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How cells organize into structured
tissues has been a long-standing

question for the field of developmental
biology (1). Whereas many of the key
cellular and extracellular regulatory
components have become identified over
the past decades, including soluble
growth factors and insoluble matrix fac-
tors in the environment and receptors on
the cells themselves, fundamental prin-
ciples by which molecular regulatory
processes govern resulting cell–cell in-
teractions remain largely unclear. More
recently, a nascent medical technology
field of tissue engineering has arisen that
can be viewed essentially as applied de-
velopmental biology—with bioengineers
seeking to control for their own purposes
cell population organization into func-
tional tissue structures, often employing
biomaterials approaches (2). Success in
this technology field, correspondingly,
depends similarly on elucidating how cell
organizational processes are governed by
interactions of cell receptors with cog-
nate ligands in their surroundings. In this
issue of PNAS, a collaborative effort
combining biomaterials and molecular
cell biology methodologies provides an
important advance in both the fields of
developmental biology and tissue engi-
neering (3).

A phenomenon central to cell organi-
zation into tissue structures is cell motility,
including active cell locomotion through
or over matrices and stress-induced matrix
remodeling by cells. Both motility-related
processes depend on transmission of in-
tracellular cytoskeleton-generated forces
to the surrounding environment, whether
adjacent cells, extracellular matrix, or a
synthetic material. Force transmission as
well as generation are regulated by signal-
ing pathways governed by a variety of
environmental stimuli, but in any situation
are directly mediated by receptors in the
cell plasma membrane that link to the
cytoskeleton (see Fig. 1). One important
class of these receptors are the integrins,
ab heterodimeric transmembrane pro-
teins that recognize and bind mainly to
components of the extracellular matrix

(although they can additionally recognize
and bind to heterotypic cell counterrecep-
tors in certain cases; ref. 4). A second,
similarly important class is the cadherins,
calcium-dependent transmembrane pro-
teins that interact homotypically with their
counterparts on neighboring cells (5). As
cells are stimulated by, for instance,
growth factors in their environment to
generate cytoskeletal forces, one can
imagine these forces being transmitted to
the surrounding matrix and proximal cells,
causing redistribution of cell spatial loca-
tions leading ultimately to a new multi-
cellular structural arrangement. A key
question, both for basic scientific under-
standing of tissue morphogenesis and for
technological creation of materials en-
abling desired tissue morphogenesis, is
whether there might be simplifying prin-
ciples by which at least some aspects of
resultant multicellular organization can
be predicted from quantifiable character-
istics of the integrin and cadherin-
mediated cellymatrix and cellycell inter-
actions, respectively.

One way to approach this problem is
from an engineering design perspective,
characterizing the cellymatrix and celly
cell interactions in terms of representative
quantitative parameters, and then at-
tempting to manipulate the outcome be-
havior by varying these parameters sys-
tematically. This approach is used by Ryan
et al. (3), cleverly bringing together a

variety of relevant techniques from mate-
rials science, molecular cell biology, and
biophysics. To vary the strength of celly
substratum adhesion, a series of co-
polymers incorporating different ratios of
protein-adsorbing poly(desamino-tyrosyl-
tyrosine ethyl esther) (DTE) and protein-
resistant poly(ethylene glycol) (PEG)
polymers were synthesized. The greater
the PEG proportion, the lower the celly
substratum adhesivity was found, as mea-
sured by a simple washing assay. Because
the cells were cultured in protein-
containing serum, the cellysubstratum ad-
hesion was mediated indirectly by the co-
polymer via proteins adsorbed onto the
substratum. To vary the strength of celly
cell cohesion, three cell lines were used,
each expressing different types or levels of
a cadherin: cell line LR1 expressed R-
cadherin, and cell lines LN5 and LN2
expressed N-cadherin at high and low
levels, respectively. Cellycell cohesion was
quantified by means of an assay in which
a compressive force balancing the ten-
dency of a cell aggregate to round up was
determined. It was found that the three
cell lines exhibited diverse degrees of co-
hesion, with LR1 . LN5 . LN2.

With panels of three cellycell cohesion
values and five cellysubstratum adhesion

See companion article on page 4323.
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Fig. 1. Schematic illustration of receptors in the cell plasma membrane that link to the cytoskeleton for
force transmission. Integrins, ab heterodimeric transmembrane proteins, bind the extracellular matrix.
Cadherins, calcium-dependent transmembrane proteins, bind homotypically to their counterparts on
adjacent cells.
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values resulting from the sets of DTEy
PEG ratios and cadherin expression
properties, the extents of spreading of
cell aggregates across the substrata were
subsequently measured. Fig. 2 shows a
compilation of the particular cases for
which spreading rates were noted explic-
itly. From this figure, it can be seen that
the spreading rate appears to be clearly
dependent on the ratio of cellysubstra-
tum adhesion to cellycell cohesion, of-
fering what can be considered as a ‘‘bio-
engineering design principle’’ that
quantitatively captures the chief conclu-
sion by Ryan et al., that ‘‘either decreas-
ing substratum adhesivity or increasing
cell-cell cohesivity dramatically slowed
the spreading rate of cell aggregates.’’
This finding is an exciting extension of
the original seminal concept described by
Steinberg of cell differential adhesion as
a tissue organizing property (6). It will be
very interesting to now have this new
principle examined across a broader
range of substratum conditions (e.g.,
more rigorously altering the level and
types of matrix proteins) and cell types.
Most likely, of course, the particular
correlation curves obtained in any such
broader test will exhibit disparate
slopes—ref lecting differences in cy-
toskeleton-generated forces on different
protein surfaces and for different cell
types—but the crucial test would be
whether the adhesion-to-cohesion ratio
could account for spreading rate data

within any given set of cell and substra-
tum protein types.

An intriguing next step is applicability
to explaining structural organization of
multiple cell types, as they interact homo-
typically with themselves and heterotypi-

cally with each other via their cadherins,
and each with the substratum via their
integrins (7). An ability to understand and
control spatial distributions of multiple
cell populations will enable rational ap-
proaches to tissue engineering applica-
tions, where proper multicellular organi-
zation in three-dimensional structures is
desired. An especially important tissue
engineering objective is the need to build
vascularized tissue constructs from blood
vessel endothelial cells and connective tis-
sue cells by providing them with effective
cues using ligand-coated biomaterials
scaffolds and soluble growth factors. The
cellysubstratum adhesion aspect of this
problem has been addressed with reason-
able success from a quantitative engineer-
ing design perspective (8), but the cellycell
cohesion aspect has been tougher to quan-
tify and manipulate. The results from the
work of Ryan et al. are encouraging of
attempts to control organization of mul-
tiple cell types by rationally altering the
scaffold substratum, because Fig. 2 sug-
gests that one ought to be able to create
substratum conditions for which the ad-
hesion-to-cohesion ratio for one cell type
favors its spreading whereas the
adhesion-to-cohesion ratio for a second
cell type disfavors its spreading. Indeed,
such a finding has been reported (9) for
rational control of the spatial organization
of endothelial cells and hepatocytes in
liver tissue engineering applications. As
can be seen in Fig. 3, for three different

Fig. 2. Spreading rate as a function of the cellysubstratum adhesion to cellycell cohesion ratio (values
taken from ref. 3 with units not specified here). LR1, cell line expressing R-cadherin; LN5, cell line
expressing high levels of N-cadherin; LN2, cell line expressing low levels of N-cadherin. Cohesion was
quantified as the compressive force balancing the rounding of a cell aggregate.

Fig. 3. Different levels of type 1 collagen coating on a culture dish result in different organization of
endothelial cells and hepatocytes. High collagen levels cause both cell types to spread across the
substratum (Left). On intermediate collagen levels, endothelial cells form a layer on the substratum
whereas hepatocytes form a layer on top of the endothelial cells (Center). Low levels of collagen result in
an inner layer of hepatocyte aggregate surrounded by endothelial cells (Right). Photographs courtesy of
Mark Powers, Massachusetts Institute of Technology.
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levels of collagen coating on a culture dish
surface, three different categories of or-
ganization of these two cell types can be
obtained. At high collagen levels, both the
endothelial cells and hepatocytes spread
across the substratum, forming side-by-
side two-dimensional structures. At inter-
mediate collagen levels, the endothelial
cells form a layer on the substratum, and
the hepatocytes form a layer on top of the
endothelial cells. At low collagen levels,
the hepatocytes aggregate into an inner
sphere surrounded by a circumferential
shell of endothelial cells that attaches to
the substratum. Presumably, hepatocyte
cell cohesion is greater than endothelial
cell cohesion, and the net structure out-
come is governed by the adhesion-to-
cohesion ratios for the hepatocytes and
endothelial cells as their respective celly
substratum adhesion strengths are

changed. Formulation of this behavior in
the framework of an engineering design
principle, as emphasized by Ryan et al.,
should facilitate construction of scaffolds
that generate three-dimensional vascular-
ized liver tissue structures in vitro (10).

It must be emphasized that underlying
the biophysical processes of cellysubstra-
tum adhesion and cellycell cohesion is a
network of biochemical signaling path-
ways that regulate cytoskeletal force gen-
eration as well as integrin- and cadherin-
mediated force transmission. Certainly,
the operation of these processes as cell
organizational governors can be much
more complex than the simple relation-
ships discussed here. For instance, in-
creased levels of the a5 integrin subchain
in N-cadherin-expressing myoblasts have
been observed to increase aggregation
rather than decrease it (11), the opposite

of what might be initially expected. At
least partial explanation appears to lie in
an additional effect of integrin signaling,
beyond an increase in cellysubstratum
adhesion, by which membrane extension
activity is reduced, leading to a lower
propensity for cell locomotion. However,
this sort of pleiotropic effect can, in fact,
be included in the overall engineering
design analysis, provided that analysis of
cell motility includes the full range of
biophysical processes—including mem-
brane extension—rather than solely celly
substratum adhesion (12, 13). That is,
maximally useful engineering design
principles for cell organization into tis-
sue structures will require the most com-
prehensive models for cell motility be-
havior, including all of the biophysical
processes along with critical biochemical
signaling regulation.
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