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Introduction

One of the most complex and mysterious processes in nature is the de-
velopment of a vertebrate animal from a single cell into an organism con-
sisting of hundreds of difterentiated cell types that are reproducibly arranged
in specific spatial patterns. Understanding developmental mechanisms is es-
sential because it is during development that the information contained in
the DNA (the genotype) is interpreted into morphological phenotypes.

Historically, developmental biology has attempted to study the embryo
as a complete system that develops seamlessly into a perfectly shaped or-
ganism. For example, embryologists were fascinated by the fact that when
an embryo is divided into two halves perfectly patterned twins can form.
Fortunately, this vocation of embryology towards studying the whole is now
paying oft and we are beginning to understand how cells can communicate
with each other over long distances spanning hundreds of cells.

In this essay I will examine how complexity can be deciphered in animal
development. Three issues will be addressed:

First, in biology physiological mechanisms are determined by the historical
twists and turns a species had to endure in order to survive during its evolu-
tion. Although humans share a common gene tool-kit with other animals,
each species found unique solutions to the obstacles presented by the selective
pressures of natural selection. Consequently, in biology it is difficult to uncover
invariant universal laws that can be expressed as mathematical equations.

Second, we will examine how the researcher usually constructs a mental
model of how the mechanism might work, and then tests it by experiment.
To be productive, a hypothesis must be testable using the techniques available
in that particular period. Consequently, our level of understanding changes
over time. The new ability to readily sequence and clone DNA through mo-
lecular biology opened the door for great advances in recent decades.

Finally, the main part of this essay will describe how this step-by-step ap-
proach of simple hypotheses tested by experiment allowed the deciphering
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of one of the most complex regulatory systems imaginable, the molecular
mechanism of induction of an invariant pattern of cell differentiation in the
early vertebrate embryo. We will examine how a network of extracellular
proteins that generates a dorsal-ventral (D-V) morphogenetic gradient of
growth factor signaling was discovered. This system has the remarkable ca-
pacity of regenerating a perfect pattern after the morphogen gradient is per-
turbed. This property of self-regulation is one of the most fascinating
phenomena in living organisms, which could start to be addressed from a
physico-chemical perspective only after recombinant DNA technology made
possible the purification of the proteins involved in the network.

1. Living organisms are shaped by their evolutionary history

Physics and chemistry obey universal laws that can be expressed by
mathematical equations. These laws have remained unchanged since the be-
ginning of the universe. Life on earth has a single origin, as revealed by the
fact that all living organisms share the same basic genetic code as the one
in human DNA (Collins, 2006). Recent advances in DNA sequencing have
allowed entire genomes to be sequenced readily. Bioinformatic “systems bi-
ology” approaches allowed scientists to describe the expression of thousands
of genes in many cell types. Computational analyses of DNA sequences led
to detailed catalogues of functional sites in humans. An ENCyclopedia of
DNA Elements (ENCODE) in humans was recently published in a paper
with almost 450 co-authors (Dunham ef al., 2012); it provides one of the
best examples of current “big science” efforts. Computers are very efficient
at comparing linear sequences of A, G, T and C. However, despite these ex-
tensive computer analyses of the complexity of the human genome we are
still very far from understanding the principles by which the genotype is
converted into phenotype. We know the sequence of nucleotides, but do
not understand how the genetic program is interpreted to produce a perfect
organism generation after generation.

The main obstacle to revealing general laws in biology is the historical
nature of life. Animals are shaped by evolution. To survive the strictures of
natural selection a species acquires mutations, duplications, and gene losses
that record within its DNA its previous history (Gould, 2002; De Robertis,
2008). For this reason it is very difficult to uncover invariant laws beyond
those of physics and chemistry. Nevertheless, extraordinary advances have
been achieved using the experimental method.The main goal of this paper
is to illustrate how the enormous complexity of embryonic development
can be interrogated productively using an hypothesis-driven approach.
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2. Conceiving hypotheses that can be tested by experiment

How is new knowledge acquired in biology? The best description I know
of the mental process involved is presented in an old book by French physi-
ologist Claude Bernard (1865). Entitled Introduction to the Study of Experimental
Medicine, its lessons are still valid today. Bernard was a noted physiologist, who
discovered that the function of the liver and other organs was to deliver in-
ternal secretions into the blood. He also proposed that “animals have really
two environments: a milieu extérieur in which the organism is situated, and a
milieu intérieur in which the tissue elements live”, and that physiological mech-
anisms were directed at maintaining the milieu intérieur constant.

The leitmotif of C. Bernard’s book on the epistemology of experimental
biology is that discovery starts with an a priori idea or hypothesis of how a
phenomenon might occur. Using our reason we then devise experiments
that might support or falsify the hypothesis and finally subject the hypothesis
to proof by experiment. “The true scientist is one whose work includes
both experimental theory and experimental practice. (1) He notes a fact;
(2) a propos of this fact an idea 1s born in his mind; (3) in the light of this
idea, he reasons, devises an experiment, imagines and brings to pass its ma-
terial conditions; (4) from this experiment, new phenomena result which
must be observed, and so on and so forth”. In modern terms we call this
approach hypothesis-driven research. To conceive an experiment we first
need an idea or mental picture of how the process might work. “The ex-
perimental idea 1s the result of a sort of presentiment of the mind which
thinks things will happen in a certain way. In this connection we may say
we have in our minds an intuition or feeling, as to the laws of nature, but
do not know their form.We can learn it only from experiment”. In general,
the new hypothesis is based on previous knowledge that pointed our at-
tention to areas that remained unexplained.

The experiment puts the question to the natural world, which gives an
answer independent of our own prejudices. At this point, the observer eval-
uates the results without preconceptions and decides whether the experi-
mental hypothesis is verified, disproved, or suggests an alternative hypothesis.
The key to the experimental method is that we must accept the result of-
tered by nature and not replace it with our own reason. “Experimenters
must doubt their intuition, i.e., the a priori idea or the theory which serves
as their starting point; this is why it is an absolute principle always to submit
one’s idea to the experimental criterion so as to test its value”. In my ex-
perience, when an idea is confirmed by experiment it frequently opens
doors for new discoveries. If the hypothesis is incorrect, we rapidly en-
counter a wall of repeated obstacles and the verdict becomes evident. At
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some point even a productive experiment ceases to yield new insights; this
indicates that new theories or methods will be required to advance further.

The story of the molecular dissection of the dorsal-ventral morphogen
gradient provides an example right out of Claude Bernard’s book. Exper-
iments on the self-regulation of embryonic development suggested ideas
that changed over time as new technical advances allowed deeper levels of
understanding of development at a physico-chemical level.

3. Unraveling the induction of embryonic tissue differentiation

3.1 Self-regulation in development

One of the most remarkable properties of embryos is that they are able
to regenerate missing parts. After experimental manipulations the embryo
attempts to self-regulate towards the whole. This property ensures that the
most perfect embryo possible is produced time after time despite variations
in egg size or environmental changes such as temperature. The experimental
approach in embryology started in 1883 when Roux killed one of two cells
of a frog egg with a hot needle and found that the surviving half gave rise
to a partial embryo. However, in 1891 Driesch separated the two first cells
(called blastomeres) of a sea urchin embryo and found that each was able
to form a complete, although smaller, embryo.

Amphibian embryos provide a very good material for these experiments
because the dorsal (future back) and ventral (future belly) sides can be dis-
tinguished from each other. Even before the first cell division, the future
dorsal side can be recognized by a less pigmented dorsal crescent (resulting
from a rotation of the egg cytoplasm along microtubules). In 1901 Hans
Spemann used a baby hair loop to constrict salamander embryos into two
halves. Much later, we found that the embryo can self-regulate a perfect
pattern even after bisection with a scalpel blade at the late blastula (9000-
cell) stage (for a timeline article on experimental embryology see De
Robertis, 2006). In modern times researchers use the South African frog
Xenopus laevis (Gurdon and Hopwood, 2000), which provides large numbers
of eggs all year long.

If the embryo fragments contain both dorsal and ventral components iden-
tical twins can result. This provides one of the most extreme examples of re-
generation since the entire missing half of the body, with all its organs, is
perfectly replaced. The resulting embryos are “scaled” so that they are smaller
in size but perfectly patterned. If the half embryo contains only ventral cells
a spherical “belly piece” consisting of ventral tissues such as epidermis and
blood is produced (Spemann, 1928). However, the dorsal half of the embryo
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is able to scale, forming a smaller but well-proportioned embryo containing
dorsal tissues such as the central nervous system (CNS) and notochord, as
well as ventral tissues. These experiments suggested that the dorsal side con-
tained an activity able to organize embryonic tissue differentiation.

The key experiment for understanding embryonic patterning was per-
formed by Spemann’s graduate student Hilde Mangold, who transplanted
a small region of the gastrula (10,000-cell stage) called the dorsal lip of the
blastopore into the ventral side of a host embryo (Spemann and Mangold,
1924).The blastopore is the region through which the cells that will form
the endoderm and mesoderm layers of the embryo invaginate. The cells
that remain on the outside form the third germ layer, the ectoderm. A small
grafted dorsal region had a very potent effect on the embryo, dividing the
pattern of the whole into two Siamese twins:

Figure 1. The Spemann experiment: transplantation of a small fragment of dorsal tissue from the
dorsal lip can induce twinning. Note the less pigmented grafted tissue in the ventral side of an
early Xenopus embryo.

The tissue used by Hilde Mangold for the transplantation was from an
unpigmented species of salamander, so that the lineage of the grafted cells
could be distinguished from the pigmented host. The transplanted cells dif-
ferentiated into notochord and induced neighboring cells to differentiate into
somite (the embryonic tissue segments that give rise to skeletal muscle, bones
and connective tissue of the dermis) and kidney in the mesoderm, and brain
and spinal cord in the ectoderm.This was the crucial experiment that demon-
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strated that during development groups of cells can direct the differentiation
of other cells. Spemann called the dorsal lip tissue the “organizing center” of
the embryo. His thinking borrowed heavily from physics, which was the dom-
inant science at this time. From electromagnetism he borrowed the term em-
bryonic “induction” to designate the ability of organizer tissue to change cell
differentiation and considered that cells in the embryo formed a morpho-
genetic “field” that was capable of self-regulation.

The organizer experiment represented the highest point of experimental
embryology and Spemann received the Nobel Prize for Medicine or Phys-
1ology in 1935 for the discovery of embryonic induction. This experiment
firmly established that the dorsal side of the embryo had inductive abilities
and that organizer tissue played a crucial role in self-regulation. A molecular
analysis would have to wait for many decades until gene cloning made mo-
lecular embryology a practical possibility. However, a new working hypoth-
esis had been formulated by the Spemann-Mangold experiment: that dorsal
organizer tissue secretes signals that induce cell differentiation at a distance.

3.2 Morphogen gradients

Another important advance took place in the 1950s. It was not an ex-
perimental advance but rather a theoretical one. Mathematician Alan Turing
proposed a simple yet powerful theory to explain the behavior of differen-
tiating biological systems. He suggested that anatomical structure might result
from the diffusion of hypothetical substances that he called morphogens. He
took the complex embryonic system and rendered it much simpler. Turing
realized that simple physico-chemical laws were able to explain many of
the facts of embryonic morphogenesis. He imagined that a system of chem-
ical substances capable of reacting with each other and diftusing through a
tissue would be able to generate pattern (Turing, 1952).“The systems ac-
tually to be considered consist therefore of masses that are not growing, but
within which certain substances are reacting chemically, and through which
they are diffusing. These substances will be called morphogens, the word
being intended to convey the idea of a form producer”. The D-V patterning
system that was later uncovered in the frog Xenopus indeed contained many
interacting protein molecules, which are able to diffuse over long distances
in the embryo.

The reactions between morphogens depended on their concentration
(law of mass action) and on their diftusion according to Fick’s law of diftu-
sion in fluid medium. Turing formulated a general partial differential equa-
tion to describe quantitatively the changes in concentration of a morphogen
(C) over time (Ot):
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Chemical reaction— diffusion equations define how
Morphogen concentration (C) changes of over time (t):

aC
— =|D-V*C+|F(C)
at /
Fick's law of diffusion Function (F) describing dl
D = diffusion rate chemicd reactions of a
V2= 2w derivative inspace  component of the
morphogen gradient:
synthesis, degradation,
association/dissociation
with inhibitors

Figure 2. Evolution of morphogen (C) concentration in time and space.

The right side of the equation describes that, following Fick’s law of dif-
fusion, the change in concentration of the morphogen (C) is proportional to
its diffusion rate (D) and to the second derivative in space of the morphogen
concentration (V2C). In addition, the change in morphogen concentration is
also a function (F) of all the chemical reactions it undergoes (such as synthesis,
degradation, and association and dissociation with other proteins such as an-
tagonists). From this initial insight a large number of “‘reaction-diffusion” com-
puter models to explain the behavior of developing systems have been derived
(reviewed in Meinhardt, 2008; Plouhinec and De Robertis, 2009).

A further advance was the realization by Gierer and Meinhardt (1972)
that in theory a pair of morphogens composed of an Activator and an In-
hibitor originating from the same cells can generate stable patterns:

A
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Activator Inhibitor
A
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Figure 3. An Activator/Inhibitor pair of interacting morphogens.
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The system shown in the figure consists of two diffusible morphogens se-
creted by the same source. In panel A we see that the Activator turns on its
own production and also the synthesis of an Inhibitor that interacts with the
Activator. In panel B we see how a field of cells can be patterned into two
different zones provided the inhibitor diftuses faster than the activator. Acti-
vator (A) and Inhibitor (I) are secreted by the source at the center and turned
off by a preponderance of inhibitor in the periphery. Such pairs of Activators
and Inhibitors were found decades later to play prominent role in maintaining
the dorsal and ventral signaling centers present in the frog embryo.

It is remarkable that these mathematicians could provide a theoretical
framework for understanding long-range diffusion-reaction of morphogens
at a time when the chemical nature of not even a single morphogen was
known. A new working hypothesis was formulated, that morphogens would
form gradients of signaling activity that could cause the differentiation of dif-
terent cell types at different thresholds of activity. Further, these morphogens
would be expected to react with each other, an idea that was fully vindicated
by work on the D-V patterning system. Respecification of an embryonic
morphogen gradient by the organizer graft could explain the amazing
Siamese twins observed in the Spemann transplantation experiment.

3.3 A Dorsal-Ventral gradient of BMP signaling controls histotypic differen-
tiation

D-V patterning results from a gradient of activity of a family of secreted
growth factors called Bone Morphogenetic Proteins (BMPs). The first cor-
relation between tissue differentiation and BMPs came from the study of
Drosophila mutations in a gene called decapentaplegic (dpp), which is the ho-
molog of vertebrate BMP2/4 (Ferguson and Anderson, 1992). In mammals,
BMPs had a long history of being involved in bone differentiation. It was
first noted that bone fragments transplanted subcutaneously or intramus-
cularly in rabbits could induce bone differentiation even after all cells had
been killed with ethanol (Levander, 1938). Marshall Urist, an orthopedic
surgeon working at the University of California, Los Angeles, found that
the proteinaceous bone extracellular matrix, obtained by removing Calcium
from bones by soaking them in Hydrochloric acid (HCI) for several days,
had potent ectopic bone morphogenetic activity after transplantation into
rabbits or rats (Urist, 1965). The active proteins were purified and cloned
by a biotechnology company, and found to correspond to growth factors
designated BMP2 to BMP7 (Wozney ef al., 1988).

Growth factors are proteins that are secreted into the extracellular space,
where they bind to surface receptors in other cells, triggering changes in
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cell signaling. They provide the main mechanism by which cells commu-
nicate with each other. BMP2 to BMP7 belong to the larger Transforming
Growth Factor-beta (TGF-3) family of growth factors, which consists of
30 different genes in humans. Although first discovered because of their
bone morphogenetic properties in mammals, BMPs play a central role in
D-V embryonic patterning.

Ventral Dorsal

Figure 4. D-V gradient of BMP signaling revealed by phospho-Smad1 in Xenopus.

In zebrafish and Xenopus embryos it is possible to visualize the gradient of
BMP signaling activity. This is done indirectly, by staining whole-mount em-
bryos with an antibody specifically directed against the phosphorylated form
of the Smad1 transcription factor. In Figure 4 one can see that BMP activity
is lowest on the dorsal side and gradually increases towards the ventral side,
in which the cell nuclei accumulate higher amounts of phospho-Smad1.

BMPs (or other members of the TGF-f3 superfamily) bind to two re-
ceptors on the cell surface, which become activated. The BMP receptors
are transmembrane proteins containing a cytoplasmic enzymatic domain
able to phosphorylate hydroxyl groups of Serine or Threonine amino acids
in proteins. Their main target is a transcription factor called Smad1, which
becomes phosphorylated at its carboxy-terminal end. Phospho-Smad1
(pSmad1) binds a second protein called Smad4 (also known as Deleted in
Pancreatic Carcinoma). These two proteins together translocate inside the
nucleus where they bind to DNA. Smad1/4 do not have a very high DNA-
binding affinity and therefore require additional partner transcription factors
bound to nearby DINA sites in order to activate or repress gene activity
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(Massagué, 2000). BMP/TGF-f3 can activate different genes in different
germ layers because these differ in the types of partner transcription factors
they contain, according to their previous developmental history. This
process, by which a protein bound to the outside membrane of the cell can
change the activity of genes in the nucleus, is called signal transduction.

3.4 Cloning the Spemann organizer genes

‘When molecular biology, the great equalizer of modern biology, became
practical the search for the signals produced by the dorsal organizer tissue
that mediate embryonic induction was on. In our laboratory a gene library
from manually-dissected dorsal blastopore lips from Xenopus was prepared.
We succeeded in isolating a homeobox gene designated goosecoid (Cho et
al., 1991). This gene allowed us to visualize Spemann’s organizer using in
situ hybridizations to its mRINA. Previously, the existence of organizer tissue
had to be deduced from its eftects after transplantation experiments.

Overexpression of goosecoid mRINA was able to induce twinned axes.
However, goosecoid encodes an intracellular DNA-binding protein and we
knew from Spemann’s experiments that the factors responsible for embry-
onic induction had to be diffusible over long distances. This suggested the
hypothesis that goosecoid might activate the synthesis of secreted proteins.

In 1994 we were able to isolate chordin, a gene activated by goosecoid from
our Xenopus organizer library (Sasai ef al., 1994). Richard Harland had also iso-
lated noggin (Smith and Harland, 1992) and Douglas Melton follistatin (Hem-
mati-Brivanlou ef al., 1994). It was later found that all three gene products were
able to inhibit BMP signaling (Sasai et al., 1995).The dorsal side of the gastrula
embryo secretes BMP antagonists and the ventral side BMP4 and BMP7:

Epidermis CNS Doal

hypochord

> Ch'- d = | epidermis
- ordin orsal
Ventral BMF Noggin lateral plate
. i / mesoderm
E endoderm
2 / Spemann’s blood ‘-':-_
Organizer

Ventral

Figure 5. BMP antagonism patterns the three germ layers, leading to the stereotypical arrange-
ment of tissue differentiation in the vertebrates.
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Obur initial hypothesis was that dorsal tissue would be the source of novel
growth factors. Spemann’s organizer proved a fertile fishing ground for new
molecules, but what was found instead was that it secreted a large number of
secreted growth factor inhibitors (reviewed in De Robertis and Kuroda, 2004).

Curiously, BMP signaling levels were able to regulate cell differentiation
in the ectoderm, mesoderm and endoderm layers simultaneously. Explants
of future ectoderm (cells from the animal cap of the embryo) differentiate
into CNS at low BMP levels (e.g., in the presence of BMP antagonists) and
into epidermis when BMP signaling levels are high. Similarly, in the meso-
derm low BMP gives rise to notochord (a flexible rod used by chordate
embryos for swimming), at slightly higher levels skeletal muscle (arranged
in repeated segmental structures called somites), then kidney (each embry-
onic segment develops a kidney tubule), then lateral plate (which gives rise
to the body wall) and at the highest BMP levels blood islands (Figure 5).
These tissues represent the invariant body plan shared by all vertebrates.
This then raises the question of how many morphogen gradients exist. Is
there one gradient per germ layer? How would each gradient be regulated
coordinately so that a perfectly harmonious embryo is formed?

The embryo has only one chance to allocate these tissues perfectly so it
is not surprising that the BMP gradient is tightly regulated. While there are
many growth factor antagonists secreted by Spemann’s organizer cells,
Chordin proved the most informative for the regulation of the D-V sig-
naling gradient; it was at the heart of the organizer phenomenon.

3.5 Chordin regulates the D-V BMP gradient

When Chordin is microinjected into a ventral cell (in the form of syn-
thetic mRINA prepared in the test tube) it recapitulates the organizer ex-
periment, forming a second neural tube, somites and even a second gut
cavity. Chordin can be depleted in Xenopus embryos using microinjected
Morpholino oligos (MO).These antisense reagents (which resemble RNA
but have a morpholine ring replacing the ribose, so they not degraded easily
by cellular enzymes) hybridize to mRINA and prevent its translation into
protein. Depletion of Chordin produced embryos that developed with
smaller heads and dorsal tissues and enlarged ventral structures. However,
an embryonic axis was still formed. Later, Harland found that the combined
depletion of Chordin, Noggin and Follistatin led to a catastrophic loss of
all dorsal tissues (Khokha ef al., 2005). Similarly, in the mouse double knock-
out of Chordin and Noggin the forebrain, midbrain and notochord and are
lost (Bachiller et al., 2000). Thus, the BMP antagonists secreted by organizer
tissue are able to compensate for each other.
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Chordin is absolutely essential for the activity of Spemann organizer
grafts. An organizer transplanted to the ventral side of the gastrula invagi-
nates inside the embryo, inducing new dorsal tissues. This 1s particularly
clear when a pigmented graft is placed in an albino embryo. When the or-
ganizer was depleted of Chordin it remained as a patch of epidermis that
was completely devoid of inducing activity (Oelgeschlager et al., 2003).
Transplantation is a very powerful tool in biology. In this case, when dorsal
cells were challenged by placing them in a new ventral surrounding their
diminished biological capacity due to the loss of the Chordin gene product
was strikingly revealed.

3.6 Chordin is used throughout the animal kingdom

We realized that Chordin had to be a very important molecule very
early on. A gene of similar sequence was cloned in the fruit fly Drosophila
called short gastrulation (sog). We collaborated with E Michael Hoffman and
Edwin “Chip” Ferguson to show that microinjected chordin and sog mRINA
induced neural tissue both in Drosophila and frog embryos (Holley et al.,
1995).This led to the realization that we had discovered an ancient molecule
that had been conserved in evolution between fly and amphibian embryos.

Extensive genetic screens in the zebrafish Danio rerio by Christiane
Niisslein-Volhard supported the discoveries from our work in Xenopus de-
scribed below. In a satisfying convergence, zebrafish loss-of-function muta-
tions that affected the allocation of dorsal-ventral tissues were found to
affect genes in the Chordin pathway. Loss-of-function mutations that in-
creased ventral tissues eventually corresponded to Chordin and Sizzled, and
mutations increasing dorsal tissues corresponded to BMP7, BMP2b,a BMP
receptor, Smad5 and Tolloid (Little and Mullins, 2006).

These genetic findings greatly increased confidence that we had uncov-
ered a patterning mechanism that was generally applicable across animal
embryos. Importantly, the effects of sog mutations were known to be en-
hanced when the number of dpp/BMP4 genes was increased in Drosophila
(Ferguson and Anderson, 1992). This led us to the new hypothesis that
Chordin and BMPs worked on a common signaling pathway.

3.7 Chordin is part of a biochemical pathway

Chordin mRNA is expressed at high levels in dorsal cells in the exact re-
gion that has inducing activity after transplantation. We measured the amount
of Chordin secreted by the frog embryo during gastrulation and found that
it is produced in prodigious amounts. If distributed uniformly in the extra-
cellular space, Chordin protein would reach concentrations of 33 nanomolar
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(nM). In the dorsal side, where it is produced, Chordin must reach much
higher extracellular concentrations. BMP concentrations have not been meas-
ured in embryos, but in other tissues they are in the picomolar (pM) range.
Thus, a vast excess of Chordin exists during early development.

Since Chordin is a BMP antagonist, in principle its localized expression
in the dorsal side could be sufficient to account for the BMP signaling gra-
dient, even if BMP expression were uniform. However, our investigations
discovered that Chordin is part of a biochemical network of extracellular
proteins that encompasses the entire embryo. It gradually became clear that
the organizer eftect is not due only to the action of the dorsal side but also
to the reaction of ventral cells.
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Figure 6. The extracellular biochemical network of interacting proteins that explains self-regula-
tion of D-V patterning.

We found that several secreted proteins are synthesized by the same cel-
lular sources. The embryo has a dorsal and a ventral center that communi-
cate through secreted proteins that interact with each other (indicated by
solid lines). Dorsal genes are expressed when BMP levels are low, while
ventral genes are expressed when BMP levels are high (transcriptional ac-
tivity is indicated by lines with short stipples). The two centers adapt to
changes in signaling because all the components of the system are under
opposing transcriptional control by BMP. The long stippled arrows indicate
the flux or flow of Chordin bound to dorsal BMPs, BMP2 and ADMP, to-
wards the ventral side (ADMP stands for anti-dorsalizing morphogenetic

Complexity and Analogy in Science: Theoretical, Methodological and Epistemological Aspects | 173



EDWARD M. DE ROBERTIS

protein, Moos et al., 1995).The function of each of the extracellular proteins
of this pathway was determined by a combination of biochemical and em-
bryological experiments, as explained below.

3.8 Chordin is a BMP antagonist requlated by a metalloproteinase

Chordin encodes a large protein containing four Cysteine-rich (CR)
domains that serve as BMP-binding modules. It has a cofactor called Twisted
gastrulation (T'sg) that helps keep BMPs soluble and binds to both Chordin
and BMPs.The ternary complex of Chordin, BMPs and Tsg prevents bind-
ing of BMPs to BMP receptors on the cell surface and in this way inhibits
BMP signaling.

Chordin

Figure 7. The ternary complex of Chordin (Chd), BMP4 and Tsg inhibits binding to BMP receptor
(BMPR).

Purified Chordin binds BMPs with an affinity (dissociation constant,
Kp) in the low nM range (Piccolo et al., 1996). However, the inhibitory ac-
tion of Chordin is not permanent and can be reversed by metalloproteinases
of the Tolloid family. Tolloid was identified in classical Drosophila genetic
screens (Wieschaus and Nisslein-Volhard, 1980) as a gene that increased
Dpp/BMP signaling. In collaboration with Leslie Dale, we showed that the
metalloproteinase Xolloid-related (indicated as T1d and represented by scis-
sors in Figure 7) was able to cleave Chordin at two precise sites. When this
happens, the affinity of the cleaved Chordin for BMP decreases precipi-
tously and the complex of BMP and Tsg is able to bind to BMP receptors,
restoring signaling (Piccolo et al., 1997). Because Tolloid/Xlr is expressed
in the ventral side, it serves as a ventral sink that degrades Chordin origi-
nating from Spemann’s organizer, allowing the flux of BMPs from more
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dorsal regions to the ventral side in which BMP signaling is maximal. Ac-
tivity of the Tolloid protease is the rate-limiting step in D-V patterning and
1s subjected to stringent regulation.

3.9 Sizzled and Crescent are inhibitors of Tolloid activity

Sizzled is a ventral center molecule that is expressed at high BMP sig-
naling levels (Collavin and Kirschner, 2003). In zebrafish the Sizzled mu-
tation (called ogon/mercedes) had a phenotype intriguingly similar to that
of Chordin mutants (Yabe ef al., 2003). We microinjected sizzled mRINA
into dorsal or ventral half-embryos in Xenopus and noted that it had strong
dorsalizing effects on dorsal fragments (expansion of the CNS) but none
at all in ventral fragments. Thus, sizzled tfunction required a dorsal compo-
nent, giving rise to the idea that it might inhibit the degradation of
Chordin by Tolloid.

Sizzled encodes a secreted Frizzled-related protein (sFRP).This class of
protein is normally involved in inhibiting Wnt signaling. However, in the
case of Sizzled the protein has evolved so that it is able to bind to the Tolloid
proteolytic site, but is unable to be cleaved by this enzyme. In this way, Siz-
zled acts as a competitive inhibitor of Tolloid. Like most components in
the pathway shown in Figure 6, the Sizzled/Tolloid binding has an affinity
in the 20 nM range (Lee et al., 2006).

Figure 8. Sizzled is expressed in the ventral side and Chordin in the dorsal organizer at the circular
blastopore stage (the blastopore will later become the anus).
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Sizzled depletion by antisense morpholinos results in the same pheno-
type as Chordin loss-of-function, because in its absence the activity of Tol-
loid increases and Chordin is degraded. When overexpressed Sizzled has an
anti-BMP eftect because it inhibits Tolloid, causing the accumulation of
Chordin. The increase in Chordin levels then inhibits BMP signaling. On
the dorsal side of the embryo, a protein structurally related to Sizzled called
Crescent also serves as a Tolloid inhibitor, but under the opposite transcrip-
tional regulation (Figure 6; Ploper et al., 2011).

Sizzled acts as a feedback inhibitor of Tolloid and is expressed in copious
amounts in the Xenopus embryo. Like Chordin, it would be present at con-
centrations of 30 nM if distributed uniformly in the extracellular space (Lee
et al., 2006). Tolloid and Sizzled behave as an Activator/Inhibitor pair in the
sense described in Figure 3.Tolloid will activate its own synthesis by increasing
BMP signaling, while Sizzled will inhibit Tolloid activity competitively.

Tolloid activity is also regulated by direct binding of BMP to protein
domains outside its catalytic region. [f BMP levels become high it binds to
domains in Tolloid called CUB domains, inhibiting enzyme activity in a
non-competitive fashion (Lee et al.,2009).This new negative feedback loop
provided a molecular explanation for an old mystery in the field. When the
first peptide sequences were obtained from extracts with bone-inducing
activity (Wozney ef al., 1988) the first protein identified, designated BMP1,
had the sequence of a Tolloid enzyme containing three CUB domains. The
reason why BMP1 was purified together with the BMP2 to 7 growth fac-
tors was simple: Tolloids are BMP-binding proteins. In conclusion, Tolloid
activity is highly regulated and plays a key role in the communication be-
tween the dorsal and ventral sides of the embryo.

3.10 Crossveinless 2 concentrates Chordin/BMP complexes in the ventral
side

Another component of the Chordin/BMP pathway is Crossveinless 2
(CV2).We first identified it by searching sequencing databases for vertebrate
genes that contained CR domains similar to the BMP-binding modules of
Chordin. Once the complete sequence was obtained, it became clear that
it was homologous to a gene previously described in Drosophila called
Crossveinless 2 (Conley et al., 2000). In the fly wing, CV2 is required to
reach the maximal BMP signaling required for formation of cross vein
structures. Like Chordin, overexpressed CV2 can act as a BMP antagonist
through its BMP-binding modules. CV2 expression is activated by high
BMP levels and is therefore produced in the ventral center. When one de-
pletes Chordin, CV2 expression increases, compensating for the loss of
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Chordin from the opposite side of the embryo. When both Chordin and
CV2 are depleted, ventral tissues are greatly expanded (Ambrosio ef al.,
2008). One difference with Chordin is that CV2, although it is a secreted
protein, is not able to diffuse through the extracellular space because it re-
mains anchored by glycosylated proteins (called glypicans) to the surface of
the cells that secrete it (Serpe et al., 2008).

Why does CV2 have pro-BMP eftects in Drosophila wing? We addressed
this by asking whether CV2 interacted with other components of the D-
V patterning system. Using a biochemical approach we found that CV2
has a second activity. It binds with considerable aftinity (dissociation con-
stant 1.4 nM) to Chordin and with even higher affinity to Chordin/BMP
complexes. In the frog embryo, CV2 acts as a molecular sink concentrating
Chordin/BMP complexes in the ventral side. Once there, Tolloid proteases
can cleave Chordin, allowing BMP to signal through its receptors. In this
way BMP signaling is boosted on the ventral side by the combined action
of CV2 and Tolloid, which facilitate the flux of BMPs produced in more
dorsal regions of the embryo and transported by Chordin.

= Tolloid

Chordin

Crossveinless-2

Figure 9. Crossveinless 2 (CV2) serves as a molecular sink that concentrates Chordin/BMP com-
plexes on the ventral side, where BMPs are then released by cleavage of Chordin by Tolloid. CV2
does not diffuse far from the cells where it is produced because it binds to glypicans on the cell
surface.

Complexity and Analogy in Science: Theoretical, Methodological and Epistemological Aspects | 177



EDWARD M. DE ROBERTIS

Starting with the isolation of Chordin we were able to identify, one at
the time, multiple components that react molecularly in this morphogenetic
pathway that comprises the entire embryo. At the stage being studied, the
embryo is composed of 10,000 cells, raising the question of how the infor-
mation in the dorsal and ventral centers is transmitted long range to produce
a self-regulating morphogen gradient. We address this next.

3.11 Opposite transcriptional regulation of D-V molecules is the key to self-
regulation

The dorsal and ventral centers are under opposite transcriptional control
by the BMP signaling pathway. Dorsal center molecules are produced when
BMP levels are low while ventral molecules are secreted when BMP sig-
naling is high (Figure 6, stippled arrows). Interestingly, the dorsal and ventral
poles of the embryo express proteins of similar biochemical activities but
under the opposite regulation.

Ventral Dorsal
Center Center

BMP4 || BMP2

BMP7 || ADMP
Ccv2 . Chordin
Sizzled Crescent

Figure 10. Proteins of similar structure and function in the ventral and dorsal sides, but under
opposite transcriptional control.

The dorsal side produces BMP2 and ADMP, while the ventral side se-
cretes BMP4 and BMP7. All have similar activities, activating BMP recep-
tors that phosphorylate Smad1. Chordin is secreted by Spemann’s organizer
while on the ventral side CV2, which contains similar BMP-binding mod-
ules, is produced. Similarly, the ventral center secretes Sizzled and the dorsal
side the closely related molecule Crescent. These molecules can compensate
for each other from different poles of the embryo. For each action of Spe-
mann’s organizer there is a reaction in the ventral side of the embryo.

The self-adjusting nature of this system is illustrated by an experiment
in which the cavity of blastula embryos (called the blastocoele) was injected
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with Chordin protein to decrease BMP signaling or with BMP4 protein
to increase signaling. When BMP levels were decreased, expression of
ADMP mRNA went up, increasing BMP signaling. When BMP4 was in-
jected, Sizzled transcription went up, indirectly dampening BMP signaling
levels (via the inhibition of Tolloid, causing an increase in Chordin that an-
tagonizes BMP).The embryo behaves as a molecular seesaw, forming a self-
adjusting BMP gradient (Reversade and De Robertis, 2005).

3.12 BMPs and self-regulation

The Xenopus embryo expresses four main BMPs: ADMP, BMP2, BMP4
and BMP7.When we depleted embryos of BMP2, 4 and 7, we found that
ventral half~embryos difterentiated profuse amounts of dorsal tissues such
as CNS, but dorsal half~embryos scaled to an almost normal embryonic
pattern. This suggested that the organizer, which is the region of lowest
BMP signaling, also contained a ventralizing signal.

This led us to formulate the hypothesis that ADMP was produced on
the dorsal side but its activity blocked by the presence of Chordin secreted
by the same cells. Indeed, when the four BMPs were depleted a spectacular
transformation was observed, in which the entire ectoderm of the embryo
became converted into CNS tissue (Reversade and De Robertis, 2005).
Embryos were pear-shaped (radial) and covered mostly by forebrain, with
a small amount of spinal cord near the blastopore.

The availability of these radial embryos covered in neural tissue gave us
a new experimental opportunity. Would wild-type tissue be able to secrete
BMPs in sufficient amounts to restore epidermal differentiation at a dis-
tance? Transplanted ventral tissue was able to restore D-V pattern and epi-
dermal difterentiation, making the important point that a long-distance
ventral signaling center exists. An even more interesting result was obtained
by transplanting lineage-traced wild type dorsal grafts into BMP depleted
embryos. The grafted gave rise to notochord and restored D-V patterning.
Epidermis was formed in embryos that otherwise would have developed
only neural tissue in the ectoderm. Importantly, there was no epidermal in-
duction near the dorsal graft, which was the only source of BMP in these
embryos. Epidermis differentiated on the ventral side at a great distance
from the transplant. This suggested that ADMP and BMP2 from the or-
ganizer grafts diftused, presumably bound to Chordin and unable to signal,
and were released for signaling when Chordin is cleaved by Tolloid enzyme
in the ventral side (Reversade and De Robertis, 2005). This was our best,
although indirect, evidence for long-distance flux of morphogens in Xeno-
pus for many years.
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3.13 Chordin forms a gradient in the space that separates ectoderm from
endomesoderm

We have recently been able to visualize Chordin protein by immuno-
histochemistry in the Xenopus gastrula. This required technical improve-
ments since amphibian embryos have autofluorescent yolk particles.
Chordin mRNA 1s produced in 60° of the arc of the dorsal side. However,
Chordin protein was present as a gradient extending from the dorsal side
to the ventral-most part of the embryo. The staining was specific because it
was eliminated by depletion of Chordin. The unexpected surprise was that
Chordin does not diftuse randomly in the space between cells but instead
is found specifically in the extracellular space that separates the ectoderm
from the endomesoderm.

£ e ety endoderm

Brachet's
cleft

Figure 11. Brachet’s cleft separates ectoderm and endomesoderm (modified from Nieuwkoop
and Florschiitz, 1950).

In amphibian embryos this virtual cavity is called Brachet’s cleft (in
honor of Albert Brachet, the distinguished Belgian embryologist). All ver-
tebrate embryos have an extracellular matrix containing Fibronectin and
other proteins separating ectoderm and mesoderm. Therefore, Brachet’s cleft
1s not an amphibian-specific structure. Confocal optical sections revealed a
smooth gradient of Chordin extending from the organizer to the ventral
side through this space. From Brachet’s cleft Chordin protein can be seen
diffusing into both the ectoderm and the mesoderm. Within this narrow
cleft, Chordin behaves as predicted by our biochemical pathway. For ex-
ample, when Tolloids are depleted with antisense morpholinos nuclear
phospho-Smad1 (a measure of BMP signaling) decreases while Chordin
protein accumulates to high levels in Brachet’s cleft. This increase in
Chordin protein is particularly obvious in the ventral cleft. These experi-
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ments directly demonstrate the long-range diffusion of the Chordin mor-
phogen in the gastrula embryo.

It appears that the embryo has a single gradient of Chordin that can pat-
tern all three germ layers at the gastrula stage. This provides a simple solution
to the question of how many BMP gradients exist: only one. As mentioned
above, Chordin reaches high concentrations in the embryo.The fact that it
diffuses through a narrow region suggests that Chordin, and probably other
components of the D-V patterning pathway, must reach very high concen-
trations in the space between ectoderm and endomesoderm. During gas-
trulation the germ layers undergo extensive morphogenetic movements; it
1s possible that cells might read the Chordin/BMP gradient contained in
this extracellular matrix as they move along its surface.

The most intriguing property of the D-V patterning system is its ability
to self-regulate. The ability to visualize gradients allowed us to examine em-
bryos bisected in D-V fragments (unpublished results). A phospho-Smad1
gradient was re-formed on dorsal halves, while in the ventral half, where
BMP signaling is not opposed by antagonists, very high uniform levels of
BMP signaling were found. Using Chordin antibodies, the Chordin gradi-
ent in Brachet’s cleft was re-formed in dorsal halves, but not in ventral ones.
Thus, the BMP/Chordin gradient is able to rescale pattern after experi-
mental perturbation of the system, opening new opportunities for investi-
gating the mechanisms of D-V cell differentiation.

Conclusions

The considerable complexity of the D-V patterning biochemical pathway
was deciphered using the hypothesis-driven experimental approach outlined
by Claude Bernard (1865). The investigator formulates an idea in his mind,
reasons an experiment that might prove it or disprove it, allows the experi-
ment to give an objective answer, and finally designs new hypotheses based
on the observed results. Embryologists were always fascinated with the self-
regulating properties of embryos. Spemann found that dorsal organizer tissue
could induce cell difterentiation over long distances. Mathematicians pro-
posed that the long range diffusion of morphogens according to the laws of
physics could account for biological phenomena and proposed that mor-
phogens reacting with each other could generate stable patterns provided
they arise from the same source and have different diffusion rates.

With the background of these hypotheses, a large number of extracel-
lular proteins that mediate the dorsal-ventral pattern were isolated from the
frog embryo. Key supporting insights came from Drosophila and zebrafish
genetics. Using a combination of biochemistry with purified proteins and
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embryological studies involving the simultaneous depletion of multiple gene
products with morpholinos in combination with transplantation experi-
ments, it was possible to construct the biochemical pathway shown in Fig-
ure 6. All its components are secreted proteins that are able to directly
interact with each other, forming negative feedback loops of activators and
inhibitors synthesized by cells in the dorsal and ventral poles of the embryo.

Dorsal genes are expressed when BMP signaling is low and ventral genes
when it 1s high. The genes that are turned on and oft also interact with each
other at the protein level. The D-V gradient is adjusted redundantly by reg-
ulating the synthesis of its components, by direct protein-protein interac-
tions between morphogens, and by diffusion. The entire embryo participates
in maintaining the D-V BMP gradient, so that for each action in the dorsal
side there is a reaction in the ventral side. The dorsal and ventral centers are
able to communicate with each other through the flux of Chordin, a pro-
tein that transports BMPs ventrally, and through the metalloproteinase Tol-
loid that cleaves Chordin. A gradient of Chordin is formed in the
extracellular matrix that separates ectoderm from endomesoderm. It appears
likely that a single gradient of Chordin/BMP provides patterning informa-
tion for all germ layers. The Chordin/BMP pathway is self-regulating and
able to scale to a perfect pattern in the dorsal half of bisected embryos.
These findings illustrate how the complexity of an embryonic self-regulat-
ing system can be unraveled one gene at a time while keeping in mind the
behavior of the whole system.
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