamic in vivo situations. Consequently, cells may react differently to external

perturbations when 2D cultures are used as a tool to test drug responses or to assay biological
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function. Using ex vivo 3D microenvironments instead of 2D culture conditions may save time
and expense in the long run by more accurately modeling in vivo biological responses.
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1. Cells plated at high density 2. Synthesis of 3D ECM

3. Detergent extraction of cells 4. Plate new cells
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Figure 1A. Production of 3D ECM
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Figure 1B. Generation of 2D matrix controls

Figure 1.

Production of 3D ECM and 2D matrix controls. A. This illustration describes the method for
generating tissue culture surfaces coated with cell-derived three-dimensional matrices. This
method can be adapted to many cell types. Using NIH 3T3 fibroblasts, matrices 7-15 pm thick
composed mainly of fibronectin fibrillar lattices can be obtained. First, fibroblasts are plated
and maintained in culture in a confluent state. Five to nine days later, the matrices are denuded
of cells using detergent, and cellular debris is removed. The 3D matrices can be washed and
stored for periods of up to two to three weeks at 4°C before plating cells on them to examine
cellular responses. B. Various methods can be used to obtain appropriate controls for use in
3D ECM studies. To obtain 2D controls with the same molecular composition as the 3D matrix,
the 3D matrix can be solubilized in guanidine and plated as a 2D matrix, or the 3D matrix can
be mechanically compressed using a known weight applied to a given area. Alternatively, a
purified matrix component such as fibronectin can be solubilized and plated as a 2D matrix.
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2D Matrix 3D Matrix

Figure 2.

Differences in cell morphology between cells on a 2D matrix and in a fibrillar 3D matrix.
Fibroblasts cultured in a cell-derived 3D matrix appear elongated and spindle-shaped compared
to cells plated on a 2D matrix, which possess characteristic fan-shaped lamellae. On a 2D
matrix, an artificial cell polarity is created between the upper and lower surfaces of the cell.
No such polarity exists within the 3D matrix since the cells are completely surrounded by
extracellular matrix proteins. Note the fibrillar appearance of the 3D matrix.
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2D Higher Rac:

more random motility/less persistence

Lower Rac:

3D more directionality/greater persistence

Figure 3.
The Rac switch. Fibroblasts migrating in a 3D microenvironment have moderately lower total

levels of Rac activation, which results in fewer peripheral lamellae and greater directionality
and persistence of migration. The reduction in overall Rac levels does not affect the localization
of Rac to the leading edge, which represents a general mechanism for stimulating migration
using leading lamellae.
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Figure 4.

Factors in the microenvironment that regulate cell responses. At least three major classes of
microenvironmental factors affect cellular behavior. The biochemical composition of the
ECM, e.g. its content of collagen versus other molecules, plays a well-known role. In addition,
however, physical parameters of the matrix, particularly its pliability, can have major effects
on cellular responses. A third parameter involves spatial cues, particularly whether a matrix is
two-dimensional (providing a unidirectional source of polarity) or three-dimensional. Each of
these classes of microenvironmental factors can affect the type of cell adhesion, e.g. 3D-matrix
adhesions compared to focal adhesions, can have different effects on various signal
transduction pathways, and can change cell morphology, proliferation, migration, and
differentiation.
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