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Abstract
The gene regulatory network (GRN) established experimentally for the pre-gastrular sea urchin
embryo provides causal explanations of the biological functions required for spatial specification of
embryonic regulatory states. Here we focus on the structure of the GRN which controls the
progressive increase in complexity of territorial regulatory states during embryogenesis; and on the
types of modular subcircuits of which the GRN is composed. Each of these subcircuit topologies
executes a particular operation of spatial information processing. The GRN architecture reflects the
particular mode of embryogenesis represented by sea urchin development. Network structure not
only specifies the linkages constituting the genomic regulatory code for development, but also
indicates the various regulatory requirements of regional developmental processes.
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Introduction: GRNs for development
In the development of animals the establishment of spatial domains of specific gene expression
underlies the formation of morphology and the diversification of function. The specification
of regulatory states, the basic process that organizes development, is continuous, progressive
and irreversible. This requires an entirely different mode of control as compared to the stable
parallel activation of structural genes in terminally differentiated cells. As it turns out, the key
informational transactions in developmental control systems depend on higher level functional
interactions between different parts of the genome, rather than on the biochemical properties
of any single genes. Two types of genomic sequence are essential for the control of genomic
activity: sequences encoding transcription factors which read the genomic sequence by binding
their DNA target sites in a sequence-dependent way, and the cis-regulatory sequences which
control the expression of the regulatory genes. Gene regulatory networks (GRNs) contain both,
and most importantly, they specify the functional interactions between them. By definition,
structural genes do not possess this kind of regulative capacity. These genes represent a “dead
end” output of GRNs. Their expression is controlled by the GRN, but they do not contribute
to the GRN. Regulatory genes, however, do both at the same time: their expression is dependent
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on the GRN and they contribute to the flow of regulatory information by changing the activity
of the genome.

System level analysis of genomic developmental control mechanisms requires the
identification of the relevant drivers, the regulatory molecules which are expressed in the right
cells and at the right stage to possibly contribute to a specific developmental process. Solving
the regulatory interactions which functionally connect these factors reveals the process
program from the genomic perspective. A number of GRNs have been described so far (for
review see [1 Ch. 2]). Thus we are able to compare the topology of different GRNs. Recurrent
network modules have been identified, in which the same topological constellations of
regulatory interactions are used to solve comparable biological processes, even though
connecting a different set of regulatory genes [2]. Examples from the GRN driving endoderm
and mesoderm specification in embryos of the sea urchin Strongylocentrotus purpuratus
demonstrate how the architecture of regulatory interactions relates to biological function, as
we discuss in the following. First, however, we address some of the experimental approaches
used to solve GRN structure.

1. Experimental approaches to GRN analysis
1.1. Identification of GRN nodes

The nodes of GRNs represent regulatory genes and their cis-regulatory control systems. The
identification of specifically expressed regulatory factors has been facilitated by databases of
annotated gene expression patterns which are available for many model systems. However,
regulatory factors have the inconvenient property that it is not necessary for them to be present
in vast amounts to be major effectors in a process. For example, pmar1, a gene which is crucial
for specification of skeletogenic cells in sea urchin embryos, is never expressed at more than
about 100 mRNA copies per cell and is present only in a small fraction of cells. Commonly
used array-based technologies to detect gene expression levels have a much lower sensitivity
than PCR-based approaches [3], which limits their usefulness for identifying low-abundance
regulatory gene transcripts. Regulatory genes in the genome of the purple sea urchin S.
purpuratus were identified based on orthologous sequences from other species [4-8]. The
spatial and temporal gene expression patterns of zygotically expressed transcription factor
genes were systematically analyzed at early embryonic stages to generate a map of regulatory
states present in the sea urchin embryo. The results indicate that the majority of regulatory
genes are expressed simultaneously in multiple territories, or dynamically first in one and later
in another territory, or first in a broad set of precursor cells and later restricted to a subset of
these. Many transcription factors are therefore employed in a number of possibly independent
processes, which needs to be kept in mind when addressing their function. Regulatory genes
that are ubiquitously expressed are generally not included in GRN models, unless their
contribution to the spatial control of target gene expression was demonstrated. The outcome
of this analysis is the identification of the complete regulatory toolkit underlying a specific
biological process, the prerequisite to analysis of the regulatory system. The analysis of
regulatory gene expression patterns might not be the most exciting part in GRN analysis.
However, the more complete our knowledge of network components, the higher the predictive
value of the resulting GRN model.

1.2. Identification of regulatory linkages
Regulatory interactions and thus the architecture of GRNs are encoded in cis-regulatory control
regions. The network structure of regulatory interactions is a consequence of the fact that
transcription factors act in a combinatorial way. The cis-regulatory apparatus of every gene
thus contains information on type and number of regulatory proteins required for precise
transcriptional output. This information is, however, difficult to access, since cis-regulatory
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control regions are modular, each module containing clusters of transcription factor binding
sites which can be located in great distance either 5′ or 3′ to the transcriptional start site.
Furthermore, DNA sequences recognized by DNA binding factors are short and usually contain
ambiguous positions. Purely computational prediction of regulatory interactions and of
network topology is therefore impossible at our present level of understanding of the exact
sequence requirements for gene regulation. Many current approaches aim at mapping the
physical binding of a transcription factor to specific sites in the genome by CHIP-based
experiments. However, this approach appears to be of limited predictive value for the
identification of functional enhancers due to a substantial level of non-specific interactions
between transcription factors and DNA. The chances of identifying regulatory sequences are
much improved by accurate prior prediction of enhancer functions, however. These predictions
should include temporal and spatial expression profiles as well as regulatory inputs.

Regulatory interactions which are required for the correct expression of a gene are most
efficiently identified by perturbation approaches. In sea urchin embryos, injection of
morpholino antisense oligonucleotides specifically blocking the translation of proteins has
proven most efficient for interfering with transcription factor expression. Expression of every
transcription factor in the endomesoderm GRN model was perturbed in this way, and its
putative target genes were identified using quantitative methods like QPCR or the Ncounter
system, measuring the gene expression levels of all other regulatory genes which are included
in the network [9-12]. Spatial changes in transcript distribution upon perturbation of a putative
upstream regulatory factor are analyzed by in situ hybridizations on morpholino-injected
embryos. Perturbation approaches are invaluable for determining the necessity of regulatory
interactions, but they do not provide information on whether this interaction occurs directly or
not. If changes in gene expression levels are observed long after the first apparent regulatory
function of a transcription factor, they are very likely to be indirect consequences of earlier
events. Once spatial and temporal gene expression patterns as well as predicted regulatory
inputs of an endogenous gene are known, conserved sequence fragments surrounding the gene
can be tested in functional assays. cis-Regulatory modules which are both necessary and
sufficient to drive the expected expression pattern and responding to the perturbation of
predicted regulatory inputs must contain the relevant information. Functional transcription
factor binding sites are then identified by mutation of candidate sites.

In summary, a validated regulatory linkage between an upstream transcription factor and a
downstream cis-regulatory control region requires the following experimental evidence: (i)
transcription factor and target gene are at least partially co-expressed; (ii) the expression of the
target gene is affected by the perturbation of the upstream regulatory gene; (iii) identification
of a DNA fragment in the vicinity of the target gene which drives an expression pattern
overlapping with the pattern of the endogenous gene and responds to perturbation of upstream
transcription factor; and (iv) mutation of predicted binding site(s) of the upstream regulatory
factor within the cis-regulatory fragment recapitulates the effect observed in (iii).

1.3. Assembly of a GRN model
As soon as interactions between more than two molecules are considered, it becomes very
useful to work with models. They not only help in identifying missing parts in a network and
in the design of future experiments, but they are also a tool for communicating one's results.
A number of properties of developmental GRNs must be represented in models in order to
reflect their functionality: (i) Most processes involve several territories which are specified by
separate GRNs; (ii) these territories usually communicate by intercellular signaling; (iii)
linkages in GRNs represent functional interactions which are directional and either activating
or repressing; (iv) GRNs are hierarchical and regulatory interactions occur in a temporal
sequence.
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The GRN models shown in Figs. 2 and 3 were generated using BioTapestry
(http://www.biotapestry.org). In these models, different regulatory territories are represented
as colored rectangles with signaling events between them indicated as linkages between a gene
encoding a signaling ligand in one domain and a gene encoding the corresponding receptor in
the other domain. Each gene in the GRN is represented as a combination of a horizontal line,
which represents its cis-regulatory control region, and as an outgoing arrow which represents
the protein product of this gene. The interaction of a regulatory factor with its target gene is
shown as horizontal bar if it causes repression or as arrow if it results in transcriptional
activation. Each of the arrows and bars going into a gene model therefore represents a
hypothetical interaction between a transcription factor and its cognate DNA binding site which
can be tested by cis-regulatory analysis. Diamonds shown below modeled cis-regulatory
regions are used to indicate different levels of experimental evidence for each linkage.
Interactions shown as thick line have been validated by cis-regulatory experiments. In addition,
online versions of BioTapestry models can be interactive, linking gene expression and
perturbation data to each gene model. These models can also incorporate the time parameter
and using a time-slider, the sequence of regulatory interaction and activation of gene expression
can be observed, revealing the hierarchical structure of the GRN.

2. The GRN for endomesoderm specification in Strongylocentrotus
purpuratus embryos

Developmental GRNs ultimately control a biological process according to the structure of its
regulatory interactions. Network architecture becomes apparent once a GRN model is
generated. However, to relate the structural features to their biological functions requires
thorough understanding of these functions, in our case of the development of the
endomesodermal cell lineages.

3.1 The biological process
The process which is driven by the sea urchin endomesoderm GRN is summarized in Fig. 1.
By 6th cleavage stage, about seven hours post fertilization (hpf), the vegetal half of the embryo
consists of four cell lineages: the small micromeres, the skeletogenic micromeres, the veg2
and veg1 cell lineages. The latter three of these cell lineages constitute all the endodermal and
mesodermal cell types of the larva, whereas the small micromeres are set-aside cells used at
larval stages to form the adult organism [13]. As the small micromeres have no apparent
function in embryonic development, they are not further considered here [14]. Skeletogenic
micromeres, shown in light purple in Fig. 1, are located at the vegetal pole, a position with
highest levels of certain maternal determinants, which turn out to be crucial for their
specification. The cis-regulatory apparatus of a regulatory gene functioning at the top of the
hierarchy of the skeletogenic GRN, the pmar1 gene, requires these maternal inputs in order to
drive expression specifically in the skeletogenic micromeres [11,15,16]. Due to localization
of these maternal determinants, specification of skeletogenic micromeres is the first such
process in sea urchin embryos, and it requires no signaling inputs until much later, after the
cells have differentiated and migrated into the interior of the embryo. Other specification
processes in vegetal cells are dependent on signaling ligands. These are expressed by
skeletogenic micromeres as a consequence of the skeletogenic GRN. Surrounding the
skeletogenic micromeres are cells of the veg2 lineage, shown in green in Fig. 1. The veg2
lineage gives rise to mesodermal (Fig. 1, blue) as well as endodermal (Fig. 1, yellow) cells.
Mesodermal pigment cells are specified depending on a Delta/Notch signaling input from the
skeletogenic micromeres [17-19]. To transmit the Delta/Notch signal, cell membranes of signal
sending and signal receiving cells must be in contact. The pigment specification program is
therefore only induced in cells located adjacent to the skeletogenic micromeres expressing the
Delta ligand [12,17]. Endoderm specification, on the other hand, is not dependent on Delta/
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Notch signaling and occurs in cells located more distally from the skeletogenic micromeres.
Two sister cell lineages give rise to the future endoderm, but specification of these lineages
depends on partially different sets of regulatory genes. Endoderm specification in veg2-derived
cells is dependent on signals emitted from the micromeres [20-23]. Endoderm specification in
veg1-derived cells (Fig. 1, orange) is accomplished by a different GRN architecture. Veg1-
derived cells mainly contribute to posterior compartments of the larval gut ([12,24],
unpublished results). The decision between ectodermal and endodermal cell fates in veg1-
derived cells occurs slightly later than the mesoderm-endoderm distinction in the veg2 lineage,
indicating that specification events occur in a spatio-temporal way, starting with the most
central cells at the vegetal pole and spreading outward to the distal veg1-derived ectodermal
cells (Fig. 1C).

3.2. Current status of the endomesoderm GRN
The GRNs driving the specification processes in the endomesoderm up to 30 hpf are modeled
in Figs. 2 and. 3. Since the landscape of regulatory territories changes quite dramatically during
the first 30 hours after fertilization, two different layouts are used to model regulatory
interactions between 6-18 hpf (Fig. 2) and 21-30 hpf (Fig. 3), respectively. These layouts
accommodate the different regulatory states which are present in the vegetal cell lineages. By
the end of the time period covered by the GRN, which extends till just before the beginning of
gastrulation, the embryo has become partitioned into regulatory territories in which
specification of most larval cell types is at least initiated. Morphologically however, there is
almost no difference between cells of the different territories at this stage (30 hpf), and these
cells have not yet acquired their functionally differentiated state. The GRN model shown in
Fig. 2 represents regulatory interactions which establish the regulatory states in three cell
lineages, the skeletogenic micromeres (purple), the veg2 (green) and veg1 (orange) cell
lineages. At early stages (15 hpf), each cell lineage therefore represents a specific regulatory
state. After 21 hpf, however, the cell lineages have been subdivided so that cells originally
deriving from a given lineage have now activated different and exclusive GRNs. Thus, in the
veg2 cell lineage, GRNs underlying endoderm and mesoderm specification are at first initiated
in the same cells, but are subsequently maintained in a completely exclusive set of cells (by
21 hpf; Fig. 3). Mesoderm precursor cells are further subdivided into oral and aboral territories,
which will acquire different cell fates. A few hours later, some of the veg1 descendant cells
have activated an endodermal GRN. Not all the domains of the endomesoderm GRN model
have been analyzed to an equal extent. The GRNs underlying the specification of skeletogenic
cells and endoderm cells are in the most complete state, which means that perturbation
experiments have been performed for all the regulatory factors expressed specifically in these
domains [11,12]. Many of the linkages in these domains have been tested by cis-regulatory
analysis. In its current state, the oral and aboral mesoderm domains of the GRN, even though
including the complete set of regulatory genes specifically expressed there, are still missing
many of the interactions which functionally link these genes, but this is being remedied in
current work. The whole of endomesoderm development up to the gastrula stage of the S.
purpuratus embryo will soon be encompassed in a relatively complete network structure.

4. Modular GRN subcircuits
Though the GRNs of Figs.2 and 3 at first glance resemble a featureless maze of wiring
connections, it might be suspected on first principles that their structure is actually modular,
and such indeed is the case. The lens that best resolves the modularity of GRNs is that which
detects function, though of course, ex post facto, given structural features can be associated
with each type of function that these modules, the GRN subcircuits, mediate.
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4.1 Subcircuits and their biological “jobs”
A basic argument that has emerged from the sea urchin developmental GRN is that if the
phenomenological developmental biology is well enough understood, the processes of
specification and subsequent territorial diversification can be broken down into individual
“biological jobs” [1 Ch. 4]. As examples of such “jobs”, particular regulatory states must be
established in the cells of an embryonic territory; these states must be made stable; regulatory
states must be made exclusive; signals must be emitted; signals received must be interpreted
functionally so as to produce a change in regulatory state; territories must be spatially
subdivided; and so forth. The concept of the substituent biological jobs that constitute a process
of development underlies the idea of the Process Diagram (e.g., Fig. 1), as the first step in
construction of a developmental GRN. But how can we transform the fuzzy concept of
“biological jobs”, such as the above, into an incisive tool for identification of GRN modules?
The answer lies in the specific topologies of the subcircuits that execute these jobs. There are
three simple principles here: first, that animal embryonic development invariably requires
progressive installation of new spatial and temporal regulatory states; second, that given GRN
subcircuit topologies are utilized to accomplish given kinds of spatial specification of
regulatory state; third that other kinds of subcircuit topologies are utilized to accomplish given
temporal projects. There turns out to be a one-to-one correspondence between subcircuit
topology and the function it performs. This is a nice simplification, but an obvious one, since
the subcircuits are composed of genes that regulate one another, and the output of each type
of subcircuit is directly predictable from the linkages of which it is composed. Another valuable
simplification is that the function of the subcircuits of various topologies do not depend in a
unique way on the biochemical properties of the transcription factors that execute its
interactions. Thus there can be found even within thesea urchin embryo subcircuits of identical
or very similar topologies that execute the same jobs, but that are built of entirely different,
non-overlapping sets of regulatory genes and entirely non-homologous signaling systems
[25].

To illustrate this in detail, in the following we consider a set of seven different canonical
subcircuit topologies extracted from the GRNs of Figs. 2 and 3, each of which effects a
particular aspect of developmental regulatory state specification. Not only do these subcircuit
topologies occur elsewhere composed of different genes, but as given topologies, they are also
repeatedly deployed to accomplish the same developmental job whenever required. These same
statements apply to subcircuits that execute temporal rather than spatial functions (e.g.,
transformation of a transient to a stable regulatory state by installation of positive feedback
loops [10,11,25]). Thus the modular subcircuits of the GRN are in a sense the “building blocks”
of the developmental regulatory system.

4.2 Topological structure and spatial logic processing functions: a repertoire of
developmental subcircuits

Our examples are shown in Fig. 4. In each section of this Figure the biological job is given at
the top and immediately below is the name of the type of subcircuit that executes that job.
There follows an excerpt from the GRN shown in Figs. 2 and/or 3; a geometrical diagram of
the spatial domains affected by the subcircuit; and then a slightly more abstract, redrawn
version of the subcircuit indicating the “on” or “off” regulatory states generated by the
subcircuit in each spatial domain.

Figure 4A presents two different kinds of subcircuit that share the ultimate function of dividing
embryonic space into two regulatory states, which we shall term “X” and “1-X”, such that a
transcriptional state is established in X and specifically prohibited everywhere else. The
subcircuit in Fig. 4A1 which accomplishes this function is the double negative gate
subcircuit. Its definitive features are that the initial specification function activates a gene
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encoding a repressor, which transcriptionally prevents expression of a second repressor. This
occurs only in the specific domain X. The second repressor gene of the gate is driven by
widespread activators (here ubiquitous), and its targets are the initial, immediately downstream,
regulatory genes constituting the territory-specific regulatory state. The result is that the second
repressor specifically turns off these genes in 1-X, though they too respond to widespread
activators, while specifically allowing their expression in X. There is a great deal of
experimental evidence as to the details of operation of this gate in the skeletogenic domain of
the sea urchin embryo, and for its cis-regulatory basis [11,16,26], and using entirely different
genes it is also deployed in another domain of this embryo, the oral ectoderm [E. Li & E.
Davidson, unpublished work]. The second type of “X, 1-X” subcircuit (Fig. 4A2), is what we
call the signal mediated toggle switch subcircuit. A number of the commonly used
developmental signaling systems have the feature that the ubiquitously present immediate
response transcription factor (IRF), that is, the pre-existent factor altered in some way by ligand
reception in the process of signal transduction, is a janus factor [27]. That is, in cells receiving
the ligand the activated IRF* is permissive for transcription of its target genes, or actively
promotes it, but in all other cells the IRF binds a dominant transcriptional silencer such as
Groucho and becomes a repressor. The example from the GRN is Wnt8 signaling, which is
required for spatially confined expression of a number of target genes in exactly this way. The
IRF for the Wnt ligand is the Tcf transcription factor, and in the absence of this ligand Tcf
forms a dominant repressive complex with Groucho. Thus, mutation of Tcf sites in the target
gene cis-regulatory sequence causes ectopic expression.

The next function, considered in Fig. 4B, is signal-mediated subdivision of a prior regulatory
state to set up a new state subdomain where different genes are expressed, by use of an
inductive signaling subcircuit. Here the cells emitting the signal do that as a function of their
prior regulatory state, and the cells receiving it are thereby caused to express a new regulatory
state, different from their former one.

Our example from the GRN is Notch (N) signaling. This is a special case because N is activated
by a cell bound ligand, so that the receiving cells are exclusively those in immediate contact
with the sending cells. Their location thus determines the spatial location of the induced
regulatory state (Y domain in the diagram, where the ligand emitting cells are in X domain).
Here we have to consider the state of the target genes in X, Y, and the remainder of the embryo,
1-X-Y.

Like the other subcircuits and functions considered here, that in Fig. 4C is very widespread,
perhaps almost universally to be found wherever developmental specification is occurring.
This is the mutual exclusion of regulatory state, executed by reciprocal repression
subcircuits [28]. When a given state of specification is installed, one of the constituent
regulatory genes has the explicit function of repressing the possible expression of a regulatory
gene that is a required component of an alternative regulatory state. Reciprocally, in the domain
where this alternative regulatory state obtains, a repressive function targeting the first
regulatory state, and sometimes the same gene therein, is activated. The example in Fig. 4C,
one among many that could have been chosen, is reciprocal repression between a gene high
up in the regulatory hierarchy of the skeletogenic lineage, alx1, and a gene high up in the
regulatory hierarchy of the adjacent non-skeletogenic mesoderm, gcm [[28,29]; S. Damle &
E. Davidson, unpublished work]. Spatially, the reciprocal repression subcircuit is usually
deployed between domains of cells that could have deviated into one another's specification
states, e.g., descendants of former sister cells, or as in the present case, of cells exposed to the
same signaling ligands. Here again we have to consider the regulatory state of the target genes
in the two mutually excluded domains and in the rest of the embryo as well.
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Figure 4D shows another genomically encoded strategy for spatial regulatory state subdivision,
executed by repression. Two kinds of repressive circuits are found: spatial repression
subcircuits in which the boundary of a domain of expression of a given gene is set by institution
of a repressive function for that gene within the area where another gene is active; and negative
feedback autoregulation subcircuits. In the example shown, both are applied to the same
target gene, here eve [12]. The autoregulation cuts the level of expression down and at a certain
time in development, the external repressor, hox11/13b, then prohibits eve expression in an
inner ring of cells where the former gene is expressed [12,30]. Boundary formation, by spatial
repression subcircuits activated immediately across the future boundary is probably the most
common mechanism for accomplishing this “job”, an essential and universally deployed aspect
of spatial regulatory state subdivision.

Less well known is what we have termed “community effect signaling”, following an early
study of John Gurdon [31]. This term is applied to signaling within a territory, in which each
cell expresses the same regulatory state and in order to maintain this condition quantitatively,
the cells signal to one another. Fig. 4E shows the canonical topology, the intercellular
feedback on the ligand gene subcircuit. This subcircuit underlies the known examples of
community effect signaling. The key topological feature, in several cases from the sea urchin
GRN as well as elsewhere [32-35], is that the gene encoding the ligand responds to the same
signal transduction system as it activates: thus each cell of the domain both receives and
expresses the signal, and within the domain each cell is locked into a positive, signal mediated
embrace with each other cell. A model calculation [32] shows that community effect signaling
may account for the homogeneity of gene expression within multicellular territories.

Finally, and also a widespread development spatial specification device, is the use of cis-
regulatory AND logic to establish novel spatial domains of regulatory state. Many examples
are reviewed in a variety of systems in ref [1 Ch. 2]. Here two prior regulatory state domains
overlap, and due to the operational constraints of the relevant cis-regulatory systems, only
where both inputs are available are target genes defining a new regulatory state expressed. The
example from the GRN is a regulatory gene of the endoderm, hnf1, which requires inputs from
two genes, brachyury and eve, which at the relevant time overlap in part of their domains. The
AND logic operation subcircuit defines the states of expression of target genes in the region
of input overlap and also everwhere else, i.e., in the remainder of the expression domain of
each input as well as elsewhere in the embryo.

Knowledge of developmental GRNs is still new and undoubtedly there will emerge further
canonical spatial regulatory state subcircuits utilized in embryonic development, particularly
when diverse kinds of developmental process are considered. As we consider in the next
Section, sea urchins develop in a particular way which involves particular strategies and
particular network architecture.

But the general point can be made that the modular structure of developmental GRNs, as here
exemplified, at the same time illuminates the repertoire of topological subcircuits used by the
Bilateria to build their embryos. Thus this repertoire is an ancient and definitive property of
the bilaterian genomic regulatory system.

5. GRN design and the process of embryonic development
5.1 Different GRN designs underlie developmental strategies: comparisons within the
endomesoderm GRN

For two specification processes within the sea urchin endomesoderm lineages, the specification
of skeletogenic micromeres and of veg2 endoderm, we have highly elaborated GRN models,
as noted above. The function of all these regulatory factors has been analyzed by perturbation
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experiments and many of the predicted interactions have been tested by cis-regulatory analyses.
This, and the fact that both processes run at the same embryonic stages and in a similar time
window, permit direct comparison of the general architecture of these two networks.
Regulatory interactions in the skeletogenic and the veg2 endoderm territories were analyzed
over a time period of about 18 hours. An obvious difference in the biology of these two lineages
is that all the progeny of the skeletogenic micromere lineage execute skeletogenic cell fate,
while the veg2 lineage gives rise to both endoderm and to various mesodermal cell types. This
would suggest that the network architecture controlling the two processes might be
fundamentally different. Surprisingly, however, it seems that the regulatory interactions
initiating endoderm specification in veg2 cells run fairly independently of those controlling
specification of mesodermal cells [12].

The similarity between the skeletogenic and veg2 endoderm GRNs relies on the fact that both
are initiated by regulatory interactions which function in the way of an ON/OFF switch. The
result is that these GRNs are turned ON in a restricted number of cells, and turned OFF by
active repression in all other cells of the embryo. The control processes underlying this
regulatory function are, however, solved very differently in the two GRNs. In skeletogenic
precursor cells, this function is executed by the double negative gate (Fig. 4A1). In the
endoderm GRN this very same function is executed by a direct positive gate function mediated
by Tcf, the transcription factor which controls target gene expression in response to the Wnt
signaling pathway. In cells which do not receive Wnt signaling, β-catenin is absent from the
nuclei and Tcf interacts with the co-repressor Groucho, mediating repression of exactly the
same genes (the signal-mediated toggle switch, Fig. 4A2 [36]).

Both systems are elegantly designed for the initiation of specific GRNs in the very early
embryo. The employment of the double negative gate and the signal mediated toggle switch
have in common that they rely on only one transcription factor to initiate spatially restricted
expression. Even though the double negative gate consists of two transcriptional repressors,
the cis-regulatory regions of the target genes require only one type of binding site to respond
to this mode of control, specific for HesC (skeletogenic GRN) or Tcf (endodermal GRN). In
both systems, the transcriptional activities of the target genes are binary readouts of the
presence or activity of this transcription factor in all cells of the embryo (both the hesC and
the tcf genes are driven by ubiquitous activators). This system is most useful at early embryonic
stages when specifically expressed transcription factors are relatively rare. Surprisingly, in
both GRNs multiple regulatory genes are directly controlled by this initiation function.
However, most of these target genes also contain binding sites for other regulatory factors
present in the corresponding domain. It remains to be seen whether these observations turn out
to be general features of GRN wiring for the earliest embryonic specification functions.

5.2 Network design and the embryonic process
Changing focus, subcircuits which we would predict to be a general feature of bilaterian
developmental GRNs, must be embedded in an organization which represents specifically the
mode of development of the embryo. Sea urchin embryos accomplish specification and
differentiation according to what has been termed a “Type 1” developmental process [1 Ch.
3,37]. This is a very widespread form of embryogenesis in invertebrate animals which produce
relatively small eggs, and which generate free-living larvae after only about 10-12 cell
divisions. The essential features of type I embryonic process are as follows: (i) The cleavage
stage cell lineage is fixed and more or less canonical for given clades, so that in each individual
embryo of the species cells of given fate occupy the same position in respect to the three-
dimensional embryonic coordinates, and to the primordial polarities of the egg. (ii) The embryo
nuclei become transcriptionally active immediately after fertilization, and development is
controlled zygotically from early cleavage on, though (as in all forms of development)
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extensive use is also made of maternally deposited transcripts and proteins. (iii) The embryo
assigns regulatory states to spatial territories that can be defined in terms of the cell lineage,
and within each territory every cell expresses the same regulatory state (until the territory is
subdivided), while each territory gives rise to a given part of the later embryo. (iv) The initial
zygotic regulatory states are always set up by reference to maternal anisotropies that are
interpreted in such a way as to spatially localize early regional zygotic regulatory state(s) within
the confines of given cell lineage components. (v) All subsequent spatial territorial regulatory
states, and progressive territorial subdivision, depend on inter- and intra-territorial signaling
between cells, beginning at once during cleavage. (vi) Differentiation gene batteries begin to
be activated even before gastrulation. (vii) There is no net growth during embryogenesis, and
no significant cell migration or “salt and pepper” mixing of embryonic lineages until after
territorial regulatory states have been established all over the embryo, only following which
do gastrular movements ensue. None of these process characteristics are true of early vertebrate
or Drosophila development, though (v) pertains to Drosophila development after
cellularization, and eventually, following the delayed activation of the blastomere genomes at
the end of cleavage, to the remainder of vertebrate development as well. Type 1 embryogenesis
is an evolutionarily ancient mode of building the “body plan” of an animal embryo, since it is
found in branches of animal phylogeny so distant that their last common ancestor was the last
common bilaterian ancestor. Now that we have for the first time a reasonably complete and
explanatory GRN for a significant portion of the specification processes in a Type 1 embryo,
can we identify the components of this GRN that mediate the canonical features of this form
of embryogenesis? If so we might then predict the essential modular features that should apply
to any Type 1 embryonic process.

The basic output of any developmental GRN is establishment of regulatory states in the
appropriate cells, or in a Type 1 embryo, in the appropriate cell lineages and polyclonal
territories. Thus those of the above developmental process criteria that are directly concerned
with establishment and deployment of spatial regulatory states should be directly controlled
by the GRN. On the other hand, those features that depend on other than direct zygotic
transcriptional control must be excluded from the discussion. In the case at hand, little is known
about the mechanism by which canonical cleavage patterns are loaded into the egg (i), except
that this is a property of the egg cytoplasmic organization that is established during oogenesis
and in the earliest cleavages, and it is clear that cleavage plane localization is not controlled
by zygotic gene expression [38 Ch. 6]. Similarly, the timing of zygotic gene activation (ii) is
a function of egg size and nucleo-cytoplasmic ratio early in development [38 Ch. 2]. The issue
we address is whether the endomesoderm GRN can explain, for this case, how those features
of Type 1 embryogenesis that are zygotically controlled are genomically encoded. These are
points (iii)-(vi) above.

The key mechanism by which this form of embryogenesis is initiated is the use of the invariant
lineage, the result of the fixed geometry of the cleavage planes ((i) above), in setting up the
initial zygotic regulatory states. The initial genes of the regulatory state are thus supposed to
be turned on in response to localized factors that affect gene expression, and that have been
segregated into the lineage founder cells. This theory was inferred from a vast amount of
phenomenological evidence accrued from classical and modern experimental embryology and
developmental molecular biology [1 Ch. 3,37,38 Ch. 6], but now we can see exactly how the
transcriptional part of the process is genomically encoded. With respect to point (iii) above,
the GRN in Fig. 2 affords three examples: activation of the specific regulatory states in the
founder cells of the skeletogenic lineage (lavender area of Fig.2) and of the veg2 and veg1
endomesodermal lineages (green and tan areas). In the skeletogenic lineage, the maternal
transcription factors Otx and β-catenin/Tcf are localized in the four (4th cleavage) skeletogenic
founder cell nuclei and these inputs are used to activate the double negative gate discussed
above, by turning on the pmar1 gene exclusively in these cells (point (iv) above [11]). This
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response is genomically encoded in the cis-regulatory target sites of the pmar1 gene(s) [15,
16]. Additional community effect circuitry (see above) ensures the continuance of the β-
catenin/Tcf feed in these cells by driving expression of Wnt8 [33,39]. Maternal β-catenin is
also nuclearized in the eight veg2 and eight veg1 (6th cleavage) founder cells when they are
born (point (iv); [40]), and the Wnt8 community effect thereafter runs in these cells as well.
The β-catenin/Tcf input activates both the key early veg2 activator hox11/13b (see Fig. 2) and
the key early veg1 activator eve, the cis-regulatory systems of which respond sharply to this
input [12,30,41].

The GRN also affords a classical example of inductive signaling between cleavage stage
blastomeres, another canonical hallmark of Type 1 embryonic process (point v above) also
well known to occur in early cleavage C. elegans [42,43] and Ciona [44] embryos, for example.
Though there is widespread evidence of cleavage stage inductive signaling in Type 1 embryos
(for reviews [1 Ch. 3,21,37,44]), neither the genomic program by which this is caused to occur,
nor the genomic program that determines its particular consequences is usually evident. Here
again the sea urchin embryo GRN provides an exact solution. In these embryos, non-
skeletogenic mesoderm specification depends on inductive Delta-Notch signaling from the
skeletogenic lineage to the adjacent cells of the veg2 lineage ([18,19]; Fig.1). The GRN
explains why the delta gene is expressed in the skeletogenic lineage: it is one of the targets of
the double negative gate that sets up the regulatory state in this lineage, and is directly under
transcriptional control of the second repressor of this gate, HesC (Figs. 2 and 4; [26,45]). The
GRN also explains at the regulatory DNA sequence level why Notch signaling in the veg2
recipients is necessary and sufficient for the specification of the mesodermal pigment cell type.
The target of the signal transduction system is a cis-regulatory module of the gcm gene [17].
As the GRN shows (Figs. 2 and 3), gcm is a regulator of pigment cell genes, including both
genes encoding other transcription factors and differentiation genes. Thus we have in the GRN
a comprehensive causal explanation of both the incidence of the inductive signal and its
developmental output, couched in the required terms, the regulatory DNA sequence. For
though the effects are conditional on signal reception, the role of inductive signaling in
territorial specification of the Type 1 embryo is ultimately just as hardwired as any other aspect
of the transcriptional developmental control system.

Finally we come to the activation of differentiation gene batteries, which occurs at the periphery
of the GRN, as far downstream in any given phase of the developmental process as
transcriptional control goes (cf. Fig. 1). Type 1 embryos characteristically display direct cell
type specific activation of differentiation genes (point vi above; [1, Ch. 3,37]), often
precociously with respect to the morphological generation of differentiated structures. For
example, differentiation genes are likely to be activated in Type 1 embryos during blastula
stages. By this point the embryo is already territorially specified, as it consists of a spatial
mosaic formed by its diverse regulatory states, but morphologically is yet of simple form,
lacking the terminally differentiated cell types that will appear only later. Here again the sea
urchin GRN shows us how this phenomenon occurs. In the skeletogenic domain, for example
(Figs. 2 and 3), a number of differentiation genes are indeed activated in the blastula stage, and
network analysis shows that the regulatory genes downstream of the double negative gate all
contribute feeds into various differentiation genes (only a small fraction of which are yet
included in the GRN). cis-Regulatory studies have confirmed, for example that the inputs that
drive the cyclophylin gene, a cytoskeletal gene expressed only in these cells, are the factors
Deadringer (Dri) and Ets, which are generated as components of this specific lineage regulatory
state ([46]; Fig.2). These factors plus Hnf6 also provide inputs into the sm50 biomineralization
gene [47-49]. Similarly, in the mesodermal domain the aforementioned gcm gene provides a
direct input into the polyketide synthase gene, which produces an enzyme utilized in pigment
synthesis (C. Calestani, unpublished results). Why do these differentiation genes go on as early
as they do? Because, as the GRN shows, there are no other intermediate steps to be traversed,
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and as soon as the regulators to which they respond become available, their target genes are
activated. The timing of their activation follows the same general dynamics as does the rest of
the GRN, being controlled essentially by the time it takes for the successive steps of
transcription of regulatory genes, processing and translation of the mRNAs, and activation of
transcription of the next target downstream. In these sea urchin embryos, which live at 15°C,
the time separating any two such immediately sequential steps is 2-3 h [50].

In summary we here show how the definitive canonical process characteristics of Type 1
embryogenesis, which were formulated much more than a decade prior to the GRN, can be
explained in terms of the network regulatory code. Of course this is only one example and the
argument will be strengthened when equally comprehensive GRNs are available for other
species of Type 1 embryos. But this exercise already provides us with specific predictions of
the structures that should emerge from these networks to come. The more general implication
is important: a specific form of network architecture should underlie each form of
developmental process.

6. Concluding Comment
The sea urchin endomesoderm GRN successfully confirms one of the fundamental precepts of
systems biology, viz. that to obtain a comprehensive causal explanation of a process, all (or
most) of its component parts must be included in the analysis; but conversely, if they are, and
the analysis is appropriately based, then the outcome should indeed provide the answers as to
why the biology operates as it does. We note in this connection two fundamental
epistemological features. First, the GRN structure was formulated on the results of system wide
perturbation experiments, not on the basis of system wide measurements of the unperturbed
state. No such measurements, spatial, kinetic, genomic or biochemical, could alone or in
combination, ever have revealed the specific topologies of the subcircuits of Fig. 4, which as
we see provide the heart of the functional explanations emergent from the GRN. Second, since
the ultimate locus of control of the developmental process must lie in the genomic regulatory
sequence, the system analysis must be couched in, and be able to be validated, in terms of
functional significance of the genomic DNA sequence. This is the fundamental reason why the
representation of the GRN in the BioTapestry platform has been important: it reveals directly,
without further deconvolution or separation of one kind of interaction from another, not only
the circuit topology but also the expected features of the network nodes that are subject to
systematic test at the cis-regulatory level. Furthermore, it does so while preserving the
territorial components of the biological process. But this is only the first stage at which we
have arrived. What lies ahead are extensions of developmental GRNs in multiple directions:
their extension to more and more advanced embryonic territories, to more embryonic and
postembryonic systems, so that the immense resolving power of comparative meta-analysis
can be brought to bear on the functional meaning of the bilaterian regulatory genome at the
system level.
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Fig. 1.
Process Diagram indicating regulatory state domains in the sea urchin embryo up to
gastrulation. (A) Optical cross sections of embryos at cleavage, 8 h (CL), hatching blastula, 18
h (HB), and mesenchyme blastula, 24 h (MB). Embryos are viewed from the side (lateral view,
LV) and color coded to indicate territorial regulatory states. (B) Diagrammatic image of the
concentric arrangement of regulatory states viewed from the vegetal pole (vegetal view, VV).
(C) Process Diagram: the colored rectangles represent the territories of the endomesoderm.
Subdivision of the embryos proceeds in a progressive manner so that just before gastrulation
there are five domains indicated at the bottom of the diagram. Modified from Peter and
Davidson [12].
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Fig. 2.
GRN model for the endomesoderm 6-18 h of development. This is a “view from the genome”
in which all regulatory interactions occurring through time are portrayed in the various domains
(cf. Fig. 1). For data and temporal and spatial regulatory views see
http://sugp.caltech.edu/endomes/.
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Fig. 3.
GRN model for the endomesoderm up to 30 h of development, as in Fig. 2.
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Fig. 4.
Canonical subcircuit from the endomesoderm GRN utilized to execute particular spatial
specification processes. Each section of the figure (A-F) describes a particular spatial
specification function, the “job” to be done, and the GRN subcircuit by which this job is
executed. Following appear the subcircuit as excerpted from the GRNs in Figs. 2 and 3; a
spatial expression cartoon; examples of the activity state of the subcircuit in different domains
of the embryo; and a Boolean activity matrix for all relevant embryonic domains.
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