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Topobiology posits that morphogenesis is driven by differential adhesive interactions among
heterogeneous cell populations. This paradigm has been revised to include force-dependent
molecular switches, cell and tissue tension, and reciprocal interactions with the microenvironment.
It is now appreciated that tissue development is executed through conserved decision-making
modules that operate on multiple length scales from the molecular and subcellular level through to
the cell and tissue level and that these regulatory mechanisms specify cell and tissue fate by
modifying the context of cellular signaling and gene expression. Here, we discuss the origin of
these decision-making modules and illustrate how emergent properties of adhesion-directed
multicellular structures sculpt the tissue, promote its functionality, and maintain its homeostasis
through spatial segregation and organization of anchored proteins and secreted factors and
through emergent properties of tissues, including tension fields and energy optimization.

orphogenesis is the process whereby a
Mcomplex living system is created from

individual components that are system-
ically developed to yield a functionally stable unit
with a defined form and function. As proposed by
Edelman and colleagues (1), topobiology is the
process that sculpts and maintains differentiated
tissues and is acquired by the energetically favored
segregation of cells through heterologous cellular
interactions. That “tissue affinity” is the primary
morphogenetic driver was first demonstrated by
Townes and Holtfreter, who showed that disag-
gregated amphibian cells self-organize into tissue
structures with distinct cell fates (2). This concept
was confirmed by the identification of cell adhe-
sion molecules, which facilitate the assembly of
multiprotein “signaling modules” that mediate, in-
tegrate, and stabilize multicellular interactions (3).
Phenotypic cues mediated through gradients of
secreted “soluble” factors such as fibroblast growth
factor, transforming growth factor—f (TGFp), and
Wnt also control tissue patterning by activating
genetic programs such as HOX gene clusters,
thereby inducing and maintaining cellular iden-
tity and directing higher-order tissue architecture
(4). Tensile forces also govern the self-organization
of heterologous cellular interactions during em-
bryogenesis and modulate tissue movements in
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nization and cell shape (7). Soluble factors
such as hepatocyte growth factor and TGFp
also modulate cell fate either by directly desta-
bilizing multicellular tissue organization through
Rho guanosine triphosphatase (GTPase)-dependent
actomyosin contractility (&) or by changing ECM
composition and posttranslational processing
through altered transcription to stiffen the matrix
(9). Thus, while morphogenesis might depend
upon cell adhesion, it is orchestrated by a highly
coordinated series of events that are initiated by
soluble factors that activate cellular signaling at
the adhesions and that are integrated by me-
chanical cues operating at the molecular, cellular,
and tissue level. Here, we discuss how topo-
biological cues are arranged from the molecular
to the organism level based on the repetitive
use of basic conserved “decision-making mod-
ules” (Fig. 1 and Table 1). We describe how these
decision-making modules not only orchestrate
rapid and highly adaptive changes in non-
structured masses of cells as they mature into
highly defined tissues and organs but also are
dynamic—displaying exquisite sensitivity to me-
chanical cues and undergoing reciprocal state
transitions that permit the fine tuning of the or-
ganism. Finally, we speculate how emergent
properties of organized multicellular tissues
dictate specialized functions and modulate the
functional integrity of cell and tissue fate so
that altered expression, organization, or struc-
ture of any of these decision-making modules

development by altering the activity of critical
transcriptional regulators such as twist, implicat-
ing physical cues as key morphometric integrators
(5, 6). Indeed, composition and topology of the
extracellular matrix (ECM) stroma, which is se-
creted and modified by cells as they develop,
changes throughout morphogenesis and direct-
ly regulates cell and tissue fate by inducing
signaling within cells through specific matrix
adhesion receptors to modify cytoskeletal orga-
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Fig. 1. Basic biological modules operate in tissues at multiple length scales. Variations and repetitions of the
critical biological modules through many length scales and systems allow the formation and maintenance of
increasingly complex multicellular structures with highly evolved functions. Different elements can “connect”
one cell to its neighbor by homophilic receptors such as cadherins. Other connectors, such as integrins,
mechanically link cells to the extracellular matrix, a three-dimensional (3D) scaffold to which different cell
types can adhere. This mechanical connection allows the contraction or cell shape change of one cell to be
transmitted by matrix fibrils through the cytoskeleton to a cohort of cells embedded in the same matrix,
amplifying small perturbations to cause the matrix to act as a “transistor.” Upon matrix binding, conforma-
tional changes within integrin adhesions recruit adapter proteins, which modify the cytoskeleton and act as
individual switches to control adhesion, migration, and the like. Cytokine stimulation can also act as a switch,
turning on and off to fine-tune cellular behavior. The plasma membrane with its intracellular recycling and
storage compartment consists of a reservoir of receptors, the dynamic reshuffling of which controls the degree
of signaling by acting as a capacitor. Complex interactions and repetitions of these modules through various
length scales is the critical mechanism controlling morphogenesis and form.
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will alter cell and tissue architecture and perturb
homeostasis and ultimately lead to disease.

Phenotypic Complexity Through Modular
Sensors, Transistors, and Amplifiers

The first niche requirement for a multicellular
organism is the development of cell-cell adhesions,
which act as “connector” modules that define
which cells will adhere to each other as they seg-
regate. These modules are also the nucleation
point for signaling molecules and cytoskeletal
elements that regulate cell and tissue shape and
function, giving them “switchlike” properties. A

mass and will dictate the ultimate stability, size,
and shape of the multicellular structure. Cellular
rearrangements and coordinated tissue migration
are also guided by the extracellular milieu of the
tissue. Thus, the assembled ECM at the exterior
of the blastula provides a qualitatively different
anchorage site for the actin cytoskeleton that
permits the differentiation of cell-cell from cell-
ECM interactions (/2). Integrins, which comprise
the best characterized class of cell-ECM adhesion
molecules, are heterodimeric transmembrane pro-
teins that upon activation bind to specific ECM
sites. After their binding, integrins recruit a host

Table 1. Other examples of basic biological modules that could regulate form and function.

Module Type Major concept References
Switch Soluble Spatial modulation of growth factor (66, 67)
morphogen receptors in oogenesis
Morphogen regulation of PCP (68, 69)
Focal adhesion Force-dependent signaling of adhesion (70, 71)
complexes
Connector  Cell-cell binding Adherens junctions and B-catenin in nonmetazoans (72)
Cell sorting and segregation scales with cadherin levels (73)
Peripheral myosin regulates cell intercalation (74)
Focal adhesion Molecular clutch hypothesis for focal adhesions (75, 76)
Capacitor  Plasma membrane Lipid raft-induced membrane curvature (77)
Transistor  ECM Storage of growth factors to guide tissue (78, 79)

development and direct cancer progression

myriad of cell-cell adhesion molecules have
evolved and have gained increasing complexity
to facilitate cell-cell adhesion based on conserved
components consisting of cytoplasmic, transmem-
brane, and 3 to 5 repeated extracellular domains,
such as in neural cell adhesion molecules, that
homotypically bind to each other. Evolution of
these repeated domains has precisely set cell-cell
spacing and has also regulated the amount of
force that the bond can resist (/0). Nevertheless,
as exemplified by the ability of classic cadherins
to link the actin cytoskeleton and adjacent cells,
the major function of these modules is to mediate
the efficient segregation of heterogeneous cell
populations into distinct entities (/7). This task
is achieved by constant actomyosin-mediated
pushing and pulling and the initiation of sig-
naling that optimizes connections among neigh-
boring cells and leads to phenomena such as
cell compaction, as occurs at the blastula stage
during embryogenesis. Thus, cell compaction is
determined by the strength and number of con-
nectors expressed on the cell surface and is likely
dictated by the tension induced at the cellular and
tissue levels. For example, cortical tension en-
hances the strength of cell adhesion in zebrafish
such that the distinct germ layers display differ-
ing adhesion strengths (6). Assuming equal mod-
ule density, the number of engaged connectors
and the overall energy dynamics of the system
will enable cells to determine whether they are
sitting within or at the periphery of a given cell
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of structural and signaling modules, such as talin
and Rho GTPases, respectively, to the plasma
membrane, thereby responding to matrix tension
and reciprocally exerting contractility at the cell
periphery (13, 14). Similar conserved modules
occur in cell-cell adhesions, where structural and
signaling modules act to hold cells together and
communicate with the transcriptional apparatus
in the nucleus to which the cellular cytoskeleton
is tethered. Although they contain similar mod-
ules, integrin-matrix adhesions segregate from
cadherins to define multicellular properties such
as cell and tissue polarity. Thus, mice lacking
B1 integrin fail to deposit ECM (e.g., laminin) at
the blastula surface, leading to developmental
arrest after implantation (/5) that can be rescued
by coating the blastula with purified laminin (/6).
In this manner, coordinated and dynamic interac-
tions between cell-cell and cell-ECM are thought
to direct multicellular tissue development. Never-
theless, how these events are executed and inte-
grated at the tissue level is poorly understood and
remains an area of intense investigation.

Phenotype Is Dominant over Genotype:

Clues from the Evolution of Cell-Cell Interactions
Reciprocal and dynamic cell-cell and cell-ECM
adhesion communication is essential for multi-
cellular tissue morphogenesis and homeostasis.
Consistently, mechanisms intersecting at differ-
ent length scales have evolved to facilitate this
dialogue. These mechanisms act locally at
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adhesions through competitive associations be-
tween conserved signaling complexes and func-
tion globally to efficiently transmit information
from the cellular to the tissue level by directed
cytoskeletal remodeling and cellular and tissue
tension. For instance, blastula assembly is fol-
lowed by blastocoel cavity formation and the
assembly of a fibrillar fibronectin matrix, both of
which are regulated by the integrin-linked kinase
(ILK)/pinch/parvin complex (/7). Consistently,
blastocoel formation fails in ILK-null embryos
(18), and inhibition of fibronectin-integrin in-
teractions inhibits the epithelial-mesenchymal
transition that is critical for gastrulation (/9).
Although the processes occur at dramatically dif-
ferent length scales, both require specific gene
expression (e.g., Rho GTPase) and activation to
drive tension-dependent processes—for example,
cell-cell adhesion maturation and focal adhesion
assembly—and act by initiating actin remodel-
ing (3).

Cell-cell and cell-ECM modules share many
conserved features; however, they have also
evolved fundamental differences that optimize
environmental responses and permit fine-tuning
of the multicellular organism throughout its life
span. Whereas adherens junctions are tightly regu-
lated by receptor number and density to maximize
structural variability, integrins evolved to transduce
environmental cues, thereby maximizing survival
advantage and adaptability for the organism (Fig. 1).
Indeed, homotypic adhesion systems appeared in
primitive organisms such as the Dictyostelium
fruiting body to maintain its integrity through ag-
gregation. Dictyostelium use at least two inde-
pendent homotypic adhesion systems that are
related to metazoan adhesion molecules (20): the
Cadherin super family member DACAD-1 and
the immunoglobulin-like domain protein gp80.
These connector modules have weak interactions
that allow dynamic rearrangement to cluster, sort,
stream migrate, and maintain the rigidity of the
organism. A fundamental feature of these early
adhesion molecules is their enrichment at fil-
lipodial extensions, which, together with actin,
form transient spot adhesions required for their
initial clustering. These molecules are then rap-
idly replaced with adhesion plaque proteins such
as the glycosylphosphatidylinositol-anchored pro-
tein gp80, which establishes more stable cell con-
tacts that act as storage modules through associations
with lipid-rich membrane micro domains. Although
similar principles operate in higher organisms to
facilitate multicellular integrity, the nature of the
adhesions has become more complex so that spot-
like junctions have been extended into beltlike
structures such as those found in adherens and in
occluding, tight, and septate junctions in higher
organisms (27). A common framework for these
diverse junctional complexes is that they all are
organized into large complexes made up of highly
clustered modules that, through adaptor proteins,
i.e., “switch” modules, initiate signaling cascades,
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