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Abstract

This thesis focuses on the identification of the Turing network that underlies digit patterning in
the mouse limb. Traditionally, digit specification has been explained by positional information
models based on the temporal-spatial gradient of Sonic Hedge Hog (Shh). However embryonic
and genetic manipulations have shown that Shh is dispensable for digit specification and have
suggested that this process may be instead controlled by a reaction-diffusion Turing network.
Despite extensive theoretical work, the identity of the molecules that implement the Turing
network is still unknown. In this work | combine descriptive and functional experiments with
modeling predictions to show that a Turing network implemented by Bmps, Sox9 and Whnts
underlies digit patterning. From a broader point of view, this study provides an example of a
systems biology approach to identify and evaluate Turing networks that underlie spatial
patterning during development. Finally, | propose a retrospective interpretation of previous
experiments under the light of a new digit patterning model that integrates growth, positional

information signals and a Turing mechanism.

Resum

Aquesta tesi es centra en la identificacié de les molécules de la xarxa de Turing que controla el
patré dels dits en l'extremitat del ratoli. L’especificacid dels dits ha estat explicada a la llum del
model de Positional Information i el gradient temporal-espacial de Sonic Hede Hog (Shh). No
obstant, manipulacions embrionaries i genétics han demostrat que Shh no és necessari per
I'especificacid dels dits i han proposat que en lloc aquest procés pot ser controlat per una xarxa
de reaccio-difusié de Turing. Malgrat I'extens modelatge teoric, les molécules de la xarxa de
Turing va romandre desconegudes. Aquest estudi combina experiments descriptius i funcionals
amb el modelatge per mostrar que una xarxa de Turing implementada per Bmps, Sox9 i Wnts
controla el patr6 dels dits. Mes en general, aquest estudi proporciona un exemple d'una
estratégia que usa la biologia de sistemes per identificar i avaluar les xarxes de Turing que
controlen els patrons espacials durant el desenvolupament. Finalment, proposa una interpretacid
retrospectiva dels experiments realitzats préviament a la llum d'un nou model de especificacio
dels dits que integra el creixement, els senyals d'informacié de posicié i un mecanisme de

Turing.






Prefaci

This thesis focuses on the molecular mechanism that drives the specifications of the digits
during mouse limb development. Digit specification has been explained by two fundamentally
different models: the Positional Information model (Wolpert, 1969) and the self-organizing
Turing model (Turing, 1990). During the last two decades, the Positional Information model has
been the most prominent theory thanks to experimental evidence that supported the Sonic
Hedgehog morphogen (SHH) as a positional information gradient that specifies the digits. In
contrast, the Turing model has lacked the support of strong molecular and genetic data and has
remained an interesting theoretical possibility, rather than a central concern of the
developmental biology community. Recent genetic data however, have strengthened the Turing
hypothesis and have suggested that distal Hox genes expressed in the limb modulate the Turing
network that specifies the digits. Nevertheless, the molecules that implement the network have
not yet been identified.

This thesis provides the first experimental evidence that Bmps, Sox9 and Wnts implement the
Turing network that controls digit specification. An original aspect of this work is the systems
biology approach that we developed by combining experiments and mathematical modeling. All
the experimental work in this study was performed by me, while the mathematical modeling has

been done by Luciano Marcon, another PhD student in the lab.

This thesis is structured in four chapters that are organized as follows. The first introductory
chapter begins with a brief history of pattern formation and discusses the Turing and the
Positional Information model in details. In this part of my thesis, | emphasize the conceptual
differences between these two models and | present the experimental evidence that support the
two theories in other model systems. The chapter follows with an introduction to limb
development which mostly focuses on the anterior-posterior (AP) patterning of the limb. In this
section, | review the evidence in favor of a Turing model and a Positional Information model for
digit specification. | continue the chapter by describing the earliest chondrogenic marker Sox9
and its importance for the study of skeletal patterning. In this section, | also give an overview of
the signaling pathways involved in the regulation of Sox9. Finally I highlight the importance of
an accurate staging system for the study of limb development and I discuss the significance of a

detailed three dimensional gene expression analysis to study pattern formation.

In the second and third chapter | present the main objectives of this thesis and the results of my

work respectively. In the results chapter, | present unpublished detailed 3D expression patterns

Xi



obtained by Optical Projection Tomography (OPT). This data provides a detailed description of
molecules that play an important role during the early digit patterning process. In this chapter |
also present my two publications with the respective supplementary material.

My first publication with the title “A GDF5 Point Mutation Strikes Twice - Causing BDA1
and SYNS2”, is a collaboration with the laboratory of Petra Seemann at the Berlin-
Brandenburg Center for Regenerative Therapies (BCRT). | collaborated with the Seemann lab,
to describe the expression patterns of the BMP/GDF family genes and related molecules. This
analysis confirmed that changes in BMP signaling activity underlie the development of skeletal
malformations observed in brachydactyly type Al (BDA1) and the synostoses syndrome 2
(SYNS2). My contribution to this work is a detailed description of the 3D expression patterns of
Gdf5, Noggin, Bmprla and Bmprlb showed in Figure 6 of this paper. This analysis shows that
the genes are co-localized in the digital rays from E11.5 to E13.5 suggesting possible interaction
that may underlie the malformations observed when GDF5 has a point mutation in the

overlapping interface of antagonist and receptor binding site.

The second publication “Digit patterning is controlled by a Bmp-Sox9-Wnt Turing network
modulated by morphogen gradients” is the main paper of my thesis. This paper provides
molecular evidence that a Turing network involving Bmp, Sox9 and Wnt genes controls digit
specification in the mouse limb. To pinpoint the candidate genes for the Turing network, | use
several different experimental techniques: live imaging of Sox9-EGFP mouse limb micromass
cultures, gene expression microarray analysis of Sox9-EGFP positive and negative cells, time-
course of gene expression patterns and immunohistochemistry of signaling pathway activities.
Together with mathematical modeling, these experiments contribute to the elaboration of a
Turing network consisting of Bmps Sox9 and Wnts for the specification of the digits. Numerical
simulations performed by Luciano Marcon show that this network is able to accurately capture
the spatio-temporal dynamics of digit patterning in a realistic model of the wild type limb
development. | also show that the effect of perturbations predicted by the model agrees with the

perturbations performed in limb cultures treated with BMP and WNT signaling inhibitory drugs.

To conclude, in the fourth chapter of this thesis, I discuss the results of my work and | present

possible future directions.
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1. INTRODUCTION

1.1 Pattern formation in development

One of the most fascinating questions in developmental biology is how a complex multicellular
organism forms from an initially single fertilized cell. From the egg to the embryo and from the
embryo to the adult, cells and tissues organize spatially to form organs with specific size,
pattern and function, despite the fact that all cells contain the same genetic code. By definition,
pattern formation is the generation of temporal and spatial organization of cell fates during
development. This is a key developmental process and together with morphogenesis, cell
proliferation, cell death and cell differentiation contributes to create the body plan of the embryo
in a reliable manner (Wolpert, 1971). Pattern formation is directly connected to but different
from cell differentiation. While pattern formation defines the spatial distribution of cell fates,
cell differentiation is the process that describes how cells are able to differentially activate genes
as consequence of their acquired cell fate (Wolpert, 1971, Wolpert, 1969) and thus to turn into
different cell types.

Although the concepts that underlie pattern formation during development seem relatively easy
to us today, it has been necessary to accumulate a lot of scientific knowledge throughout history

to enable us to pose the problem in the correct way.

“The key to the problem of pattern formation lies in the correct posing of the problem so that an

answer can be obtained in terms of cellular behavior” (Wolpert, 1969).

1.1.1) Conceptual foundations of pattern formation throughout history

The first questions regarding pattern formation were phrased already in ancient Greece. The

(13

famous philosopher Aristotle proposed a theory called “epigenesis” by observing the
development of the chick embryo. His theory proposed that during development, the different
parts of an embryo were created from an undifferentiated state by hierarchical events.
Unfortunately Aristotle's epigenesis was replaced by preformationist theories, up to the 18th
century. Preformationists claimed that the embryo came from a preexisting miniature human

called the “Homunculus” that was contained in the father’s semen, an idea that was more

consistent with a religious creationist view rather than empirical observations.



In the mid of the 17" centrury, the advances in microscopy led to the creation of the cell theory
proposing that cells were the units of life. This theory and the discovery of the mammalian
ovum by Karl Ernst von Baer radically changed the view on embryonic development. The
fertilized egg became the main focus of developmental biologists that wanted to explain how the
zygote could develop into a complex organism.

By the end of the 19th century, August Weismann proposed the first theory to explain early
embryonic patterning. In his mosaic model he assumed that the zygotic nucleus contained
factors that directed the development of the embryo and were asymmetrically distributed to each
daughter cell during cleavage. The “mosaic development” was supported by experiments done
in frog embryos by Wilhelm Roux, who showed that the destruction of one cell in the 2 cell-
stage of the zygote resulted in half an embryo. However, in 1924, famous experiments done by
Spemann and Mangold, showed that cells situated in specific regions of the embryo had an
inductive role to other cells and directed their differentiation. These experiments pioneered the
view of “regulative development” where the specification of a group of cells was highly
dependent on global interactions in the developmental field, rather than on the growth of the
whole embryo from a single cell (Wolpert, 1969). By the 1950's, with the discovery of the DNA
molecule and the advances in molecular biology, the study of development focused on genes
and how they related to the molecular nature of the organizers and morphological changes of the

embryo.

The two most recent models of pattern formation were proposed in the mid of the last century
and are still today important theoretical frameworks in developmental biology. The first model
was presented by Alan Turing in 1952, who proposed the reaction-diffusion model (Turing,
1990). In his simplest formulation the reaction-diffusion model was based on two diffusible
molecules, called morphogens, which reacted together and were able to spontaneously form
periodic patterns starting from a homogenous state. The second model, called Positional
Information, was presented by Lewis Wolpert in 1969 (Wolpert, 1969) who proposed that
morphogen gradients released from organizing regions could induce different cell fates

according to different morphogen concentrations.



1.1.2) Turing reaction-diffusion model

Alan Turing was an English mathematician born in 1912. He is best known as the founder of
computer science and for his help in code breaking the German ciphers during Second World
War. However, Turing was also one of the first mathematical biologists (Murray, 2012). In
1952, he published the paper “The Chemical Basis of Morphogenesis” (Turing, 1990), where he
proposed the reaction-diffusion model (RD) as a possible mechanism to explain pattern-
formation during embryonic development. Turing’s model suggested that a system of two
diffusible morphogens that reacted together could generate ordered patterns from an initial

homogenous state by amplifying stochastic fluctuations.

In his simplest model, Turing hypothesized a two cell system in which each cell produces two
diffusible substances: X and Y. These two substances, that he called morphogens, can diffuse
and react following normal chemical laws of reaction and diffusion. Their production is

governed by the following equations:

(X)=5X - 6Y +1 (1.1)
(Y)=6X - 7Y +1 (1.2)

The diffusion rate of X is 0.5 (for unit difference of concentration between cells) and the
diffusion rate of Y is 4.5. In the case when both X =1 and Y=1, according to (1.1) and (1.2), the
system remains unchanged because the production terms of X and Y are zero and no diffusion
occurs. In this case, the two cells are in a homogenous state and no spatial pattern of X and Y is
formed between the two cells. If the concentrations of X and Y become slightly different due to
random fluctuations, the system is able to deviate from the homogenous steady state and form a
spatial pattern of X and Y concentrations. Let’s assume for example that, X; = 1.06 and Y; =
1.02 in the first cell, and that X, = 0.94 and Y, = 0.98 in the second cell. Then the production
rate of X and Y, according to (1.1) and (1.2) is going to be X; =+ 0.18, Y; = + 0.22 in the first
cell and X2 =-0.18, Y2 = -0.22 in the second cell, and the rate of diffusion from the first cell to
the second cell is going to be 0.6 and 0.18 for X and Y respectively. By summing the
contribution of reaction and diffusion we obtain a flow of the morphogens from the second cell
to the first cell at the rate of 0.12 and 0.04 for X and Y respectively. This difference
exponentially increases at every step drifting away from the equilibrium condition and

accentuating the asymmetry between the two cells.



Turing extended this idea to a general reaction-diffusion system composed of a ring of cells and
revealed that depending on the parameter values, the system could exhibit six different
behaviors (Figure 1).

Initial condition ’
\% VI

' 1

' 1
Both morphogens diffuse : !
and react with each other 1 :

1

' :

! 1

(Turing pattern)

Figure 1. Schematic representation of the states that a Turing reaction-diffusion model can achieve.
From the initial condition (right) the system can assume the following states: 1) Stationary case with
extreme long wavelength I1) Oscillatory with extreme long wave-length 111) Stationary waves of extreme
short wave-length 1V) Stationary waves of finite wave-length. This state is commonly called the Turing
instability or Turing pattern. V) Travelling waves VI) Out of phase oscillations with extreme short
wavelength. Note that the state V and VI need three (or more) morphogens. Figure adapted from (Kondo
and Miura, 2010).

These six behaviours can be described as follows:

I-“Stationary case with extreme long wavelength’ In this case, the system converges to a stable
and uniform state where all cells are the same: there is no flow of morphogens from cell to cell,

(no diffusion), cells behave as if they are isolated.

I1-“Oscillatory with extreme long wavelength . In this case the system oscillates homogenously,

it is the same as in case | but with the oscillation of the morphogens.

I11-“Stationary waves of extreme short wavelength ”. Cells have alternated identities like in a

chessboard or in a lateral inhibition pattern.

IV-“Stationary waves of finite wavelength”. Cells show a periodic stationary wave pattern in
space. The number of peaks formed depends on the diffusion constants and on the radius of the

ring of cells. This case is typically referred as a Turing pattern.

The last two dynamic states only occur if the equations are written for three or more

morphogens:



V- “Travelling waves . This state generates a travelling wave.

VI-“Out of phase oscillations with extreme short wavelength*. This case generates a similar

pattern to case Il but with oscillations.

The main result of the analysis of Turing is the dynamic state IV, “Stationary waves of finite
wavelength”, and it is usually referred to as the Turing pattern or diffusion-driven instability.
Turing showed that in this case, the system was able to form periodic spatial patterns without
the need for any preexisting asymmetry besides small initial random fluctuations of the
morphogen concentrations (Figure 2). Depending on the reaction rates and the diffusion
coefficients, the system formed patterns with specific wavelength (periodicity).
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Figure 2. The concentration of the morphogen Y in a numerical simulation performed by Turing.
The horizontal dashed line is the starting homogeneous steady state, the continuous line is the final
equilibrium periodic pattern. The line highlighted by oblique lines is an intermediate state. Figure taken
from (Turing, 1990).

In his original paper Turing proposed that the stationary wave patterns could explain the
patterning of Hydra tentacles and whorled leaves. Turing also went further and considered his
reaction-diffusion model in a three dimensional sphere as a model for gastrulation. The
discovery of Turing and his extensive analysis was and still is a breakthrough for the study of

pattern formation.



1.1.3) Gierer and Meinhardt Activator-Inhibitor (Al) and Substrate-
Depleted (SD) models

A very important contribution to the study of reaction-diffusion models was proposed by Gierer
and Meinhardt in (Gierer and Meinhardt, 1972). They proposed more biologically realistic
reaction-diffusion models made of two morphogens: one being an activator and the other an
inhibitor. They formulated their model showing that two necessary conditions are required for a
diffusion-driven instability: (a) a short-range autocatalysis of the activator (b) a production by

the activator of its long-range inhibitor (Gierer and Meinhardt, 1972, Gierer, 1981).

Gierer and Meinhardt developed two basic models that could satisfy these two conditions, the
Activator-Inhibitor Model and the Substrate-Depleted Model:

(A) The Activator-Inhibitor model (Al): an activator u activates itself and stimulates the
production of its own inhibitor v. The model is equivalent to the original model
proposed by Turing model and its equations are:

ou u?

=y - D. y?
9t~ Pl vy Hutt T out DV

dv ) 9
E=puu —u,v+o,+D,V'v

The term represents the auto-activation of u (u?), the inhibition from v (that is at the

S
(1+kyu?)v
denominator) and the saturation on the auto-activation depending on k,,. The terms p,and p, are

the decay of u and v respectively. o is the production term of u and v. The diffusion rate is given

by Duvzu and vazv being D, and D, the diffusion constants of u and v respectively. The
source density or competence p describes the ability of the cells to perform the auto-catalysis
and is usually set to obtain absolute concentrations around one. Superimposed small fluctuations
(+/-1%) are sufficient to trigger the onset of pattern formation. A schematic representation of

this model is shown in Figure 3.



Activator-Inhibitor

Figure 3. Topology of the Al model.
A activates itself (red arrow) and its own inhibitor | (blue arrow). | diffuses faster than A (green curved

arrows). A linear decay (gray inhibition arrow) limits the growth of I.

To illustrate the process of pattern formation driven by the Al model, | will describe a
hypothetical simulation in one dimension (1D) over time (Figure4). Starting from the
homogenous steady-state if there are no perturbations, u and v will not form any pattern (Figure
41). If due to random fluctuations, the concentration of the activator (u) raises slightly (Figure
411), the auto-activation on u allows it to increase further (A in figure 4111) and diffuse into the
surroundings; u is able to activate the inhibitor (v) that diffuses faster due to its higher diffusion
rate (B in Figure 41V); because of this fast diffusion, v is able to substantially accumulate in the
lateral neighboring regions of u (C in Figure 4V). This locally depresses the activator function,
resulting in the decrease of the activator concentrations (C in Figure 4V). Subsequently the
decrease of activator causes the decrease of inhibitor in the surrounding regions (D in Figure
4V). As the inhibitor concentration goes lower, the activator becomes relatively more dominant
than the inhibitor, and allows again the start of the auto-activation (E in Figure 4VI). In the final
periodic pattern, u and v are in-phase, their peaks of high concentration are overlapping in the

same region.

Concentration

time
Figure 4. Hypothetical 1D simulation for the Al model.
The activator (u) is represented with full black line and the inhibitor (v) with dashed line. 1) Homogenous
steady-state. 1) u rises slightly due to random fluctuations. I11) The autoactivation of u allows it to rise
further (A) 1V) The rise of u promotes the up-regulation of the inhibitor v that diffuses faster in the

surroundings (B). V) The inhibitory effect of v downregulates u in (C) which provokes u downregulation



further apart in (D). V1) The downregulation of v allows for a new auto-activation and up-regulation of u
in (E). Figure adapted from (Kondo and Miura, 2010).

(B) The Substrate-Depleted model (SD): In this model the activator u activates itself but

at the same time depletes a substrate v. The equations for this model are the following:
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Where the term in both equations represent that u activates itself (u?) by consuming v

with a saturation of the auto-activation k,. A schematic representation of this model is shown in
Figure 5.

Substrate-Depletion

Figure 5. Topology of the SD model.
A activates itself (red arrow) and consumes the substrate S (blue arrow). S diffuses faster than A (green

curved arrows). The linear decay of S (gray inhibition arrow) limits the growth of A.

To illustrate the dynamics of the SD model, | will again describe a hypothetical simulation in
time and space. Starting from the homogenous steady-state, u and v will not form any pattern in
the absence of perturbations (Figure 61). If due to random fluctuations, the activator
concentration raises slightly (Figure 611), the auto-activation on u allows it to increase further (A
in Figure 6111) and to diffuse in the surroundings; this time in the A region, u is going to
consume the substrate v (Figure 61V); in a neighboring region B the substrate concentration is

still high (Figure 6V). The higher levels of the substrate in B, result in the increase of the



activator concentration in C (Figure 6VI1). At the region C, the activator grows due to auto-
activation and again depletes the substrate v (Figure 6VII). Contrary to the Al model, in the SD
model the two morphogen patterns are out-of-phase (their periodic patterns are opposite, where

u is high v is low and vice-versa).

-------------------------------

Concentration

time

Figure 6. Hypothetical 1D simulation for the SD model.

The activator (u) is represented with full black line and the substrate (v) with dashed line. I) Homogenous
steady-state of u and v. Il) u rises slightly due to random fluctuations. 111) The auto-activation further
increases u that consumes v in (A). V) The high concentrations of v in the surroundings (B) up-regulates

uV) . Again, u raises further by autoactivation and deletes v (C).

To conclude, Turing pioneered the discovery that spatial patterns can be generated by a
reaction-diffusion model. In particular, he proposed that two or more morphogens with different
diffusivities can spontaneously from a periodic pattern of concentrations from small
perturbations of a homogeneous state. On the other hand, Gierer and Meinhardt showed that the
generation of a diffusion-driven instability only occurs if two conditions are satisfied, short
range auto-activation and long range lateral inhibition. These conditions describe in more
general terms which reaction-diffusion systems can produce stable patterns and lead to the
creation of models with more biologically realistic interactions (Meinhardt, 2012). Finally,
Gierer and Meinhardt defined two classes of models: the Activator-Inhibitor and Substrate-
Depleted model. The first creates periodic concentration patterns with the two morphogens in-

phase while the second create out-of-phase concentrations patterns.



1.1.5) Experimental evidence for Turing models in Biology

Turing’s model gained new popularity two decades after his publication, when studies of
Prigogine and his co-workers on theoretical thermodynamic (Prigogine and Lefever, 1968,
Glansdorf and Prigogine, 1971, Nicolis and Prigogine, 1977) proposed that chemical reactions
could behave as a reaction-diffusion systems. This led to the first experimental evidence for a
diffusion-driven instability: a chemical reaction system between malonic acid and chlorite-
iodide in a gel reactor (Castets et al., 1990) usually referred to as the CIMA reaction (Figure
7)(De Kepper and Epstein, 1982).
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Figure 7. The CIMA reaction.

A) The original CIMA reaction from (Castets et al., 1990). The change of parameters results in the
observation of different Turing patterns, from stripes (bottom) to spots (middle). B) A more complex
setting for the CIMA reaction with a ramp of different parameters, show the variety of possible Turing
patterns that can be formed: spots, stripes, bifurcations and “anti spots”. Figure adapted from (Szalai et
al., 2012).

Although CIMA experiments showed that chemical reactions could indeed form Turing
instabilities, a step further was needed to prove that a reaction-diffusion mechanism could
pattern living systems. During the 80°s and 90°s, a major drawback for the acceptance of
Turing’s model by the developmental biology community, was the discovery that the body-plan
of Drosophila was not controlled by a self-organizing system but rather by a maternal
determinant that acted as a positional information gradient (Driever and Nusslein-Volhard,
1988), further discussed in section 1.1.7.

However, in the last decade, several studies that combined modeling and experiments have
revived the interest in Turing’s model (Marcon and Sharpe, 2012). On one side, modern genetic
and molecular techniques have suggested new gene networks that could produce Turing
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patterns. On the other hand, the creation of realistic mathematical models that can predict the
non-intuitive dynamical behavior of Turing mechanisms, have allowed biologists to interpret
and design new experimental perturbations to verify the Turing networks. | will briefly describe
some of the studies that have proposed Turing mechanisms to explain patterning process during
development.

The early left-right asymmetry in bilaterian vertebrate embryos, such as zebrafish, mouse and
frog, is governed by TGF-p family members Nodal and Lefty (Solnica-Krezel, 2003, Nakamura
et al., 2006). Functional experiments showed that Nodal behaves as an activator and Lefty as an
inhibitor implementing the Activator-Inhibitor network of Gierer and Meinhardt (Nakamura et
al., 2006, Hamada, 2012, Shen, 2007) . This was supported by genetic assays that proposed that
auto-activation of Nodal and the negative feedback of Lefty could produce a Turing instability
(Chen and Schier, 2002, Hamada et al., 2002, Saijoh et al., 2000) . In addition, simulations of
the Nodal-Lefty system (Nakamura et al., 2006) showed that a model similar to the Al model of
Gierer and Meinhardt was able to reproduce the phenotypes observed in the experimental
perturbations. Finally, fluorescence recovery after photo bleaching (FRAP) showed that Lefty
diffuses fourteen times faster than Nodal in agreement with the differential diffusivity required
to form a Turing pattern (Muller et al., 2012).

For a long time it was hypothesized that skin appendages (such as hairs, feathers, scales, sensory
bristles and pigmentation markings) are patterned by Turing mechanisms. However,
experimental data that confirmed this hypothesis was provided only in the last two decades
(Painter et al., 2012). In particular a reaction-difusion model proposed that Shh and Fgf4 act as
the activators and Bmp2, Bmp4 as the inhibitors of the Turing network that specifies the
periodic pattern of feathers in the skin (Jung et al., 1998). By performing bead experiments in
chick, this study showed that FGF4 and SHH induced local expression of Bmp4, while BMP4
suppressed local expression of both Fgf4 and Shh. The study also showed that a computer
simulation of the Turing model could reproduce feather pattern formation. In more recent years,
another model of feather development proposed Bmp2 as the inhibitor and Bmp7 as the
activator in an activator-inhibitor (Al) reaction-diffusion network (Michon et al., 2008). This
study showed that Bmp7 was implicated in the chemotaxis of progenitor feather cells, whereas
Bmp2 lead to an arrest of the migration. A mathematical model that considered an Al Turing
network between Bmp2 and Bmp7, as well as cell proliferation and chemotaxis, was proposed
to recapitulate Bmp2 and Bmp7 expression during wild-type feather patterning. However, this
model could not explain the feather bud fusions caused by transformation of inter bud region
(Jung et al., 1998, Widelitz et al., 1996). Recent studies on feather patterning (Mou et al., 2011,

Painter et al., 2012) showed that the difference between the pattern in the neck of a normal
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chick and the pattern of a natural mutant with bare neck was due to elevated production of
BMPs. These studies considered an Activator-Inhibitor model where Bmps acted as the
inhibitors, retinoic acid (RA) as a BMP signaling modulator and an unknown molecule as the
activator. The model was able to explain loss of feathers upon addition of exogenous BMP and
appearance of a stripy feather pattern when the BMP sensitivity was lowered by the addition of
RA. These studies concluded that a lower threshold of BMP signaling obtained by RA

modulation was able to completely suppress feather development in the neck region.

Similar to feather patterning, already in the 80s it was proposed that hair follicle specification
was regulated by a reaction-diffusion mechanism (Nagorcka, 1983, Nagorcka and Mooney,
1985). However, molecular evidence supporting this hypothesis was found only in recent years.
The first molecular model proposed Whnts as the activators and Dkks as the inhibitors of the
Turing mechanism that controls hair follicle specification (Sick et al., 2006). It was shown that
WNT signaling was active in the forming hair follicle and that it promoted the expression of its
inhibitor Dkk4. A WNT/DKK mathematical model was able to predict the reduced appendage
density observed upon Dkk over-expresssion and the increase on appendage density observed
upon exogenous activation of WNT signaling. However, a parallel study proposed an alternative
Activator-Inhibitor network to explain the same process (Mou et al., 2011, Headon and Painter,
2009) suggesting that Eda acted through its receptor Edar to stimulate both its own production
as well as production of its inhibitors, Bmp4 and Bmp7. This model was able to reproduce the
wild-type periodic pattern of hair follicles as well as experimental manipulations that produced
a stripy hair follicle pattern when high concentrations of exogenous Eda were added. These two
alternative models for hair specification, the WNT/DKK and Edar/BMP networks were also
suggested to be connected since Edar can induce expression of Wnt10a, Wnt10b while WNT
canonical pathway stimulates the expression of Edar itself (Bazzi et al., 2007, Fliniaux et al.,
2008, Zhang et al., 2009).

A very well-known study on Turing patterns, is the work of Kondo and Asai (Kondo and Asai,
1995) that demonstrated that the stripy arrangement of pigmented scales in the fish
Pomacanthus imperator could be explained by a Turing mechanism. Later studies from
Kondo’s lab showed that the stripe regeneration, that followed laser-ablation of the pigment
cells in zebrafish, was in agreement with the dynamics predicted by a reaction-diffusion two-
dimensional simulation (Yamaguchi et al., 2007). Based on these observations, this study
proposed that the pigmentation pattern of Zebrafish was specified by a Turing mechanism of
interacting diffusible morphogens. However, following studies showed that the pattern was
rather formed by the interaction of different pigmented cell types (Nakamasu et al., 2009) that

physically migrated to re-arrange following cell to cell sighaling mediated by dendrite contacts
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(Inaba et al., 2012). It was proposed that the contact-repulsion observed between two pigmented
cell-types could act as a short range auto-activation and long-range lateral inhibition, therefore
not contradicting the Turing hypothesis. Interestingly, another study showed that by mutating
connexin4l.8, a gap-junction component, the pigmented stripes of Zebrafish were transformed
into spots (Watanabe et al., 2006).

Lung branching has also been suggested to be controlled by reaction-diffusion system (Miura
and Shiota, 2002) and in a recent work, a model was proposed for this hypothesis, implemented
by FGF10 as an Activator and SHH as a Substrate in a Substrate-Depleted Turing network
(Menshykau et al., 2012). This network was simulated on a model of the growing lung bud and
predicted that different growth speeds would change the type of branching formed by the lung
buds.

Finally a recent study proposed that FGF and SHH signaling can drive rugae formation in the
mammalian palate by implementing an Activator-Inhibitor Turing network (Economou et al.,
2012). Similar to the stripe ablation in zebrafish, this study showed that when rugae were
removed their regeneration followed dynamics that fitted with two-dimensional simulations of a
Turing model. 1t was also found that the pattern of FGF signaling activity (as revealed by Spry2
expression) reflected the rugae pattern. Genetic and pharmacological functional experiments
showed that reduction of Fgf signaling caused a disorganized pattern. Similarly, when SHH

signaling was inhibited the rugae pattern was disrupted.

1.1.6) The Positional Information model.

The basic idea of the Positional Information model is that there is a cellular parameter, a
positional value, which is related to a cell’s position in the developing system (Wolpert, 1969).
This concept was elaborated by Lewis Wolpert in 1969, that influenced by early experimental
work on sea urchin embryos and Hydra regeneration, proposed a basic idea to explain patterning
during development. Previous work by Hans Driesch had proposed the basic idea of a
mechanism that specified cell positional values to induce specific differentiation (Driesch,
1893). Later, the works of Child (Child, 1941) suggested that physiological gradients were
essential for embryological development and experiments performed by Hoérstadius (Horstadius,
1935, Olsson, 2007) showed that cell fates were specified in a graded manner: cells in the
anterior pole of the sea urchin embryo had a graded fate of “animalness” (epidermal
determination) while cells in the posterior pole had a graded fate of "vegetalness” (endodermal

determination). Lewis Wolpert was originally studying hydra and was fascinated by the fact that
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when parts of the hydra were dissected they could give rise to an almost complete adult animal.

This lead him to formalize questions about pattern formation and to propose the French Flag

problem (Wolpert, 1969) to explain universal principles governing pattern formation in

development.

He illustrated the problem by questioning how a row of identical cells could be able to

differentiate into blue, white, or red cell fate to form a French Flag pattern irrespectively of the

number of cells (Figure 8). Wolpert proposed that the French flag problem could be solved by

assuming that positional information in form of a morphogen gradient was giving to each cell

their fate according to their position along the gradient (see Figure 8). Wolpert proposed that the

French Flag problem could be solved in two phases:

Specification: The first phase is the formation of the morphogen gradient that
confers positional values to cells. The gradient can be formed by alternative
mechanisms, by local production and diffusion or by active transport. Different
mechanisms can produce different gradient profiles. Wolpert gave an example of
a local morphogen (source on one extreme whose sink is at the other extreme)
which results in a linear gradient; however a more realistic gradient in terms of
biological gradient profiles would be exponential (Figure 8). This phase requires

cell communication or diffusion.

Interpretation: In the second phase cells interpret their positional value and
differentiate. Different morphogen concentrations or thresholds are able to trigger
different genetic responses in the cells and can be interpreted to form a spatial
pattern (such as the hypothetical pattern of blue, white and red state of cells in the
French Flag problem see Figure 8). The interpretation phase is not dependent on
cell communication. It is a cell-autonomous process that depends only on the

positional value and historical background of each cell (Wolpert, 1969).

In summary the concept of positional information defined the hypothesis that molecular

gradients can determine different cell fates in a group of identical cells thus originating a

spatially organized pattern.
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Figure 8. Schematic representation of the Positional Information model.

The graph shows an exponential morphogen gradient profile along the space with two thresholds
highlighted: al and a2. A line of cells (bottom) interprets the morphogen gradient concentration and
translates it into distinct cell fates: cells that experience morphogen concentration higher than al become
blue, cells that experience morphogen concentrations between al and a2 become white and cells that

receive concentrations of the morphogen bellow a2 become red.

1.1.7) Experimental evidence for the Positional Information model.

The first experimental evidence in support of the Positional Information model was found in the
chick limb. The pioneering experiment of Saunders and Gasseling (Saunders and Gasseling,
1968) that showed that the grafting of a posterior part of the limb to the anterior region was able
to generate a mirror duplication of the digits, was interpreted by Wolpert as the evidence for the
specification of anterior-posterior positional values (Wolpert, 1969). Successively, Tickle and
colleagues (Tickle et al., 1975) suggested that the posterior region of the limb secreted a
morphogen gradient that was responsible for the specification of the digits. On the other hand
Summerbell and Wolpert (Summerbell et al., 1973) proposed that a gradient coming from the
distal ectoderm of the limb provided positional values to pattern the proximo-distal axis. The
patterning of the limb along the proximo-distal and anterior-posterior axis will be discussed in

more detail in sections 1.2.4) and 1.2.5) respectively.

While the experiments in the chick limb indirectly inferred to the existence of morphogens that
confer positional information, the most direct evidence in support of the positional information
model was the discovery of the morphogen gradient that controls the anterior-posterior
patterning of the Drosophila embryo. Several studies (Frohnhofer and Nisslein-Volhard, 1986,
Johnston et al., 1989) found that a maternal gradient of the gene bicoid (Bcd) along the anterior

posterior axis of the Drosophila egg provided the positional values for the patterning of the
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body plan during development. It was later proposed, that the BCD gradient was formed from
an anterior source of accumulated maternal Bcd mRNA, which diffuses and leads to the
establishment of an antero-posterior protein gradient that is higher at the anterior pole (Driever
and Nusslein-Volhard, 1988). However, recent studies have also proposed that the mRNA itself
forms a gradient which is than translated into the BCD protein gradient (Spirov et al., 2009).
The interpretation of the BCD gradient leads to patterning of gap, pair-rule and segment polarity
genes (Akam, 1987, Ingham, 1988). This process is best described as a hierarchical patterning
system that consists of consecutive and independent steps responsible for the establishment of a
segmented body plan: from the initial maternal gradient to segment polarity gene expression.
The step that is better described is the gap-gene network system that implements the first
interpretation phase from the maternal gradient to the broad non-overlapping gap gene domains
(Jaeger, 2011). A model of this network was reverse-engineered from experimental data
(Reinitz et al., 1998) and could recapitulate the gap gene dynamics with a purely cell-
autonomous (without cell-communication) mechanism. A following study even showed that the
same cell autonomous process could also recapitulate the posterior shifts that that gap gene

domain showed over time (Jaeger and Martinez-Arias, 2009).

These results supported the basic Positional Information model of Wolpert where cell-
autonomous interpretations of morphogen thresholds can account for the complex patterning

observed during development.

Further confirmations to Wolpert’s ideas were revealed by studying the mechanism that control
the specification of the main body axes in the Xenopus embryo. The patterning along the dorso-
ventral axis in Xenopus embryos is controlled by a gradient of BMP4 which is higher in the
ventral region (Niehrs, 2010). The BMP4 gradient is formed through the dorsal diffusion of
BMP antagonists (expressed in the Spemann organizer in the dorsal midline) and the action of
the Chordin protease Tolloid, which regulate gradient polarity and shape by establishing and
maintaining a dorsal BMP sink. Perpendicular to the Xenopus dorso-ventral BMP gradient, a
Wnt/B-catenin gradient controls patterning along the antero-posterior axis (Kiecker and Niehrs,
2001). Similarly to the BMP gradient, the WNT signaling gradient is formed through the
diffusion of antagonists. It has been also proposed that the dorso-ventral and anterior-posterior
gradients are integrated at the level of Bmp signaling complex, Smad1/5/8, (Eivers et al., 2008),
supporting the idea that cells at different positions may interpret these two orthogonal
morphogens to determine the embryonic body plan. While the molecular nature of the
morphogen gradients in Xenopus and qualitative aspects of the diffusion/transport of
morphogens are being revealed, less is known about the quantitative aspects of these gradients,

particularly about their timing and how the concentration varies along the axis.
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Other systems, such as the regeneration of hydra embryos and of the amphibian limbs, have also
been used to highlight the importance of positional information gradients during organogenesis.
For example, it is well known that amputated limbs of salamanders have the capacity to
regenerate via a complex process that takes place at the site of injury. Intercalation experiments
(Pescitelli Jr and Stocum, 1981) supported the idea that a continuous set of positional values
must exist along the amphibian limb. The regeneration of the lost segments was thus interpreted
as a specification of new positional values. Recently, it has been discovered that a membrane
bound molecule named Prod1 is graded from one end of the regenerated limb to the other along
the proximo distal axis, and was proposed to be the basis for the morphogen gradient that
specifies positional values (Kumar et al., 2007). This was supported by experiments that showed
that when Retinoic Acid was applied at the distal end of a cut, it promoted the regeneration of a

whole new limb by increasing Prod1 concentration (Kumar et al., 2007, da Silva et al., 2002).

1.1.8) Turing model versus Positional Information model.

The two models of pattern formation that | have described — the self-organizing Turing model
and the Positional Information model—explain patterning during development with different
conceptual principles. While the Turing model is based on cell-cell interactions and random
fluctuations, the Positional Information model relies on an already specified source of a
morphogen and requires cell-cell interactions only for the specification of the gradient. In
accordance to this, a cell in a Turing pattern does not “know” its position, while a cell specified

by positional information “knows” its position with respect to one or more points in the system.

In addition, Positional information models are often described as hierarchical mechanism
emphasizing the fact that the interpretation phase is usually a cell autonomous translation of a
morphogen gradient that does not feedback to the specification phase. This is in contrast with

the Turing models, were the pattern emerges spontaneously by a feedback mechanism.

These two mechanisms can however work in conjunction since they are not mutually exclusive.
This is well described in (Wolpert, 1989), where Lewis Wolpert discusses the idea that a pre-
patterning mechanism could work together with Positional Information. Wolpert explains that
repeated isomeric structures such as digits could be specified by a wave-like pre-patterning
mechanism (Turing) that would be more robust and easier to evolve. Indeed, while Turing-like
mechanisms can pattern several peaks at the same time with one threshold (Figure 9A), the

positional information model requires to interpret many thresholds of the morphogen gradient to
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create the isomorphic pattern (Figure 9B). From an evolutionary point of view, it is therefore
more likely that a repeated pattern is formed with the interpretation of one threshold than

multiples ones.
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Figure 9. Positional Information and Turing models combined.

(A) A Turing mechanism specifies three repetitive fates such as digits by requiring the interpretation of
only one threshold t1. (B) A Positional Information model needs six thresholds t1-t6 to create three
repetitive fates. By combining the two models (C) a Turing mechanism could specify non-equivalent

regions if modulated by a gradient, Figure adapted from (Wolpert, 1989).

However wave-like pre-patterning mechanisms does not totally illustrate the variety of patterns
that can be formed during development. For example, in case of the digits, they are all specified
as digits but they differ between each other in their identity. Therefore Wolpert suggests that the
waves of a Turing pattern could be combined with Positional Information model to generate
non-equivalent waves: the digits could be formed by a pre-patterning Turing mechanism while
the anterior-posterior identity could be given by a morphogen gradient (Figure 9C). Such
combination of the two models could generate the variety of patterns observed during
development. More recently, this idea has gained new popularity (Kondo and Miura, 2010;
Miura, 2013).

1.2 Mouse limb development: a model system for patterning

and morphogenesis

The vertebrate limb is an excellent model system for the study of pattern formation and
morphogenesis during development. One of its main advantages is that it is an external organ
not necessary for the survival of the embryo, which allows for experimental manipulation
without impairing the embryonic survival. An important part of the knowledge concerning limb
development comes from classical experimental manipulations in the chick wing. These studies

have contributed to various seminal discoveries about pattern formation and laid the theoretical
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foundations for future molecular studies. During the last three decades, with the development of
molecular genetics, the mouse limb has expanded our knowledge of the genes and molecules
that control patterning during development (Logan et al., 2002).

1.2.1) Anatomy of the skeletal pattern

The mouse limb starts to develop around 9 days post coitum (dpc) (Wanek et al., 1989,
Fernandez-Teran et al., 2006). It protrudes from the lateral plate mesoderm (LPM) as a bulge,
named the limb bud, at very specific sites along the embryo main body axis (Figure 10)(Burke
et al., 1995, Cohn et al., 1995). At E9.0 the young limb bud is constituted of undifferentiated
mesenchymal cells covered with an ectodermal layer. In 72h, this simple structure is able to
develop into a complex organ with many patterned tissue types: cartilage, bone, tendons and the
dermis. The muscles and the circulatory system are developed from a migratory cell population
originated from the somites (Chevallier et al., 1977, Christ et al., 1983, Brand-Saberi et al.,
1996, Ambler et al., 2001) while the nervous system originates from the neural tube (Whitelaw
and Hollyday, 1983).

Time
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Figure 10. Limb bud development.

On the left, a magnified image from a dissecting microscope of a mouse embryo at Embryonic day (E)
10.5. The limb bud (highlighted with a blue square) protrudes from the body flank. On the right, a time-
course of limb bud development with magnified photos of limbs at E10.5, E11.5, E12 and E12.5.

The limb anatomy can be described along three main axes: proximal to distal (PD), anterior to
posterior (AP) and dorsal to ventral (DV) (Figure 11). As the bud grows and elongates, the
skeletal pattern is laid down in a sequential manner along the PD axis (Summerbell et al., 1973).
The stylopod develops first and has one element: the humerus in the forelimb (FL) and the
femur in the hindlimb (HL). The zeugopod forms next with two elements, radius and ulna (FL)
or tibia and fibula (HL). Finally the distal part of the limb bud changes into a paddle shape to
form the autopod which contains metacarpals (FL) or metatarsals (HL) and the digits. The
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stylopod and zeugopod elements are highly conserved in evolution contrary to the autopod that
is variable across the species (Mariani and Martin, 2003). It is traditionally believed that the
common tetrapod ancestor had five digits (pentadactyl limbs) and that many species have
reduced the number of digits or even lost the limb (Cohn and Tickle, 1999). For example,
human and mouse are pentadactylous while the chick forms only 3 digits in the forelimb. The
identity of the digits is associated to the size, length, position and the number of phalanges. In
the mouse, the thumb is identified as digit 1 and possesses 2 phalanges while the digits 2 to 5
have 3 phalanges. Controversy arises for species with a reduced number of digits, as for
example in chick, where embryological evidence identifies the remaining digits as II, III and IV,

while gene expression data and fossil record as I, IT and III (Vargas and Fallon, 2005).

Growth and patterning of the limb are highly dependent on interactions between the
mesenchyme and the ectoderm. These interactions are controlled by essential signaling centers
or organizing regions. There are three signaling centers in the limb, and each one mainly
controls growth and patterning along one of the limb axes: the apical ectodermal ridge (AER)
controls the PD axis, the zone of polarizing activity (ZPA) the AP axis and the non-AER
ectoderm the DV axis (Figure 11).
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Figure 11. Limb axes and the skeletal elements.

A) The limb develops along 3 main axes which are controlled by specific signaling centers: the ZPA
(yellow region), is situated in the posterior region of the limb bud and controls patterning along the
anterior-posterior axis (A, P, highlighted with yellow); the AER (blue curved line) controls limb
outgrowth and patterning along the proximo-distal axis (P, D highlighted with blue) and the dorso-ventral
axis (D,V highlighted in green) is controlled by an interplay between genes expressed in the dorsal or
ventral ectoderm. B) A schematic drawing of the skeletal elements of a mouse forelimb. From proximal
to distal: the stylopod, contains one element, the humerus (h). The zeugopod contains two elements, the
radius (ra) and ulna (u). The distal autopod contains multiple elements such as the carpals, metacarpals,

and phalanges. Digit-1 to digit-5 are highlighted by numbers.
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1.2.2) Dorso-ventral (DV) patterning and formation of the AER.

During early limb development the establishment of dorso-ventral fates is tightly connected to
the induction of the AER. WNT canonical pathway acts upstream or together with BMP
signaling to induce the transcription factor Engrailedl (Enl) that is expressed in the ventral
ectoderm (Ahn et al., 2001, Pizette et al., 2001, Soshnikova et al., 2003). Enl represses the
expression of Wnt7a , thereby restricting Wnt7a to the dorsal ectoderm (Figure 12) (Logan et al.,
1997, Loomis et al., 1996). Mis-expression experiments in chick and mutations in mouse have
shown that Wnt7a is a major regulator of dorsal fate (Parr and McMahon, 1995, Riddle et al.,
1995, Vogel et al., 1995). Indeed, when Enl is knocked out, limbs with bi-dorsal fates are
formed because of ectopic expression of Wnt7a in the ventral ectoderm. On the other hand,
Whnt7a mutants have bi-ventral limbs. Moreover Enl;Wnt7a double mutants display a bi-ventral
limb phenotype similar to the Wnt7a mutant, suggesting that Enl regulates the D-V polarity by
preventing ventral expression of Wnt7a (Cygan et al., 1997, Loomis et al., 1996). Wnt7a
specifies the dorsal fates by induction of the LIM domain homeobox gene, Lmxlb, in the
underlying dorsal limb mesenchyme. Lmx1b mis-expression in chick leads to bi-dorsal limbs
whereas Lmx1b inactivation in mouse results in a bi-ventral phenotype (Chen et al., 1998,
Cygan et al., 1997, Parr and McMahon, 1995, Riddle et al., 1995, Vogel et al., 1995) indicating
that Lmx1b function is both necessary and sufficient to specify the dorsal limb fate.

Dorsal
A

v
Ventral

Figure 12. DV patterning.
Enl (orange) is expressed in the ventral ectoderm, and restricts Wnt7a expression (green) to the dorsal
ectoderm. Wnt7a specifies the dorsal fate of the mesenchyme by regulating Lmx1b (gray region covering

the dorsal part of the mesenchyme).
The WNT canonical signaling in the lateral plate mesoderm also restricts the Fgf10 expression

in the presumptive limb field. Subsequently Fgfl0 signals to the overlaying ectoderm and

induces the Apical Ectodermal Ridge (AER) formation by activating and maintaining
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ectodermal Wnt expression. WNT signaling induces Fgf8 expression in the AER progenitor
cells (Barrow et al., 2003, Kawakami et al., 2001) which is then responsible for maintenance of
Fgf10. Mutations that affect the canonical WNT, BMP and FGF signaling, result in defective
AER formation (Ahn et al., 2001, Barrow et al., 2003, Min et al., 1998, Sekine et al., 1999,
Soshnikova et al., 2003, Revest et al., 2001, Xu et al., 1998). The AER is formed through the
movement and compaction of progenitors that arise from the ventral limb ectoderm, a process
controlled by Enl (Crossley and Martin, 1995, Fernandez-Teran and Ros, 2008, Loomis et al.,
1996). Indeed, Enl mutants show defective AER morphogenesis (Loomis et al., 1998).

1.2.3) Proximo-distal (PD) patterning

The Apical Ectodermal Ridge (AER), discovered by Saunders in the late 40s, is an ectodermal
thickening at the most distal tip of the limb bud (Saunders, 1948). In mouse, the AER forms by
with the bulging of the limb at 9.5 dpc and reaches its maturity at E11. At this stage can be seen
as a compacted band of polystratified epithelium running along the distal tip (Fernandez-Teran
and Ros, 2008). After reaching its maximal elevation, the AER starts to flatten until it is not
distinguished from the ventral end dorsal ectoderm. This process is called “AER regression”,
and occurs first at the level of the interdigits and finally at the level of the digits around E12.5.
(Jurand, 1965, Milaire, 1974, Wanek et al., 1989, Guo et al., 2003).

Classical removal experiments of the AER from the wing buds of chick embryos showed that it
is essential for the outgrowth of the limb along the PD axis (Saunders, 1948, Summerbell et al.,
1973). These experiments also revealed a correlation between the level of the truncation and the
time at which the AER was removed: when removed early, only proximal structures were
developed; when removed later, more distal wing structures were formed. Further studies from
Saunders and colleagues showed that the AER had a permissive rather than an instructive role,
as interchanging a late chick limb bud AER with an early AER did not alter limb growth (Rubin
and Saunders Jr, 1972, Saunders, 1948, Summerbell et al., 1973). Based on these experiments
Summerbell and Wolpert formulated the Progress Zone Mode (Summerbell et al., 1973). This
model postulated that as the limb grows along the PD axis, positional values are specified
depending on how much time cells spend in the Progress Zone, the region under the influence of
AER signals. In other words, the model suggested a “clock” mechanism that became fixed when
cells exited the influence of the AER. Cells that spend a short time in the Progress Zone were
specified to form proximal structures, whereas cells that spend longer time would form more

distal structures. Thus, this model depends highly on growth, timing and length of exposure of
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undifferentiated cells to a permissive AER signal (Figure 13A). An important evidence for the
Progress Zone model was based on X-irradiation experiments done in chick (Wolpert et al.,
1979). The chick mesenchyme was irradiated with X-rays at different developmental stages
which resulted in a different level of limb truncations. Irradiation of young limbs led to the loss
of more proximal structures, while irradiation of older limbs led to the loss of more distal
structures (Wolpert et al., 1979). This was interpreted in the context of the Progress Zone Model
by assuming that the X-rays affected the pool of undifferentiated cells in the Progress zone

which led to the loss of more distal structures when the limb was irradiated at an older stage.

The Fibroblast Growth Factors, FGFs, were discovered as the molecular signals secreted by the
AER due to their ability to restore chick limb bud outgrowth and patterning after AER removal
(Niswander et al., 1993, Fallon et al., 1994). Four FGF ligands are expressed in the AER: Fgf8
is expressed along the whole AER, while Fgf4, Fgf9 and Fgfl7 are first expressed in the
posterior AER and later expand anteriorly (Martin, 1998, Fernandez-Teran and Ros, 2008,
Lewandoski et al., 2000, Mariani et al., 2008). Genetic removal of Fgf4, Fgf9, or Fgfl7 alone do
not show any AER related limb phenotype (Mariani et al., 2008). However Fgf8 is essential for
limb development since genetic inactivation of Fgf8 results in a smaller AER, delayed limb bud
outgrowth, and lack of the stylopod element (Lewandoski et al., 2000, Moon and Capecchi,
2000). It was consecutively shown that Fgf4 is up-regulated in the Fgf8 null mutant, probably
due to a compensation mechanism, and the transient loss of proximal structured was associated
to the time required for the Fgf8 compensation (Lu et al., 2006, Sun et al., 2002). Early genetic
inactivation of both Fgf4 and Fgf8 lead to complete agenesis of the limb (Boulet et al., 2004,
Sun et al., 2002). Moreover, transient expression of Fgf4 and Fgf8 in early limb buds was
sufficient to correctly specify the PD axis although subsequent proliferation of skeletal
progenitors was disrupted (Sun et al., 2002).

These results were difficult to explain with the Progress Zone Model as they suggest that the PD
axis was specified by the AER-FGFs at an early stage (Mariani et al., 2008). Taking this into
account the Early Specification Model was proposed as an alternative model for the patterning
along the proximo-distal axis (Dudley et al., 2002). This model postulated that the PD identities
were specified early and that the specified progenitors pools progressively expanded as the limb
grew under the influence of AER (Figure 13B) (Dudley et al., 2002). This model was used to re-
interpret the AER removal experiments in chick by proposing that limb truncations were due to
cell death under the AER rather than the time cells spent under the influence of the Progress
Zone (Dudley et al., 2002). In addition a re-evaluation of the X-ray irradiation experiment, by
using molecular analysis and cell tracking, showed that the resulting truncations were not due to

a patterning defect but rather resulted from a time-dependent loss of skeletal progenitors. This
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was not consistent with the Progress Zone model and was in support of the Early Specification
model (Galloway et al., 2009). Finally the Early Specification model was also supported by the
early ability of limb mesenchymal cells to sort out according to their PD position (Barna and
Niswander, 2007).

A Progress Zone Model

[l Progress Zone

B Early Specification Model

DID L

[ Stylopod [] Zeugopod [ ] Autopod

Figure 13. The Progress Zone and the Early Specification models.

A) The Progress Zone Model. The progress zone (PZ) (red) encompasses a region of unspecified cells
which are under influence of the AER signals. As the limb grows cells that are no longer in the PZ can
acquire their proximo-distal identity: zeugopod, stylopod and autopod, highlighted with green, yellow and
beige respectively. The PD positional values depend on the time (illustrated by the clock) that cells spend
under the influence of the AER signals: cells that spend a shorter time in the PZ acquire more proximal
fates, while cells that spend more time in the PZ acquire more distal fates. B) The Early Specification
Model postulates that the PD identities are specified early in development and progressively expand as
the limb grows.

The Early Specification model presented a new conceptual framework for the specification of
the PD identities however it did not propose any mechanistic solution. Moreover, molecular
markers for the early specification were not found (Tabin and Wolpert, 2007). A more
mechanistic model was introduced in (Mercader et al., 2000) by showing that a gradient of RA
from the body flank promoted proximal fates, while the AER-FGF gradient promoted more
distal fates. This study also showed that RA induced proximal cell identity by promoting
expression of Meisl and Meis2 which mark the stylopod. Indeed, misexpression of Meis caused
either reduction or truncation of distal structures and induced expression of proximal genes
(Mercader et al., 1999, Mercader et al., 2000). On the other hand AER-FGFs lead to activation
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of Hoxall and Hoxal3 which mark the zeugopod and autopod respectively, and repress Meis
expression (Mercader et al., 2000, Capdevila et al., 1999, Tabin and Wolpert, 2007). This
evidence was used to suggest that the overlap between the two opposing gradients, which is
reduced as the limb elongates along the PD axis, could underlie the specification of the PD
segments and their molecular markers (Figure 14) (Mariani et al., 2008, Mercader et al., 1999,
Mercader et al., 2000). This model was successively named as the Two Signal model (Tabin and
Wolpert, 2007, Mariani et al., 2008). The two signal model is also supported by an extensive
genetic study on FGF functions (Mariani et al 2008). Inactivation of Fgf8 alone led to mild limb
phenotype, but double and triple knockouts were made with, Fgf17, Fgf9 or Fgf4 and resulted
in increasing severity of limb phenotypes. This suggested that each AER-Fgf differentially
contribute to the total AER-FGF signal (Mariani et al., 2008). Analysis of these mutants also
revealed that the AER-FGFs are required for cell survival and for the distal fate specification
having an instructive rather than permissive role. While in triple knockouts of Fgf4,Fgf8 and
Fgf9 all the three limb segment were missing, in the Fgf4/Fgf8 double mutant heterozygotic
for Fgf9, proximal and distal most structure were present but intermediate structures were
absent. This limb phenotype was interpreted as evidence in favour of the Two Signal model,
since the loss of intermediate positional values would depend on the impairment of growth that
normally drives the correct intercalation of RA and FGF. (Mariani et al., 2008).

Two Signal Model

RA
= FGF:] -> Hoxa11|  Hoxai3
o® P
=
::Qﬂ

Figure 14. The Two-Signal model.

Proximal and distal positional values are specified by the RA gradient (blue triangle) and AER-FGF
signaling gradient (green triangle) respectively. The intermediate positional values are intercalated by
local growth. The Meis1/2, Hoxall, and Hoxal3 expression domains mark the three P-D territories.

Figure adapted from (Bénazet and Zeller, 2009).

In order to integrate the new molecular data about the two opposing gradients with the classical

AER-removal experiments, Tabin and Wolpert (Tabin and Wolpert, 2007) proposed the
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Differentiation Front model as a description of the molecular and cellular events occurring
during the specification of the PD identities. This idea postulated that the limb started to develop
with proximal identities, but this was counteracted by the AER-FGF signals that induced distal
cell fates. The role of the AER-FGFs was to maintain distal cells in a proliferative and
undifferentiated state while in the proximal cells were progressively determined allowing
chondrogenic condensation and differentiation to occur. The border between the proximal
committed segments and the undifferentiated distal cells defines the differentiation front, hat

goes to more distal positions with the progression of limb bud development.

In summary, while the exact mechanism that specifies the PD limb segments remains elusive
(Towers and Tickle, 2009), so far the Two Signal model provides the best molecular basis for a
PD specification model. It is important to notice that some studies have shown that the
expression domains of the Meis genes, Hoxall and Hoxal3 do not exactly define the
prospective stylopod, zeugopod and autopod, even if they are currently used as the best markers
for these segments (Mariani et al., 2008, Galloway et al., 2009). Moreover, other studies claim
that RA does not play a role as the proximal signal (Zhao et al., 2009). Therefore, it is still a
matter of debate whether RA is indeed one of the essential signals in the Two Signal model.

1.2.4) Anterior-posterior (AP) patterning

The anterior-posterior (AP) patterning of the limb is one of the aspects of limb development that
has been most extensively studied in the last four decades. A seminal discovery in this field was
made in the late 60s by Saunders and Gasseling (Saunders and Gasseling, 1968) that identified a
posterior part of the limb that could induce a mirror duplication of the digits when grafted
anteriorly. This posterior region was named the Zone of Polarizing Activity (ZPA) and it was
proposed that it specified the digits by releasing a morphogen gradient as described by the
French Flag model of Lewis Wolpert (Tickle et al., 1975). According to this hypothesis the
anterior grafting of the ZPA resulted in a duplication of the morphogen gradient that in turn

induced a mirror duplication of the digits (Figure 15).
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Figure 15. A schematic drawing explaining the ZPA grafting experiment.

Top: The zone of polarizing activity (ZPA) (grey region) in the posterior limb mesenchyme produces a
gradient of SHH morphogen from posterior to anterior (grey triangle) which specifies the identities of the
three digits, 4 , 3 and 2 depicted by the French Flag colors. Bottom: grafting ZPA cells to the anterior
region of the chick limb, generates a duplicated SHH gradient and a mirror image duplication of the
digits. Adapted from (Bénazet and Zeller, 2009, Zeller et al., 2009).

The molecular identity of the gradient was found only two decades later, with the identification
of Sonic Hedge Hog (Shh) (Riddle et al., 1993), which was expressed in the posterior part of the
limb and induced digit duplications when applied anteriorly. Following studies (Ros et al., 1996,
te Welscher et al., 2002, Cohn, 2000) showed that the posterior expression of Shh was
controlled by an early anterior-posterior asymmetry determined by the opposite expression of
Hand2 (on the posterior region of the limb) and Gli3 (on the anterior region of the limb). It was
subsequently shown that the activation of Shh by Hand2 was mediated by distal 5"Hox genes
(such as Hoxall and Hoxd13) (Capellini et al., 2006, Kmita et al., 2005, Tarchini and Duboule,
2006). The formation of the anterior-posterior SHH gradient was assumed to result from the
posterior expression coupled with diffusion. This view was consistent with the anterior digit
duplications that were observed when SHH diffusion was increased by preventing SHH-
cholesterol modifications (Li et al., 2006). However, a recent study (Sanders et al., 2013) has
proposed that SHH does not directly diffuse in the extracellular matrix but seems to be traveling
along actin-based filopodia of mesenchymal cells that can span several cell diameters. SHH co-
receptors, such as CDO and BOC, co-localize in filopodia of SHH-responding cells. Thus
interactions between filopodia containing SHH ligand and those containing co-receptors could

control the long range SHH signaling.
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SHH signals through the patched 1 (Ptchl) receptor (Yang et al., 1997) and blocks the cleavage
of Gli transcription factors. Uncleaved Gli transcription factors directly activate or repress
transcription of hedgehog target genes such as Gli2 and the Ptchl receptor (Vokes et al., 2008,
Vokes et al., 2007). In particular, SHH prevents the processing of Gli3 to its repressing form
(Gli3R). The SHH gradient is therefore translated in an inverse gradient of Gli3R (Wang et al.,
2000) which is higher on the anterior part of the limb. The inhibition of Gli3R by SHH is also
important for the maintenance of HoxA and HoxD gene expression (Litingtung et al., 2002, te
Welscher et al., 2002).

Manipulations of the SHH gradient, by ZPA grafting or bead implantation, were usually
performed in chick embryos where the limb bud could be more easily accessed. These
experiments induced digits duplications and only more rarely resulted in duplications of the
zeugopod skeletal elements (Saunders and Gasseling, 1968). For this reason, most of the studies
that investigated AP patterning focused on the specification of the digits. The chicken wing
(forelimb) has only three digits, while the chicken leg (hindlimb) has four. Numbering of chick
digits from anterior to posterior with Roman numerals | to V has been used as a classical way to
identify homologies with the pentadactylous archetype. It is indeed assumed that chick digits
have emerged due to evolutionary loss of digits from the pentadactylous state. While a
consensus exists for the numbering of the digits in the chick hindlimb, from anterior to posterior
as | to 1V, a controversy exists for the digit numbering in chick wings. For a long time, it was
considered that the anterior to posterior digit sequence in the wing was Il and 111 (both with two
phalanges), and then IV (with three phalanges). However, a recent study has re-discussed the
meaning of digit identities and has proposed to number the chick forelimb digits as I, Il, 1l
(Carkett and Logan, 2011). The meaning of digit identity is indeed ambiguous: on one side, it
has often referred to the position of digit progenitors along the anterior posterior axis, and on the
other side, to the subsequent morphological identity of each digit. These two concepts are not
necessarily coupled: the first concept mainly relates to the specification of the “digit fates”
versus the “interdigit fates”, while the second refers to unique morphology (E.g. number of

phalanges) that is subsequently associated to each digit (Figure 16).

As | discussed in section 1.1.8, Wolpert himself proposed that the repeated isomeric “digit
fates” were more likely to be specified by a pre-patterning mechanism like a Turing model,
while the difference between each digit could be specified by a positional information gradient.

Nevertheless, most digit patterning models implicitly assumed that the Shh positional
information gradient controlled both digit specification and digit identity. This hypothesis was
consistent with the observation that Shh inactivation resulted in the formation of only one digit

(Chiang et al., 2001, Kraus et al., 2001). The remaining digit was usually identified as digit 1
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(the thumb) and was interpreted as a default digit, independent of SHH signaling. Following
studies proposed that the development of this digit was instead dependent on Sall4, Tbhx5 and
HOX genes (Koshiba-Takeuchi et al., 2005, Montavon et al., 2008).

A Specification of Digits B Specification of Digit identities
Interdigit
Digit Digit 1 1
Interdigit

. 2

Digit Digit 2 Od &o"
Interdigit =
Digit Digit 3 oD e o= 3
Interdigit ‘
Digit Digit 4 N =, 4
Interdigit \.
Digit Digit 5 Y 5
Interdigit

Figure 16. Specification of digits versus Specification of digit identities.

A) The concept of digit specification involves the determination of the digital fate in a field of
undifferentiated cells. The digital fate is identical for all digits. A pattern of digital fates is periodic as it is
repetitive and intercalated by the interdigital fate. B) The specification of digit identities is a process of
attributing a specific quality to each digit which will result in their differences, for example in the number

of phalanges and the morphology of digits (left).

A number of studies have extended the classic Shh positional information model to explain how
SHH signaling specifies each digit. A first extension was made by performing fate maps of Shh
descendent cells at different time of development (Harfe et al., 2004). The fate maps showed
that Shh expressing cells contributed to digits 5, 4 and to half of digit 3. In addition, it was
showed that from posterior to anterior the digits expressed Shh for progressively shorter times.
Based on these observations, a model called temporal-spatial-gradient model (Zeller, 2004)
proposed that each posterior digit was specified depending on how long the cells had expressed
Shh (Figure 17). Cells that contributed to digit 5 had expressed Shh for long times, while cells
that formed digit 4 and 3 had expressed it for shorter times. The fate maps also revealed that
digit 2 cells never expressed Shh. It was therefore proposed that digit 2 was the only digit
specified completely by the long range SHH paracrine signaling (Figure 17). Finally, since Shh
fate maps overlapped only partially with digit 3, it was proposed that this digit was specified by
a combination of Shh expression duration and Shh paracrine signaling. Digit 1 was considered
to be SHH-independent as proposed by previous studies. The temporal-spatial-gradient model

was also supported by another study which showed that brief exposure to SHH was sufficient to
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specify anterior but not posterior digits and that mutants with reduced SHH signaling-range
lacked digit 2 (Scherz et al., 2007).

Another extension of the classical SHH positional information model, called the Growth-
Morphogen model, suggested a dual role for SHH in chick: control of digit specification and
control of limb proliferation (Towers et al., 2008). This hypothesis was based on the observation
that application of a SHH inhibitor or an inhibitor of proliferation at different times lead to a
smaller limb with loss of different digits. In particular, SHH inhibition at progressively earlier
times caused loss of more posterior digits, while transient proliferation inhibition caused loss of
anterior digits. The study concluded that the duration/dose of SHH signaling controlled both

growth and the specification of digit progenitors.

Digit 1 and radius : SHH independent

Digit 2: long-range SHH signaling

Digit 3 to 5 and ulna: SHH Descendant’s exposure time
to the SHH gradient

digit 3: short exposure to high levels of SHH

digit 5: long exposure to high levels of SHH

Figure 17. The Temporal-Spatial gradient model.

Digit 1 and the radius are formed independently of the SHH gradient while digit 2 specification depends
on the long-range of SHH signaling. Half of the digit 3, digit 4, digit 5 and the ulna are composed of Shh-
descendants and they are specified based on the length of time cells are exposed to the high level of SHH

signaling. (Figure adapted from adapted from (Zeller, 2004).

Another study in mouse (Zhu et al.,, 2008), showed that upon inactivation of Shh at
progressively earlier time points, digit 3 was lost first than digit 5, than digit 2 and finally digit
4. This order reflected the inverse temporal sequence of formation of digital condensations
(digit 4, than 2, than 5 and finally 3). To explain these results it was suggested that SHH
specified the anterior-posterior digit identities already during early limb bud development while
it controlled the proliferation of the specified progenitors in subsequent events. This new model
was referred as the Biphasic model (Figure 18) (Zhu et al., 2008) and explained the digit loss
sequence by assuming that SHH signaling was required to ensure enough expansion of digit

progenitors at later stages.
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specification Expansion and determination of digit 2, 3, 4, 5

Figure 18. The Biphasic model.
On the left, SHH specifies digit identities in the early limb bud. Later SHH signaling is required for
expansion of digit progenitors from digits 2 to 5. Figure adapted from (Bénazet and Zeller, 2009).

All the extensions to the classical Shh positional information model presented above assumed a
tight link between the specification of digits and the specification of digit identities. This
however contrasted with an early study which revealed that Shh was dispensable for digit
specification (Litingtung et al 2002). This study showed that although Shh mutants had only one
digit (Figure 19), limb lacking Gli3 (the main mediator of Shh signaling) had eight digits
(polydactyly). This important result showed that the mechanism that controlled digit
specification was not affected when SHH signaling was compromised. This lead to the idea that
SHH signaling was dispensable for digit specification and that its main role was to prevent the
formation of Gli3R which otherwise reduced the number of digits (te Welscher et al., 2002).
This idea was also re-enforced by the polydactyly phenotypes of double mutants of Shh and
Gli3 (Litingtung et al., 2002) that were indistinguishable from those observed in Gli3 mutants
(Figure 19).

31



Shh -/- Shh -/-
Gli3 -/-

Figure 19. Dispensability of Shh for digit specification.

On the left, a schematic drawing of the Shh null mutant limb. Only digit 1 is formed which is thought to
be SHH-independent. The phenotype observed is consistent with Positional information models that
assume that SHH is necessary for digit specification. On the right, a schematic drawing of the skeletal
elements of the Shh/Gli3 double mutant. The polydactyly phenotype with 6-8 digits of equal identity

shows that Shh is dispensable for digit specification.

The eight digits formed in these mutants had all the same identity, suggesting that Shh was
however important for specification of digit identity. In relation to this, previous studies showed
that anterior-posterior digit identities are not fixed at early limb stages since their identity could
still be reprogrammed at later stages by the mesenchyme posterior to each digit (Dahn and
Fallon, 2000). More recent studies (Suzuki et al., 2008, Montero et al., 2008) showed that when
the digits are already specified, a high BMP signaling region called the phalanx forming region
(PFR) or the digit crescent forms at the tip of the digit. A model was proposed (Suzuki et al.,
2008) where phalanxes were specified in a proximo-distal direction by PFR cells, that formed
the most proximal phalanx first, and subsequently another PFR gave rise to the next phalanx
(Figure 20). The determination of the fate of PFR cells, the number, size and shape of phalanges
was proposed to be controlled by is BMP signaling from the interdigits. Which ligands mediate
the BMP signaling is not clear but it was proposed that GDF, a member of the BMP family of
proteins, could be a good candidate (Suzuki et al., 2008). Finally, there is also evidence that the
number of phalanxes is controlled by FGF signaling (Sanz-Ezquerro and Tickle, 2003).
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Figure 20. Schematic drawing of the phalanx forming region model.
Bmp signaling in the interdigital region posterior to each digit (blue colors) signal (black arrow) to the
phalanx forming region (green) at the top of the formed digit ray. This results in the specification of digit

identities by controlling the number, size and shape of the phalanxes.

The GIi3 mutant revealed a previously unappreciated SHH-independent potential of the limb to
pattern the digits. Moreover, it suggested that the main action of Shh was to constrain the limb
to pentadactyly and to specify digit identities. The intrinsic potential of the limb to form digits is
more easily explained by the long-standing proposal that a self-organizing Turing mechanism
controls digit specification. This hypothesis is based on the idea that the alternating sequence of
digits and interdigits along the anterior-posterior axis could be specified as a periodic pattern
established by a Turing mechanism. This concept was first discussed by Lauder and Bard in
(Bard and Lauder, 1974) that nevertheless proposed that the intrinsic variability showed by
Turing patterns would not fit the reproducibility and robustness of digit specification. However,
the authors admitted that it was still unclear if the variability of Turing patterns could be
reduced when a Turing mechanism was coupled with a pre-existing polarity (E.g. the SHH
gradient). A later pioneering theoretical study (Wilby, 1977) showed that the polydactyl
phenotype of the Talpid chick mutant could be explained by a Turing-like mechanism that
would naturally predict the formation of more digits on a limb with bigger AP length.
Similarly, it was later proposed that the polydactyly observed in the Gli3 mouse mutant could
also be explained by the behavior of a Turing mechanism on bigger limbs (Tickle, 2005, Sheth
et al.,, 2012). The Turing hypothesis was popularized again by Stuart Newman in 1979
(Newman and Frisch, 1979) which proposed a Turing model to explain digit patterning in chick.
However, for more than two decades this hypothesis was explored mainly from a theoretical
point of view (Hentschel et al., 2004, Miura et al., 2006, Badugu et al., 2012). Important
classical experimental evidence in favor of the Turing hypothesis are re-aggregation
experiments in chick, that show the intrinsic capacity of the limb cells to self-organize

(Zwilling, 1964). These experiments consist of removing and mixing the mesenchymal cells
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from a donor limb bud and to graft them inside another ectodermal layer to into a neutral side of
the embryo (Figure 21A). In these conditions the re-aggregated limbs were still able to grow and
form two digits. This suggests that limb cells that have already received positional cues from the
organizers like the ZPA, are still able to be re-specified and to self-organize to form digits. The
same experiments done in Xenopus led to limbs with up to thirty digits (Yokoyama et al., 1998)
providing a strong evidence for the self-organizing capacity of the mesenchyme to form a
periodic digit pattern. Another type of experiments that supports the self-organizing capacity of
the limb mesenchymal cells is the micromass culture system (Cottrill et al., 1987). This high
density in-vitro culture of limb mesenchymal cells spontaneously forms a chondrogenic periodic
pattern which is strikingly reminiscent of a Turing simulation (Figure 21B). For this reason, it
has been used as an in-vitro model of digit patterning to identify the diffusible molecules that
implement the Turing network (Newman, 1996). Micromass experiments (Leonard et al., 1991,
Miura and Shiota, 2000) proposed that TGFBs act as an Activator molecule in the Turing
network that controlled the chondrogenic periodic pattern. However, later studies (Pryce et al.,
2009, Shull et al., 1992, Kaartinen et al., 1995, Sanford et al., 1997, Dunker et al., 2002) showed
that impairment of TGFp signaling affected only the recruitment and maintenance of tendon
progenitors and did not affect the digit pattern. This suggested that TGFp signaling was mostly
important for the formation of tendons and their musculoskeletal counterparts at later stages.
More recently, the idea that digit specification is controlled by a Turing mechanism was
strengthened by the experimental evidence that showed that distal Hox genes control the width
(wavelength) of the digits (Sheth et al., 2012). This study showed that the progressive reduction
of distal Hox genes (Hoxal3, Hoxd11l-Hoxd13) caused a progressively higher number of
supernumerary thinner digits and proposed that these phenotypes could be explained by a
Turing model modulated by Hox genes. This observation was more evident in the Gli3 mutant
background that had a bigger handplate size that was not reduced when Hox genes were
removed. The complete allelic series of Hox genes removal showed polydactyly phenotypes that
ranged from 7 /8 digits up to 14 digits in one limb. In agreement with the hypothesis that Hox
genes increased the wavelength of the Turing mechanism, the mutants had narrower digits as
the Hox gene dosage was reduced. A Turing model implemented by two unknown diffusible
molecules was simulated inside realistic limb shape to show that when the wavelength of the
Turing mechanism was modulated by Hox and Fgf, all the experimental manipulations could be

re-capitulated. Nevertheless the identity of the diffusible Turing molecules remained unknown.
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Figure 21. Experiments supporting a Turing mechanism for digit patterning.

A) The re-aggregation experiment: mesenchymeal cells of a donor limb (pink) are extracted from the
ectoderm (beige), mixed and re-aggregated into an ectodermal jacket of another limb (grey). When
grafted to a neutral side of the embryo, the re-aggregated limb is able to form two digits. B) On the left, a
20h micromass culture of mesenchymal limb cells forms a periodic chondrogenic pattern marked by Sox9
(immuno-staining against Sox9). The periodic pattern is strikingly similar to a reaction-diffusion

simulation of the Al Turing model.

In summary, digit patterning along the AP axis has been traditionally explained in the light of a
positional information model based on the SHH morphogen gradient. This hypothesis was
strongly supported by the digit duplications observed when the ZPA cells were grafted
anteriorly. However, Shh/Gli3 double mutants showed that Shh was mostly responsible for
controlling digit identities and growth, and was not required to specify the digits. This study
also suggested that another mechanism was underlying an intrinsic propensity of the limb
mesenchyme to specify digits that could easily produced polydactyly. It was proposed that such
mechanism could be a Turing system that specified the digits in a periodic manner along the AP
axis. Recent genetic perturbations have confirmed this hypothesis and have showed that in the
absence of Gli3, the main mediator of SHH signaling, limbs with reduced distal Hox dosage
form up to 14 digits. However, the identities of the diffusible molecules that implement the

Turing mechanism remain unknown.
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1.2.5) Coordination between AP and PD axis

Already in the pioneering times of grafting experiments, several evidences suggested a possible
crosstalk between the AER and the ZPA. The first evidence was showed by revealing that ZPA
grafts had stronger effects once placed under the AER (Tickle, 1981). This suggested that the
two organizers could coordinately regulate AP and PD patterning. Support for this hypothesis
was provided by showing that in absence of the AER, FGF-soaked beads were able to rescue
Shh expression and that SHH-soaked beads were able to induce the AER and Fgf expression
(Niswander, 2002, Tickle, 2005). Subsequently it was discovered that a positive feedback loop
between ZPA and AER cells was mediated by Gremlinl (Greml) which is expressed in the
mesenchyme (Khokha et al., 2003, Michos et al., 2004). Indeed, inactivation of Grem! led to a
dysfunctional AER, with lack of Fgf4-9-17 expression, reduced Fgf8 expression and shorter
time of Shh expression in the ZPA. As an antagonist of BMP, Grem! was proposed to lower
BMP activity, which is essential for the maintenance of the positive feedback loop between Shh
and FGFs (Bénazet et al., 2009, Michos et al., 2004). Consistently, BMP signaling was required
for the AER initiation (Ahn et al., 2001). In addition, it was also shown that BMP signaling
promoted the expression of its inhibitor Grem! (Nissim et al., 2006) which in turn reduced Shh
expression (Bastida et al., 2009). By combining mouse molecular genetics and mathematical
modeling, it was proposed that during early stages of limb development a fast negative feedback
loop between BMP4 and GREMI allows for the initial up-regulation of AER-Fgfs that is
responsible for the initiation of the positive feedback loop between Shh and AER-Fgfs (Figure
22A) (Bénazet et al., 2009, Zeller et al., 2009). Subsequently, SHH, FGFs and GREM1 form a
slower positive feedback loop that permits a phase of limb expansion, specification of skeletal
elements and differentiation (Figure 22B). During this phase, low but persistent mesenchymal
BMP signaling is necessary for restricting the AER to its correct length, as inactivation of Bmp4
during this period in mouse leads to anterior expansion of the AER-FGF signaling and results in
digit polydactyly (Bénazet et al., 2009, Selever et al., 2004). When the limb expands, the core
mesenchyme exits the range of ectodermal WNT and FGF signals, allowing for the activation of
Sox9 expression and initiation of chondrogenesis (ten Berge et al., 2008). On the other hand the
progressive expansion of the cells that express Sh# leads to specification of digit 4 and 5 (Harfe
et al., 2004, Zhu et al., 2008). In a final phase, the positive feedback loop self-terminates when
FGFs increase beyond a certain threshold and lead to Greml inhibition (Figure 22C)
(Verheyden and Sun, 2008, Scherz et al., 2004, Bénazet et al., 2009, Zeller et al., 2009).
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Figure 22. Two feedback loops control limb patterning and growth.

Schematic representation of the expression domains of Bmp4 (BMP4; light blue), Shh (SHH; red), Grem1
(GREML; purple) and FGFs (AER-FGF; green) at three stages of limb development. Active feedback
loops are represented with a solid line. A) In the initiation phase, BMP4 induces its own repressor Grem1
in a fast manner. The expression of Shh is independent from GREM1 and AER-FGFs signaling. B)
During the propagation phase, two feedback loops are interconnected to control the distal outgrowth and
patterning of the limb bud. SHH upregulates GREM1 that reinforces the AER-FGF and ZPA activities by
inhibiting BMP4. This epithelial-mesenchymal feedback loop is slower. During this period the activity of
the fast Grem1-BMP4 loop is low to allow maintenance of the AER. C) During the termination phase the
separation of the expression domains of Shh and Grem1, together with the onset inhibition of Greml by
AER-FGFs, allows to the signaling system to self-terminate. This promotes the increase of the BMP4
activity. Figure taken from (Zeller et al., 2009).

1.3 Sox9 and skeletal patterning

Sox9 is a transcription factor that belongs to the SRY (sex-determining region on the Y
chromosome) family and contains the HMG (high mobility group) box DNA binding domain.
During the development of the mouse embryo, Sox9 is expressed in all chondroprogenitors and
chondrocytes except the hypertrophic chondrocytes, in the male gonad, otic vesicle, heart,
kidney, pancreas, intestine, and neural crest (Figure 23). Genetic studies, as well as human
mutations, have shown that Sox9 is a master regulator of chondrogenesis. Sox9
haploinsufficiency in humans and mice causes campomelic dysplasia, characterized by a severe
skeletal dysmorphology and XY reversal (Foster et al., 1994, Wagner et al., 1994, Wunderle et
al., 1998). Similarly, heterozygous Sox9 mouse embryos exhibit severe hypoplasia of the
cartilage associated to lower levels of cartilage matrix genes (Bi et al., 2001) which are directly

activated by Sox9, such as Col2al, Collla2, and Aggrecan (Lefebvre et al., 1997, Bridgewater
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et al., 1998, Sekiya et al., 2000). More precisely, Sox9 induces the expression of its downstream
targets and co-factors, Sox5 and Sox6 (Akiyama et al., 2002) required for Sox9 induction of
Col2al, Col9a2 and Col11a2 (Smits et al., 2001). Sox5/Sox6 double-null mutant mice have
normal Sox9 expression and mesenchymal condensation but no chondrocyte differentiation due
to severe reduction in the expression of Col2al, Col9a2, Col11la2 (Smits et al., 2001). Other
studies also showed that Sox9 is the earliest marker for chondrogenesis as it is expressed in
chondrogenic cells before the outbreak of chondrogensis (Healy et al., 1999) and is able to

ectopically induce chondrogenic fates.

EllS El125 El35

Figure 23. Sox9 expression domains during development of the mouse embryo.
Notice the clear outline of the skeletal pattern in the limb buds (white arrowheads) at E12.5.(Figure taken
from (Akiyama, 2008)

In the limb, Sox9 is the earliest known gene that reflects the skeletal pattern: marking the onset
of the stylopod , the zeugopod and the digits in the autopod (Wright et al., 1995). At the sites of
Sox9 expression, mesenchymal condensations are successively marked by Col2al, from E10.5
to E12.5. From E12.5 onwards the chondrogenic differentiation is marked by expression and
secretion of cartilage matrix genes (e.g. Agreccan ,Versican,Col9al,Coll1a2 and CD-Rap). The
differentiated chondrocytes then undergo a series of sequential changes that include
unidirectional proliferation, conversion to hypertrophic chondrocytes, ability to calcify the
extracellular matrix, cell death, and replacement by bone (Hall and Miyake, 2000, Pizette and
Niswander, 2000). During chondrogenesis, Sox9 is expressed in all chondroprogenitors and in
all differentiated chondrocytes, but not in hypertrophic chondrocytes (Ng et al., 1997, Zhao et
al., 1997). Conditional inactivation of Sox9 in the limb results in complete absence of
chondrogenic mesenchymal condensations and subsequent cartilage and bone fromation
(Akiyama et al., 2002, Akiyama et al., 2004) showing that Sox9 prefigures the formation of all
mesenchymal condensations that initiate chondrogenesis and give rise to the skeletal primordia
(Bi et al., 2001, Akiyama et al., 2005). Furthermore, Sox9 gain of function experiments in chick

and mouse result in ectopic digit formation (Healy et al., 1999, Akiyama et al., 2007b). These
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experiments show the importance of Sox9 for the formation of the chondrogenic pattern in the
limb. Moreover, they suggest that Sox9 can feedback into the skeletal patterning mechanism
rather than just being a downstream chondrogenic marker. However, the several aspects of the

regulation of Sox9 are still unknown.

1.3.1) BMP pathway and the regulation of Sox9

Bone morphogenetic proteins (BMP) were originally discovered for their ability to induce the
formation of bone and cartilage (Urist, 1965, Wozney et al., 1988) and for triggering cartilage
formation when implanted at ectopic sites in adult animals (Hogan, 1996). They are secreted
cytokines and have been classified as a subfamily of the larger TGF growth factor family due
to their structural similarities. They are synthesized as larger precursor molecules with an
amino-terminal signal sequence and a pro-domain usually cleaved at a RXXR site to release a
mature carboxy-terminal segment. The active signaling molecule is made up of hetero- or

homo-dimers of the final mature domain (Massague, 1990, Massagué, 2012).

Several members of the BMP family are expressed in the limb, namely Bmp2/4/5/7/8 (Geetha-
Loganathan et al., 2006) as well as a subgroup of growth/differentiation factors (Gdf) 5/6/7,
(Ducy and Karsenty, 2000). | will focus this review mainly on Bmp2, Bmp4 and Bmp7, as these
are the main ligands that control patterning and chondrogenesis in the limb bud. Other members
of the family as Gdf5 and Gdf6 are instead associated to joint development (Storm and
Kingsley, 1996, Storm et al., 1994, Seemann et al., 2005, Settle Jr et al., 2003, Degenkolbe et
al., 2013) while Bmpb5 is important for interdigital cell death (Zuzarte-Luis et al., 2004).

Bmp2 and Bmp4 belong to the same group and are homologus to the Drosophila Dpp gene,
while Bmp7 belongs to another Bmp subgroup called the osteogenic protein-1, OP-1group
(Hogan, 1996, Ducy and Karsenty, 2000). In Xenopus and Zebrafish development, all three
Bmps can form heterodimers which promote stronger signal activation than homodimers
(Nishimatsu and Thomsen, 1998, Schmid et al., 2000). Bmps bind and activate transmembrane
serine-threonine kinase receptors of type | and Il, both of which are required for signal
transduction (Shi and Massagué, 2003, Heldin et al., 1997). Type |l receptors are constitutively
active, and phosphorylate the type | receptors upon ligand binding, leading to the activation of
type | receptor kinases. Therefore, the specificity of the intracellular signals is mainly
determined by type | receptors. BMPs bind to three distinct type Il receptors: BMP type Il
receptor (BMPR-II), activin type Il receptor (ACVR-II) and activin type 1B receptors (ACVR-
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I1B). Regarding type | receptors, BMPs bind to three distinct type | receptors, called activin
receptor-like kinase, ALK2 (also termed ACVR1), ALK-3 (also termed BMPR-1A), and ALK-6
(BMPR-IB). Bmp canonical signaling involves phosphorilation of different SMAD proteins,
namely SMAD1, SMAD5 and SMADS by the activated receptor type I, see Figure 24. Once
SMADs are phosphorilated, they associate into a complex with the co-factor Smad4 and
translocate into the nucleus where they bind to the DNA to transcribe target genes (Yang et al.,
2002, Feng and Derynck, 2005). In addition to the Smad pathway, BMP signaling activates non-
canonical pathways which include Rho-like small GTPases, phosphatidylinositol 3-kinase/Akt
(P3K/Akt) and/or various types of MAPK (Moustakas and Heldin, 2005, Zhang, 2008), see
Figure 24. The aspect of the non-canonical BMP signaling that is best understood is the
activation of the TGFp-activated kinase 1 (Takl1)/p38 pathway (Sorrentino et al., 2008,
Yamashita et al., 2008). It has been suggested that cooperation between canonical and non-
canonical signaling determines the final outcome of cellular responses to BMP (Moustakas and
Heldin, 2005, Zhang, 2008). For a detailed review of the Bmp signaling pathways see (Chen et
al., 2004a, Dutko and Mullins, 2011, Moustakas and Heldin, 2005, Zhang, 2008).

BMP het

BMPRII r") BMPRI

SMAD1/5/8

MAPKs
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SMAD1/5/8 )
P kius® | Target genes

Figure 24. Schematic drawing representing BMP signaling pathways.

BMP homodimers (BMP hom) or BMP heterodimers (BMP het) bind to receptor type 11 (BMPRII) and
type | (BMPRI). The canonical SMAD pathway is represented on the left: the activation of BMPRI by
BMPRII allows for the phosphorilation of SMAD1/5/8. The activated SMAD1/5/8 binds to co-SMAD4

(SMAD4) and is transported to the nucleus where the complex can bind to DNA and regulate the

expression of target genes. The non-canonical BMP pathways are represented on the right: BMP
signaling activates MAPKSs such as p38, JNK or ERK which control directly or indirectly target gene

expression in the nucleus.
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The use of retroviral vectors (RCAS system) in chick limb has strengthened the evidence that
Bmps regulates chondrogenesis. First, retroviral-mediated misexpression of dominant negative
versions of BMP receptors resulted in limbs that lack Alcian blue-stained cartilage elements
(Kawakami et al., 1996, Zou et al., 1997). Secondly, retroviral misexpression of the secreted
BMP antagonist Noggin (Zimmerman et al., 1996) resulted in loss of Sox9 expression or
complete absence of skeletal elements (Healy et al., 1999, Pizette and Niswander, 2000,
Capdevila and Johnson, 1998), suggesting that BMP signaling was not only important for
chondrogenic differentiation and bone development but also for the early steps of the
commitment to the chondrogenic fate through activation of Sox9. Finally, BMP gain-of-
function experiments in the chick embryos by retroviruses encoding Bmp2, Bmp4, or activated
type | BmpRs, resulted into an increase in volume of cartilage elements (Duprez et al., 1996,
Zou et al., 1997). In addition, application of exogenous BMP2-soaked beads to chick limbs up-
regulated Sox9, which confirmed the capability of BMPs to induce ectopic cartilage (Healy et
al., 1999).

Studies done in primary cell cultures of chondrocytes, the mesenchymal progenitor cell line
C3H10T1/2 and chondrogenic cell line ATDC5, showed that BMPs induce chondrocyte
differentiation and promote the expression of cartilage-specific genes (Wang et al., 1993,
Shukunami et al., 1998, Haas and Tuan, 1999) by directly stimulating induction of Sox9
expression in a dose dependent manner (Zehentner et al., 1999). Moreover, a more recent study
(Pan et al., 2008) showed that in pluripotent mouse embryonic fibroblasts (MEFs) cell cultures,
BMP2 signaling directly activates Sox9 through a CCAAT box binding in the proximal
promoter. This study also suggested that, while Tak1/p38 non-canonical BMP pathway is
needed for the expression and activation of Sox9, SMAD signaling only regulates SOX9

activity without affecting its expression.

Genetic studies have also been crucial to investigate the role of BMP signaling during limb
development. In the mouse, removal of Bmp2 and Bmp4 or Bmprl and Bmprll cause early
embryonic lethality (Mishina et al., 1995, Winnier et al., 1995, Zhang and Bradley, 1996, Beppu
et al., 2000), which impedes the study of the role of BMP signaling. For this reason, conditional
mutants created with the Crelox-P technology (Le and Sauer, 2000, Nagy, 2000) have been
extremely useful in depicting the role of the Bmp pathway during mouse development (Robert,
2007). Conditional mutants of individual Bmps in the limb, were generated using Prx1-Cre
transgenic line that drives Cre recombinase activity in the limb mesoderm (Logan et al., 2002,
Selever et al., 2004, Bandyopadhyay et al., 2006). Bmp4-deficient limbs show a variable

penetrance of preaxial and postaxial polydactyly, but otherwise normal patterned digit (Selever
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et al., 2004). Bmp2-deficient limbs do not show any deficiency, neither in the skeletal pattern
nor in the chondrogenic and osteogenic differentiation (Bandyopadhyay et al., 2006). However
they show malformations of the scapula and syndactyly with variable penetrance
(Bandyopadhyay et al., 2006). Finally Bmp7 null mutants have no defects in the skeletal
elements but show occasional preaxial polydactyly (Dudley et al., 1995). In contrast to the mild
effects of single mutants, Bmp2/Bmp4 double conditional mutant show down-regulation of Sox9
expression and loss of the most posterior digits (2 digits in the forelimb, 3 digits in the
hindlimb) (Bandyopadhyay et al., 2006) . The lack of phenotypes in single Bmp mutants and the
loss of Sox9 expression in double conditional mutant strongly support the idea that BMPs have
redundant roles in chondrogenesis (Karsenty, 2003). However, the conditional inactivation of
Bmp2 in a Bmp7 mutant background does not show any skeletal defect beside occasional loss of

the final phalanx of digit 3 (Bandyopadhyay et al., 2006).

Two BMP receptors type | are expressed in the limb mesenchyme: BmprlA is expressed
ubiquitously while BmprlB is expressed in the cartilage condensations (Dewulf et al., 1995, Yi
et al., 2000). Conditional knockout of BmprlA in the mesenchyme, results in the absence of
digits and severe defects in Sox9 expression (Ovchinnikov et al., 2006). BMPR1A has a much
higher affinity to BMP2-BMP4 heterodimer than other BMPs (Yamaji et al., 1994). This
correlates with the stronger phenotype of the Bmp2/Bmp4 double knockout with respect to the
conditional inactivation of Bmp2 in a Bmp7 mutant background. In contrast to BmprlA, null
mutants of BmprlB show normal Sox9 expression but defects in later chondrogenic events (Yi
et al., 2000), suggesting that while BmprlA is essential for induction of Sox9 and commitment to
the chondrogenic fate during early limb development, BmprlB is important for later
chondrogenic differentiation. The activin receptor type I, Acvrl, is also expressed ubiquitously
in the limb mesenchyme (Verschueren et al., 1995). Misexpression of constitutively active
Acvrl in chick led to enhanced chondrogenesis and enlarged cartilage elements; however its
function has mainly been associated with later chondrogenic events and ossification. Indeed,
Acvrl is one of the main genes associated to Fibrodysplasia ossificans progressiva (FOP), a rare
autosomal dominant disorder of skeletal malformations and progressive extraskeletal
ossification (Shore et al., 2006). Finally, the type Il receptor, Bmprll, conditional knockout in
the limb mesenchyme show normal formation of chondrogenic condensations and no skeletal
defect (Gamer et al., 2011) suggesting that other type Il receptors like ACVR-II or ACVR-11B
are likely to be involved in limb development. However, single genetic inactivation of Acvrll or
AcvrlIB does not show limb pattern defects (Robert, 2007) . The double null mutants of Acvrll
and AcvrlIB die at gastrulation and Acvrll+/— :AcvrlIB—/- survive only up to E9.5, precluding
the study of the developing limb (Song et al., 1999). Therefore, it is still unkown if these

receptors play an important role in skeletal pattern formation.
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A mutant that gives insight into the control of Sox9 expression by canonical BMP signaling is
the conditional inactivation of Smad4 in the limb (Bénazet et al., 2012). Smad4 inactivation
prevents BMP signaling in the limb autopod and results in absence of Sox9 expression and
impairment of digit formation. SMAD4 is also a known co-factor of the TGFbeta pathway,
however genetic inactivation of TGF-beta signaling in mouse embryos does not produce similar
phenotypes (Sanford et al., 1997, Seo and Serra, 2007).

In summary, from the genetic studies referred above it is clear that BMP signaling is essential
for the induction of Sox9 and consequently regulates the onset of chondrogenesis in the limb.
However, it is still not clear how Bmps activate Sox9 in a periodic manner along the anterior-

posterior axis to specify chondrogenic and non-chondrogenic fates.

1.3.2) TGFp’s, Activins and the regulation of Sox9

TGFps and Activins are also secreted cytokines of the TGF-f superfamily. Similarly to BMPs
they signal through serine-threonine type | and type Il receptors. TGFBs signal through
TGFpreceptor 2 (TGFBR2) and TGFp receptor 1 (TGFPR1). Activins signal through type II
Activin receptor 2A, and 2B, (ACVR2A, ACVR2B), and type | Activin receptor 1, 1B and 1C
(ACVR1, ACVRI1B, ACVRI1C). Type | activin receptors are also shared by some BMP
proteins, for review see (Massagué, 2012). Contrary to BMPs, TGFBs and Activins signal
through SMAD2 and SMAD3 proteins, that when phosphorilated by activated type | receptors
form complexes with co-factor SMAD4 and are transported into the nucleus where they regulate

transcription of target genes.

Three ligands of the TGF[ family are expressed in the limb: TGFp1, TGFB2 or TGFB3. Two of
these ligands, Tgfp2 and Tgfp3, have been found expressed in the condensing digits (Lorda-
Diez et al., 2010), in the developing joints and in the differentiating tendon blastemas (Millan et
al., 1991, Merino et al., 1998, Kuo et al., 2008). TGFps are able to induce chondrogenesis.
Indeed application of TGFB1, TGFB2 or TGFB3 in the interdigital regions of chick embryos
inhibits apoptosis and promotes chondrogenesis with the formation of ectopic digits (Ganan et
al., 1996). Consistently, addition of TGFfBs to the medium of micromass cultures increases
chondrogenesis (Miura and Shiota, 2000, Leonard et al., 1991, Schofield and Wolpert, 1990,
Chimal-Monroy and Diaz, 1997, Zhang et al., 2004).
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Studies in micromass culture (Miura and Shiota, 2000, Leonard et al., 1991) also proposed that
TGFB1 and TGFB2 could be the activators of the Turing network that controlled the skeletal
patterning. Nevertheless, other studies have shown that TGFps inhibited chondrogenesis (Seo
and Serra, 2007, Tsuiki and Kishi, 1999, Jin et al., 2008) or that had both a positive and
negative influence on chondrogensis (Roark and Greer, 1994). It was suggested that this dual
effect could be explained by the capacity of TGFBs to coordinate cartilage and tendon
differentiation in the developing limb mesenchyme (Lorda-Diez et al., 2009). This was
confirmed by a recent study in chick, that analyzed the expression of chondrogenic and
connective tissue markers around a TGFp1-soaked bead (Lorda-Diez et al., 2011). This study
showed that 3h after bead implantation tendon progenitor markers like Scleraxis were up-
regulated around the bead (Lorda-Diez et al., 2011). In agreement with this study, conditional
inactivation of TGFp signaling in the limb mesenchyme impaired tendon development and
showed that TGFB signaling was essential for recruitment and maintenance of tendon
progenitors through regulation of Scleraxis expression (Pryce et al., 2009). This study also
showed that at stage E12.5, Tgf2 or Tgfs3 were expressed in tendon progenitors, muscles and
prechondrogenic skeletal condensations, suggesting a possible role for TGFf as coordinators
between the forming tendons and their musculoskeletal counterparts.

Neither the Tgfp1, Tgfs2, or Tgfs3 null mutants nor the double null mutants for Tgfs2 and Tgfs3
show any phenotype in digit formation (Shull et al., 1992, Kaartinen et al., 1995, Sanford et al.,
1997, Diinker et al., 2002). However, conditional deletion of Tgffr2 in the limb results in long
bones only and in impaired joint development (Seo and Serra, 2007). In addition, mice
expressing dominant negative Tgfpr2 in the developing chondrocytes develop hypoplastic
cartilage (Hiramatsu et al., 2011) and local application of TGFps in the chick limb interdigit
activates the expression of BmprlB which is essential for chondrogenic differentiation but not
for induction of Sox9 (Ganan et al., 1996, Merino et al., 1998).

In summary, TGFp signaling appears to be connected more to the specification of later
chondrogenic differentiations rather than the specification of the early Sox9 pattern. This is
consistent with the requirement of TGFBs for joint and tendon development through the
regulation of Scleraxis at later stages. Different target genes of the TGFp signaling could be
controlled by several cofactors (Wotton and Massague, 2001, Inoue and Imamura, 2008). For
example, it was suggested that the TGF-interacting factor Tgifl and SKI-like oncogene SnoN
could be the cofactors that mediate the inhibition of Sox9 favoring the specification of joints and
tendon progenitors (Lorda-Diez et al., 2009). However a recent study has suggested that TGF[s

could act before BMPs to induce chondrogenesis in a transient way (Karamboulas et al., 2010).
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Activins are expressed in the digit primordia and exogenous application of Activins A, B or AB
induces ectopic digits in the interdigital chick mesenchyme (Merino et al., 1999). In addition,
blocking Activin function by local treatments with its antagonist Follistatin inhibits the
formation of digits in chick limb bud (Merino et al., 1999). As observed for TGFps, digit
induction mediated by Activins resulted in upregulation of Bmprlb (Ganan et al., 1996, Merino
et al., 1998, Merino et al., 1999) which mediates chondrogenic differentiation through BMP
signaling (Yi et al., 2000). According to in vitro data, Activins might be modulating cell
aggregation by regulating the adhesive properties of prechondrogenic precursors (Jiang et al.,
1993). It was also shown that establishment of the digit crescent (Montero et al., 2008) or
phalanx forming region (Suzuki et al 2008) is directed by Activin/TGFp signaling. This was
shown by inhibiting Smad6 and Bambi, two specific BMP antagonists, and thus allowing BMP
signaling to activate Sox9 and chondrogenesis in that region (Merino et al 2008). However,
Activins or Follistatin-deficient mice show several developmental alterations but no digit
phenotype (Matzuk et al., 1995a, Matzuk et al., 1995b, Oh et al., 2002). Early lethality in
Acvrla and Actrlb null mice do not allow to study their function in the limb and up-to-date no
conditional mutant was made (Mishina et al., 1999, Gu et al., 1998). This is also the case for the
Smad2 mutant mice (Nomura and Li, 1998). Smad3 mutants instead survive but they do not
show any digital phenotype (Zhu et al., 1998). Misexpression in chick of constitutively active
Acvrl led to enhanced chondrogenesis and enlarged cartilage elements, however its function has
mainly be associated with later condrogenic events and ossification, being one of the main
genes associated to Fibrodysplasia ossificans progressiva (FOP) (Shore et al., 2006). In
summary, Activins seem to play an important role to control late chondrogenic events similar to

the case of TGFfs. However, it is still not clear if they play a role in early Sox9 patterning.

1.3.3) WNT pathway and regulation of Sox9

WNTs are secreted glycoproteins that signal through the canonical -catenin dependent pathway
and two known non-canonical pathways (Figure 25) (Barrow, 2006, Kuhl et al., 2000, Logan
and Nusse, 2004). In the canonical pathway, in the absence of WNT signaling , B-catenin is
degraded by a B-catenin destruction complex constituted of Axin, adenomatosis polyposis coli
(APC), protein phosphatase 2A (PP2A), glycogen synthase kinase3 (GSK3) and casein kinase
la (CKla). Within this complex, CK1 a and GSK3 phosphorylate -catenin allowing for its
ubiquitination and proteasome mediated degradation (He et al., 2004). When WNT ligands bind

to its receptor Frizzled and co-receptor LRP5/6, Frizzled activates its cytoplasmatic target
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Dishevelled (DVL) which suppresses GSK-3 activity. As a result, (-catenin is not
phosphorylated and thus not degraded, resulting in accumulation of B-catenin in the cytoplasm
and translocation to the nucleus (Hatsell et al., 2003). In the nucleus B-catenin binds to
transcription factors of the LEF/TCF family allowing for target gene transcription (Peifer and
Polakis, 2000, Nusse, 2005).
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Figure 25. WNT signaling pathways.
A) The canonical WNT/B-catenin pathway: without the binding of the WNT ligands to the receptor FZD

B) Non Canomcal WNT ' C) Non-Canonical WNT
PCP pathway
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and co-receptors LRP5/6 the pathway is inactive. Cytosolic B-Catenin (B-Cat) is targeted to proteolytic
degradation through phosphorylation by the APC—Axin—-GSK3p complex and further ubiquitination
through action of the ubiquitin ligase complex (Ub). When WNT ligands bind to FZD receptors and
LRP5/6, FZD recruits DVL. DVL will inhibit APC—Axin—-GSK3 complex formation by the recruitment
of GSK3p, CK1y and Axin to the cytoplasmic membrane. Consequently, B-catenin can accumulate in the
cytoplasm and enter the nucleus, activating transcription of target genes through association with
Lef/TCF transcription factor family. B) Non-Canonical WNT/Ca®*" pathway: WNT binding to FZD
receptors can lead to an increase in intracellular calcium level, through possible activation of PLC.
Intracellular calcium subsequently activates CAMKII and PKC, as well as the transcription factor NFAT.
This pathway is particularly important for convergent-extension movements during gastrulation.
Additionally, Fzd receptors in association with Ror2 or Ryk receptors can also activate JNK promoting
expression of specific genes through activation of AP-1. C) Non-Canonical WNT/PCP pathway: WNT-
signaling activates Rho GTPases such as RhoA and Racl and ROCK leading to cytoskeleton
rearrangement, with the participation of Daam1 (Daam). Racl can also activate JNK, and modulate gene
transcription through AP-1. Figureadapted from (Franco et al., 2009) .
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Two [-catenin—independent or non-canonical WNT pathways also require activation of
Dishevelled (DVL): the planar cell polarity pathway (PCP pathway) and the WNT/Ca*
pathway. The PCP pathway controls asymmetric actin cytoskeletal organization, coordinated
polarization of cells within the plane of epithelial sheets, and directed cell migration (Boutros et
al., 1998, Li et al., 1999). On one side DVL activates JNK through Rac GTPase (Habas et al.,
2003, Habas et al., 2001). This pathway is used in Drosophila planar cell polarity (Gao, 2012)
and by Wntl1 in convergent extension movements during Zebrafish gastrulation (Heisenberg et
al., 2000). On the other side the DVL-Daaml complex activates the small GTPase Rho, Rho-
associated kinase (ROCK) (Marlow et al., 2002) and myosin (Weiser et al., 2007) which leads
to modification of the actin cytoskeleton and cytoskeletal rearrangement. Since no downstream
regulation of gene transcription is known through Rho and Rac mediated WNT signaling, it
seems that their primary role is indeed to control the cytoskeletal modulation (Keller, 2002).
The other non-canonical pathway, Wnt/Ca®+ pathway, leads to release of intracellular calcium
possibly via G-proteins (Kohn and Moon, 2005, Slusarski and Pelegri, 2007). This pathway
involves activation of phospholipase C (PLC) and protein kinase C (PKC). Elevated Ca+ can
activate the phosphatase calcineurin, which leads to dephosphorylation of the transcription
factor NFAT and its accumulation in the nucleus. In the Xenopus embryos, NFAT activity
suppresses canonical Wnt signals during axis formation (Beals et al., 1997, Chevallier et al.,
1977).

The canonical WNT pathway has essential roles in early embryogenesis and organogenesis of
several organ systems, while the non-canonical pathways has been more associated to cell

migration and morphogenesis (van Amerongen and Nusse, 2009).

In the limb, there are eleven different Wnts and seven Fzds (Summerhurst et al., 2008) and the
canonical WNT pathway is known to play essential roles in skeletogenesis (Parr et al., 1993,
Guo et al., 2004, Day et al., 2005, Hill et al., 2005, Hu et al., 2005).

A previous study has shown that expression of Wnt4, Wnt14, and Wnt16 in the presumptive
mouse joints is associated with up-regulation of B-catenin protein levels and inhibition of Sox9
expression (Guo et al., 2004). In addition it was shown that the inhibition of 3-catenin signaling
in micromass cultures leads to upregulation of chondrogenesis, while ectopic expression of an
active form of B-catenin or Wntl4 in chondrocytes results in loss of Sox9 expression and
promotion of the expression of joint markers such as Gdf5 and Scleraxis. Using the same
conditional mutant with overexpression of Wntl4, a subsequent study showed that Wnt/p-

catenin signaling was sufficient to block chondrocyte differentiation and to enhance
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endocondral bone formation and chondrocyte hypertrophy or maturation (Day et al., 2005).
Moreover conditionally inactivated f-catenin in chondroprogenitors using Dermol:Cre
promoter, induced ectopic cartilage formation at the expense of diminished ossification. This
suggested again that canonical WNT pathway is inhibiting chondrocyte formation and promotes
osteoblast differentiation. The authors proposed that during the initial phase of ossification,
chondrocytes are formed inside mesenchymal condensations that have low WNT/Bcatenin
signaling and express Sox9. Then in a second phase, osteoblast are formed in the periphery of
Sox9 expressing cells where WNT signaling is upregulated (Guo et al., 2004). In agreement
with this, it was showed that Sox9 promotes degradation of B-catenin (Akiyama et al., 2004).
Furthemore over-expression of Sox9 or inactivation of B-catenin in chondrocytes resulted in
inhibition of chondrocyte proliferation and delayed the transition of proliferating chondrocytes
to hypertrophy. In addition, expression of a stabilized B-catenin in chondrocytes produced a
phenotype of severe chondrodysplasia, with strong loss of Sox9 expression and a marked

inhibition of chondrocyte differentiation.

The genetic studies presented above (Akiyama et al., 2004, Guo et al., 2004, Day et al., 2005)
used the Col2al:Cre (Long et al., 2004) or Dermol:Cre (Yu et al., 2003) to drive genetic over-
expression or inactivation of WNT signaling. These promoters drive expression during the
chondrogenic and osteogenic differentiation, respectively, (from E13 onwards) that begins much
later than the initial expression of Sox9. Therefore, they do not allow drawing conclusions about
the involvement of canonical WNT signaling in the early patterning events that regulate Sox9
expression. In contrast, a following study used the Prx1:Cre promoter to create conditional -
catenin over-expression and inactivation in the limb mesenchyme from the onset of limb bud
formation (Logan et al., 2002, Hill et al., 2005). These mutants were analyzed at early time
points (E11) and revealed that upon B-catenin inactivation, Sox9 was up-regulated in the whole
limb, while upon B-catenin over-expression Sox9 was completely lost. This is in agreement with
the low levels of B-catenin protein found in the Sox9 expressing region of E11.5 limbs (Guo et
al., 2004) and suggests that mesenchymal WNT canonical signaling controls the specification

of chondrogenic fates at early limb stages.

A more recent study proposed that a combination of canonical WNT signaling from the
ectoderm (E.g Wnt3, Wnt6) and FGF signals from the AER, synergistically maintain cells in an
undifferentiated proliferating state, therefore restricting Sox9 expressing cells to the core
mesenchyme (ten Berge et al., 2008). This was shown by different functional experiments
where Wnt3a inhibited Sox9, promoted proliferation and induced connective tissue fates. This
study proposed that in young limb buds, where both WNT and FGF signaling encompass the

whole limb mesenchyme, all cells are maintained in an undifferentiated and proliferative state.
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Successively, limb outgrowth allows the cells in the core mesenchyme to exit the influence of
the FGF and WNT signals, which results in arrest of proliferation, Sox9 expression, and
subsequent differentiation of the chondrogenic core. The cells underling the ectoderm are still
within the range of FGF and WNT signals from the ectoderm, which maintain a low
proliferative state and drive cells towards soft connective tissue fates. This model was proposed
to explain how the chondrogenic fate was confined to the core mesenchyme but it did not
investigate the patterning of the skeleton along the AP axis. It is therefore difficult to conclude
if ectodermal Wnts influence the Sox9 periodic digit pattern as well. Unfortunately a previous
genetic study (Barrow et al., 2003) which inactivated Wnt3 in the ectoderm in mouse using the
Msx1Cre promoter, was also unable to investigate role of Wnt3 inhibition on skeletal patterning
due to early limb bud truncations. This confirmed that Wnt3 is essential for AER formation and

maintainance as previously proposed in chick (Kengaku et al., 1998).

A recent study in chick also confirmed that ectodermal Wnts have an inhibitory effect on Sox9
and restrict its expression to the core mesenchyme (Geetha-Loganathan et al., 2010). In this
study, it was shown that ectodermal removal promotes extension of Sox9 expression towards the
ectoderm. This did not appear to affect the patterning of the skeletal elements; however the
experiments were analyzed only at early stages when only the stylopod and zeugopod were
specified. Therefore it is still not clear if the ectoderm removal affects the digit patterning

process.

Whntba is expressed in the distal limb mesenchyme (Yamaguchi et al., 1999) and has been
mostly associated to the non-canonical Wnt/Ca** pathway, leading to the activation of Ca®*—
dependent effector molecules CamKIl, NFAT, and PKC in a pertussis toxin (PTX)-sensitive
manner (Slusarski et al., 1997, Kuhl et al., 2000, Sheldahl et al., 1999, Murphy and Hughes,
2002). Moreover, it has been shown that WNT5a antagonizes canonical WNT pathway by
promoting B-catenin degradation through a GSK3-independent pathway (Topol et al., 2003) .
Whnt5a null mutants exhibit a strong limb phenotype with five digits that are truncated along the
PD axis and are broader along the AP axis (Yamaguchi et al., 1999). A similar phenotype was
observed by inactivating Porcupine, an Endoplasmic Reticulum (ER) protein essential for WNT
secretion (Barrott et al., 2011). The Wntb5a null mutant shows loss of Sox9 expression and up-
regulation of B-catenin signaling in the distal region of the limb. This suggested that Wnt-5a,
which is normally expressed at the highest level in the distal limb, inhibits the canonical Wnt
activity to allow chondrogenesis to occur distally. To test if the upregulation of distal B-catenin
signaling was indeed responsible for the inhibition of chondrogenesis, Sfrp-2 expressing CEF
cells were grafted into the interdigit area of the distal mesenchyme of Wnt-5a mutant limbs at

E11.5. Sfrp-2 is normally expressed in the surrounding mesenchyme of newly formed cartilage
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in the distal limb (Lescher et al., 1998) and is considered a canonical-WNT antagonist during
embryonic development (Lee et al., 2000). The grafted Sfrp-2 expressing CEF cells were able to
ectopically induce expression of Col2al, in both wild-type and mutant limbs (Topol et al.,
2003). These data suggested that suppression of canonical WNT signaling in the interdigital

mesenchyme allows chondrogenesis to occur.

Using time-lapse video microscopy in GFP-electroporated chick embryos, a recent study
demonstrated that mesenchymal cells in the limb move and divide according a specific
orientation. By re-analyzing the Wnt5a null mutant they proposed that WNT5A/JNK was
necessary for the proper orientation of cell movements and cell orientations (Gros et al., 2010).
The short and broad digit phenotype in the Wnt5a null mutant can thus be explained due to a
combined effect of loss of oriented growth (Gros et al., 2010) and up-regulation of anti-

chondrogenic B-catenin signaling (Topol et al., 2003).

Whnt7a has also been shown to inhibit chondrogenesis in micromass culture through Fz7
receptor and MAPK pathway (Tufan and Tuan, 2001, Tufan et al., 2002b, Tufan et al., 2002a).
This inhibition was correlated with maintenance of N-cadherin expression and cell adhesion
(Tufan and Tuan, 2001). In the mouse limb, Wnt7a is expressed in the dorsal part of the
ectoderm (Gavin et al., 1990, Parr et al., 1993) and controls the DV patterning of the limb (Parr
and McMahon, 1995, Riddle et al., 1995), see also section 1.2.3. Wnt7a regulates Lmx1b
expression which covers the whole dorsal mesenchyme, this suggests that ectodermal Whnits can
diffuse and signal throughout the mesenchyme (Church and Francis-West, 2002). However,
several evidences show that Wnt7a is not the only gene regulating Lmx1b expression (Cygan et
al., 1997, Loomis et al., 1998) and that probably other WNTSs signal through the canonical
pathway to regualte Lmx1b (Hill et al., 2006). In the Wnt7a mutant the posterior digits are lost
(Woods et al., 2006). However, rather than a direct influence on Sox9, this phenotype has been
associated to the downregulation of Shh (Parr and McMahon, 1995, Parr et al., 1998). Wnt7a
signaling may also depend on LRP6, since deletion of LRP6 results in dorso-ventral patterning
and anterior-posterior patterning defects similar to those observed in the Wnt7a mutant (Pinson
et al., 2000).

In summary, ectodermally expressed WNTSs, such as WNT3, WNT6 and WNT7a (ten Berge et
al., 2008, Geetha-Loganathan et al., 2010, Tufan and Tuan, 2001) as well as mesenchymal
WNTSs such as Wnt14 (Hartmann and Tabin, 2001), have been associated with an inhibitory
function on Sox9 expression in the limb and therefore with the regulation of the early
chondrogenesis. Most of these Wnts, signal through the canonical B-catenin pathway.

Consistently B-catenin inactivation results in over-expression of Sox9 in the whole limb, while
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its up-regulation inhibits Sox9 expression (Hill et al., 2006, Hill et al., 2005). On the other hand,
Sox9 is capable of counteracting the inhibitory effect of WNT/B-catenin signaling by directly
promoting B-catenin degradation in the nucleus (Akiyama et al., 2004, Topol et al., 2003).
While WNT3 and WNT®6 signaling from the ectoderm limit the chondrogenic fate to the core
mesenchyme (ten Berge et al., 2008, Geetha-Loganathan et al., 2010), the involvement of WNT
signaling in the establishment of the Sox9 periodic pattern along the AP it is still not clear. It is
known that Sfrp3 and Sfrp2 which are diffusible WNT antagonists are expressed within the
Sox9 expression domain or at the periphery of Sox9 domains respectively (Wada et al., 1999,
Baranski et al., 2000, Esteve et al., 2000, Ladher et al., 2000, Witte et al., 2009). Therefore, the
presence of the antagonists in the Sox9 expressing region could allow chondrogenesis to
proceed while inhibitory WNT signaling from the surrounding mesoderm and ectoderm could
limits the chondrogenic fate (Rudnicki and Brown, 1997, Stott et al., 1999, Hartmann and
Tabin, 2001).

1.4 Capturing 3D spatio-temporal dynamics of gene

expression during development

Developmental processes such as patterning and morphogenesis are driven by a complex
temporal and spatial regulation of gene expression. Therefore, the analysis of gene expression
patterns during development is important to study the function of genes and their possible
interactions. A gene can be essential at one stage for one specific function but its expression can
reveal another function at another stage; if two genes are co-expressed in the same region they

can interact, while complementary gene expression patterns can reflect an inhibitory effect.

To describe gene expression patterns during development, it is common to use whole mount in
situ hybridization (WMISH) which visualizes the distribution of mRNAs at one particular
developmental stage. The conventional way to analyze WMISH data is by taking 2D pictures of
the embryo or organ with a specific orientation (E.g. a dorsal view in the case of the limb). In
order to gain more insight into the 3D expression, it is also common to analyze gene expression
patterns in tissue sections, see for example (Witte et al., 2009). Nevertheless, this data does not
reveal the full 3D spatial distribution of a gene and can lead to false conclusions about its

function.

The development of the Optical Projection Tomography (OPT) microscopy has enabled the 3D

imaging of gene expression in specimens that range from 1 mm to 1 cm, such as the embryo
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(Sharpe, 2003, Sharpe et al., 2002). The advantage of OPT over other 3D imaging methods,
such as confocal microscopy and Single Plane Illumination Microscopy (Huisken et al., 2004),
resides in its ability to image non-fluorescent stains commonly used in biochemical protocols,
like X-gal/LacZ reporters or BCIP/NBT detection of in situ hybridization. The OPT scanner is
able to capture high resolution 3D WMISH data thanks to several technical aspects, see also
Figure 26. Firstly, OPT can reach depth of focus up to 15 mm while other microscopy
techniques like confocal imaging can only image to a maximum 1 mm depth. Secondly, it
combines images from many different angles by rotating the specimen of 360 degrees. This
produces 3D data with the same focus in every part of the embryo despite different focus within
single images. Thirdly, the OPT uses the principle of projection tomography to obtain the 3D
data, which means that the raw data are mathematically transformed to reconstruct the original
3D object (Kak and Slaney). Finally, the OPT microscope uses visible light to detect colored
stains (the light shines through the specimen and the camera detects how much light is absorbed
by dark colored regions with regular stains) and it can also measure the emission from

fluorescent compounds.

apparatus for rotating
the specimen
agarose \
cylinder

N "
focal plane ~__ s

Figure 26. Schematic representation of the OPT microscopy.

(A) The specimen is rotated in an agarose cylinder while it is imaged by the microscope. The light
transmitted from the specimen (blue lines) is focused by the lenses onto the camera-imaging chip (CIC or
CCD). The apparatus is adjusted so that light emitted from a section that is perpendicular to the axis of
rotation (red ellipse) is focused onto a single row of pixels on the CIC (red line). The section highlighted
as a red ellipse in (A) is seen as a red circle in (B). The region of the specimen sampled by a single pixel

of the CIC is shown as a double inverted cone shape (blue region). Points far from the focal plane will not
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appear sharply focused in the image (pale blue shading), while those closer to the plane will be more
focused (darker blue shading). The depth-of-focus is not always large enough to include the entire
specimen, Therefore the position of the axis of rotation is adjusted so that only the front half of the
specimen is in focus. This ensures that every part of the specimen is imaged in focus during a full 360

degree rotation. Figure adapted from (Sharpe et al., 2002).

All these characteristics make the OPT a powerful tool to analyze 3D gene expression patterns
during development. However to obtain a detailed gene expression time-course data, it is
necessary to analyze and combine data from many specimens at different developmental stages

which requires an accurate determination of the developmental stages.

The age of an embryo (in days or hours) is often used to estimate the developmental stage. In
mouse, this can be a source of variability because embryos from the same litter can develop at
different speeds. This can be avoided by using a more accurate staging system such as the
Theiler staging system (Theiler, 1972) or by counting somites (Michos et al., 2004). However
these classical staging systems rely on qualitative biological features of the embryo. This creates
a problem of subjective analysis, since two scientists can interpret the features in a different
way. Another problem is that it still is unclear to which extent the development of the different
organs is synchronized. Some organs indeed develop with great variability and become
asynchronous from the rest of the embryo. For example, it was shown that mouse limb buds
with the same Theiler stage differ greatly in their shape and size (Boehm et al., 2011). Finally,
some staging systems consider stages that last for about half a day and cannot be used to stage
developmental processes like limb development where important events occur within hours.
Finer staging resolution can be achieved with somites counting (Michos et al., 2004) but this
method is not suitable for later stages when the somites have already differentiated. To
overcome these problems, previous work from our laboratory has contributed with the
development of an accurate landmark-free morphometric staging system of the limb (Boehm et
al., 2011). This staging system is based on morphometrics (the limb shape is quantified by
calculating the curvature of limb outline) and provides accuracy of about £2 hours from E10.5
to E12.5. The staging system comes with a user friendly graphical user interface available at

http://limbstaging.crg.es.

A combination of OPT imaging and an accurate staging system allows for a detailed analysis of
gene expression dynamics in 3D. This is crucial to expand our knowledge about limb
development, which is currently represented mainly by 2D data that focuses on the patterning
process of the AP and PD axis (Summerhurst et al., 2008). Finally, detailed 3D data will also

establish the basis of more realistic computational models of limb development.
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2. OBJECTIVES

The aim of this thesis is to explore to what extent digit patterning is controlled by a reaction-
diffusion Turing mechanism as opposed to traditional Positional Information models. This study

has four main objectives.

The first objective is to describe in detail the spatio-temporal dynamics of digit patterning. This
defines exactly what the digit patterning mechanism has to achieve and which are its
constraints. Previous studies had similar goals but described skeletal patterning by analyzing the
differentiating tissue at later stages, when a number of subsequent events had modified the first
molecular pattern. By using OPT imaging and in-situ hybridization, | provide a detailed three-

dimensional description of the skeletal patterning process as soon as it is established.

The second objective of my work is to identify candidate molecular components for the
reaction-diffusion Turing mechanism that controls digit specifications. The hypothesis that a
Turing mechanism could drive the specification of the digits and interdigits along AP axis has
been proposed more than three decades ago. However, due the lack of molecular evidence this
theory has remained a theoretical proposal rather than a widely accepted digit patterning model.
In conjunction with the theoretical work of another member of the lab, | develop a system
biology approach to identify the molecular Turing network that controls digit patterning. | first
screen the possible candidates using high throughput data from a comparative analysis made
with the Sox9 reporter mice. This together with the analysis of expression patterns and signaling
pathway activities identifies candidate genes that reflect the digit pattern as soon as it is
established. This data represents the basis for a mathematical analysis that explores the possible

Turing network that can explain digit patterning.

The third objective of my work is to design manipulative experiments to evaluate the Turing
network. This study represents the first attempt for a systematic identification and evaluation of
the Turing molecules that controls digit patterning. To evaluate the candidate molecules, I
develop an in-vitro limb culture system with the Sox9 reporter mice. Within this set-up |
perform bead experiments and pharmacological perturbations to compare perturbed Sox9

patterns with the predictions of the model.

Finally the fourth objective of my work is to relate the Turing hypothesis with the long-standing

positional information models based on Shh. Following the predictions of the model, | propose
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a retrospective interpretation of previous experiments under the light of a new digit patterning

model that integrates growth, positional information signals and a Turing mechanism.
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3. RESULTS

The main goal of my PhD was to identify the molecular Turing network that controls digit

patterning. This ambitious project was divided in two phases.

In an initial phase, | analyzed the 3D spatio-temporal expression of several genes during early
limb development. This analysis was used to describe the early molecular dynamics of digit
specification and to identify possible candidates for the Turing network. The first gene that |
analyzed was the transcription factor Sox9, which is the earliest known gene that marks the
skeletal pattern. This analysis allowed me to describe the dynamics of digit specification with
high spatial and temporal resolution. To investigate the involvement of BMP signaling in digit
specification, | also analyze the expression patterns of Bmps and their inhibitor Noggin.
Furthermore, | collaborated with the laboratory of Petra Seemann to analyze the 3D expression
patterns of Bmp/GDF family genes and the related inhibitors Gremlinl (Grem1), Gremlin2
(Grem2), Chordin (Chrd), Chordin—like 2 (Chrdl2) and activator Crim2. These unpublished
results are presented in the first section of this chapter. Part of these expression patterns
(Bmprlb, Bmprla, Gdf5, Noggin) contributed to the publication presented in the second section,
which investigates the role of BMP signaling in brachydactyly type Al (BDA1) and synostoses
syndrome 2 (SYNS2).

Finally, in the second phase of my project, | combined microarray data, analysis of gene
expression patterns and pathway activities with perturbation experiments to identify the
molecular Turing network that controls digit specification. This is the main work of my PhD

and resulted in the publication presented in the third section.

3.1 3D gene expression patterns

Hereby I present a collection of unpublished 3D gene expression patterns of Sox9, Bmp2, Bmp4,
Bmp7, Noggin , Grem1, Grem2, Chordin, Chordin-like protein2 (Chrdl2) and Crim2. Individual
limbs at different stages, ranging from E10.5 to E12.5, were scanned in the OPT to capture gene
expression patterns showed by standard WMISH protocol using NBT/BCIP or BM/Purple
substrate, and auto-fluorescence was captured to define the shape of the limb. The raw data
from OPT scans was reconstructed to obtain 3D gene expression patterns that were analyzed in
the Bioptonics software. | present several virtual sections for each 3D expression pattern (Figure

27). Scanned limbs are staged using the morphometric limb staging system presented in (Boehm
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et al., 2011). The resulting stages are shown with the nomenclature “mE” (mouse embryonic)
followed by the stage in days and hours, such that the stage mE10.12 represents a limb at 10
days and 12 hours which is equivalent to the classic E10.5 stage.
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Figure 27. Schematic representation of the virtual sections performed with Bioptonics software.

3.1.1) Sox9 expression pattern

From E10.5 to E12, the Sox9 pattern appears as a continuous domain of expression where new
skeletal elements arise from the previous ones: the stylopod appears first, then the two element
of the zeugopod and finally the digits in the autopod. This order of appearance reflects the

progressive proximo-distal patterning of the skeleton (Figure 28).

Around E10.5 (mE10.12), Sox9 is expressed in the core mesenchyme of the limb bud and
extends into the body. The proximal part of Sox9 expression marks the stylopod and the distal
part shows the first hints of the specification of the zeugopod (see dorsal view at mE10.14
Figure 28).

As the limb grows, around E11, Sox9 is down regulated in the center of the zeugopod region

and forms two skeletal elements that unite distally forming doughnut-like shape.

From E11, the posterior part of the distal Sox9 expression is separated in two regions: the most
posterior demarcates the developing digit 4 and the most anterior region will develop into digit
2 and 3. These two digits form when Sox9 is downregulated in the interdigit 3/2 around E11.12
(around E11.5).
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Digit 5 forms slightly later around mE11.16 in the most posterior region of the limb and digit 1
forms around mE12.00 in the most anterior part of the limb. At mE12:00 the proximal part of

Sox9 expression that corresponds to the stylopod and the zeugopod is down-regulated.

The specification of the digits starts at mE11:00, with the branching of the distal continuous
expression of Sox9, and down-regulation of Sox9 in the interdigital regions. At mE11.12 (E11.5)
digit 4, 3 and 2 become visible reflecting the first signs of the Sox9 periodic pattern (see autopod
section at mE11.13, Figure 28).
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Dorsal Coronal dorsal Zeugopod Autopod Sagittal

mE10.14+/-3h

mE11.01+/-2.2h

mE11.07+/-1.1h

mE11.11+/-3.2h

mE11.13+/-2.4h

mE11.16+/-4.5h

mE11.22+/-2.1h

mE12.08+/-3.2h

Figure 28. 3D Sox9 expression patterns from mE10.14 to mE12.08, in the mouse forelimb.

From left to right: the first column shows a dorsal view of the Sox9 expression in red; the second column
shows a virtual coronal section centered along the DV, the limb shape in green, dorsal is to the front; the
third and forth column show virtual transversal sections at the zeugopod and autopod level respectively;
the fifth column shows a virtual saggital section crossing centered along the AP axis. Digits are
highlighted with white numbers. The stylopod, zeugopod and autopod regions are highlighted with red
letters, S, Z and A respectively. The order of digit formation is digit 4, digit 3 and digit 2, digit 5, digit 1.
The periodic pattern of digit 4, digit 3 and digit 2 is first visible around E11.5 (mE11.12). A is anterior, P

is posterior, D is dorsal and V is ventral.
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3.1.2) Bmp2 expression pattern

At E105 (mE10.12) Bmp2 is strongly expressed in a region situated in the
proximal/posterior/dorsal mesenchyme. Bmp2 is expressed under the distal ectoderm and
surrounds the core mesenchyme (see coronal view at mE10.13, Figure 29) and it is is expressed
more strongly in the posterior mesenchyme. The saggital section shows how the expression of
Bmp2 is complementary to the expression of Sox9 (compare the saggital section of Bmp2 at
mE10.12, Figure 29 with the saggital section of Sox9 at mE10.14, Figure 28).

At mE11, a new proximal region with high Bmp2 expression is formed in the middle of the
ventral and dorsal mesenchyme (saggital section at mE11.01, Figure 29). The distal expression

of Bmp2 has expanded anteriorly (see coronal section at mE11.01, Figure 29).

At mE11.12 (E11.5) the ventral and dorsal expressions in the proximal part become stronger,
and are positioned at the level of the zeugopod (zeugopod section at mE11.12, Figure 29). The
strong expression of Bmp2 in the porximal-posterior mesenchyme has expanded ventrally
(zeugopod section at mE11.12, Figure 29). Moreover the anterior-proximal mesenchyme shows
stronger expression as well (zeugopod section at mE11.12, Figure 29). Distally, Bmp2 is down-
regulated at the region of the forming digit 4 and surrounds the region of the prospective digits 2
and digit 3 (compare coronal sections of Bmp2 at mE11.12, Figure 29, and coronal section of
Sox9 at m11.11, Figure 28).

Around mE11.17 in the distal part, Bmp2 is expressed in the interdigits, and in the dorsal
mesenchyme and ventral mesenchyme surrounding digit 4, digit 3 and digit 2 (compare the
autopod section of Bmp2 at mE 11.17, Figure 29 with the autopod section of Sox9 at mE11.16,
Figure 28).

At mE11.20 the expression is similar to one observed at mE11.17 except for a clear
downregulation at the level of digit 5 (compare the coronal section of Bmp2 at mE11.17, Figure
29 and the coronal section of Sox9 at mE11.22, Figure 28).

At E12 in the distal region, Bmp2 is expressed in the interdigits (see autopod and coronal
sections at mE12.06, Figure 29) and in the proximal region in different parts of the dorsal and
ventral mesenchyme underlying the ectoderm (see zeugopod section at mE12.06, Figure 29). It
is also possible to visualize a ventral expression centered on the digital rays (see dorsal view at
mE12.06, Figure 29).
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Figure 29. OPT timecourse of Bmp2 expression pattern from mE10.13 to mE12.06, in the mouse
forelimb.

From left to right: the first column shows the dorsal view of the Bmp2 gene expression in red; the second
column shows a virtual coronal section centered along the DV, the limb shape in green, dorsal is to the
front; the third and forth column show virtual transversal sections at the zeugopod and autopod level
respectively; the fifth column shows a virtual saggital section crossing the middle point of the AP limb
axis. A is anterior, P is posterior, D is dorsal and V is ventral. Overall the expression of Bmp2 appears

strikingly complementary to expression of Sox9, see Figure 28.
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3.1.3) Bmp4 expression pattern

From mE11, Bmp4 is expressed under the distal ectoderm and surrounds the core mesenchyme,
with stronger expression at the proximal-posterior and proximal-anterior regions (see dorsal
view at mE11.06, Figure 30).

At mE12, Bmp4 is expressed in the interdigital, still surrounds the core mesenchyme and has a

dorsal-proximal expression that underlies the ectoderm and seems to be located at the level of

the forming tendons (see dorsal view at mE12.06, Figure 30).

Dorsal Coronal dorsal ~ Zeugopod Autopod Sagittal

mE11.06+/-1.3h

P
mE11.17+/-1.5h . ‘
ME12.06+/-2.3h .

Figure 30. OPT timecourse of Bmp4 expression pattern from mE11.06 to mE12.06, in the mouse

forelimb.

From left to right: the first column shows the dorsal view of Bmp4 expression in red; the second column
shows a virtual coronal section centered along the DV axis, the limb shape in green, dorsal is to the front;
the third and fourth column show virtual transversal sections at the zeugopod and autopod level
respectively; the fifth column shows a virtual saggital section centered along the AP axis. A is anterior, P

is posterior, D is dorsal and V is ventral.
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3.1.4) Bmp7 expression pattern

At E11, Bmp7 is expressed under the distal ectoderm and sorrounds the core mesenchyme.
Moreover, it is expressed in two regions on the middle ventral and dorsal mesenchyme (see

zeugopod and autopod sections at mE11.06, Figure 31).

At E12, Bmp7 is expressed in the interdigital regions (see coronal section at mE12.07, Figure
31) and in the ventral and dorsal mesenchyme underlying the ectoderm at the level of the digits
(compare the autopod section of Bmp7 at mE12.07, Figure 31 with the autopod section of Sox9
at mE12.08, Figure 28).

Dorsal Coronal dorsal Zeugopod Autopod Sagittal
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mE11.06+/-1.4h

mE11.17+/-3.2h

mE12.07+/-2.4h

Figure 31. OPT timecourse of Bmp7 expression pattern from mE11.06 to mE12.07 in the mouse
forelimb.

From left to right: the first column shows the dorsal view of Bmp7 expression in red; the second column
shows a virtual coronal section centered along the DV axis, limb shape in green, dorsal is to the front; the
third and forth column show virtual transversal sections at the zeugopod and autopod level respectively;
the fifth column shows a virtual saggital section centered along the AP axis. A is anterior, P is posterior,

D is dorsal and V is ventral.
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3.1.5) Noggin expression pattern

At mE11, Noggin shows a fainted expression under the distal ectoderm (see coronal section at
mE11.03, Figure 33) and in a region centered on the proximal dorsal mesenchyme (see dorsal
view at mE11.03, Figure 32).

Around mE11.17, Noggin is also expressed in a region centered on the proximal-ventral
mesenchyme (see zeugopod view at mE11.17, Figure 33). In the distal part, Noggin is expressed
in digit 4 and digit 2 (compare coronal section of Noggin at mE11.17, Figure32, with the

coronal section of Sox9 at mE11.16, Figure 28).

At mE12, Noggin is expressed in all digital rays (compare dorsal view at mE12.05, Figure 32,
with dorsal view of Sox9 at mE12.08. Figure 28) and proximally at the level of the zeugopod

(see zeugopod section at mE12.05).

Dorsal Coronal dorsal Zeugopod Autopod Sagittal
A P

AR A P

mE11.03+/-1.1h

mE11.17+/-2.1h

mE12.05+/-2.7h

Figure 32. OPT timecourse of Noggin expression pattern from mE11.03 to mE12.05 in the mouse
forelimb.

From left to right: the first column shows the dorsal view of the Noggin gene expression in red; the
second column shows a virtual coronal section centered along the DV axis, the limb shape in green,
dorsal is to the front; the third and forth column show virtual transversal sections at the zeugopod and
autopod level respectively; the fifth column shows a virtual sagittal section centered along the AP axis. A

is anterior, P is posterior, D is dorsal and V is ventral.
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3.1.6) Greml expression pattern

At E11, Greml is expressed distally in the ventral and dorsal mesenchyme (see autopod section
at me11.01, Figure 33).

At E12, Grem1 is still expressed distally in the ventral and dorsal mesencyme but it is restricted
to the regions below and above the interdigits (see autopod section at mE12.03, Figure 33). A

zone of proximal expression can be noticed underlying the ectoderm (see dorsal view and
saggital section, at mE12.03, Figure 33).

Dorsal Coronal dorsal Zeugopod Autopod Sagittal
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Figure 33. OPT Grem1 expression pattern at mE11.01 and mE12.03 in the mouse hindlimb.

From left to right: the first column shows the dorsal view of the Grem1 gene expression in red; the second
column shows a virtual coronal centered along the DV axis, the limb shape in green, dorsal is to the front;
the third and forth column show virtual transversal sections at the zeugopod and autopod level
respectively; the fifth column shows a virtual sagittal section centered along the AP axis. A is anterior, P

is posterior, D is dorsal and V is ventral.
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3.1.7) Grem2 expression pattern

At E11, Grem2, is expressed in the mesenchyme that underlies the ectoderm (see expression at
mE11.04, Figure 34).

At E12, Grem2 expression can also be seen in the digital rays and in the wrist region (see
autopod and saggital sections at mE12.07, Figure 34).

Dorsal Coronal dorsal Zeugopod Autopod Sagittal
A ARA PR A P D
mE11.04+/-1.6h
P P D D V

mE12.07+/-2.3h
Figure 34. OPT Grem2 expression pattern at mE11.01 and mE12.03 in the mouse hindlimb.

From left to right: the first column shows the dorsal view of the Grem2 gene expression in red; the second
column shows a virtual coronal section centered along the DV, the limb shape in green, dorsal is to the
front; the third and forth column show virtual transversal sections at the zeugopod and autopod level
respectively; the fifth column shows a virtual sagittal section centerd along the AP axis. A is anterior, P is

posterior, D is dorsal and V is ventral.
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3.1.8) Chordin expression pattern

At E11, Chordin is weakly expressed in the mesenchyme that underlies the ectoderm (see
autopod and coronal sections at mE11.08, Figure 35) while it is strongly expressed in two
regions centered on the dorsal and the ventral part that underlies the ectoderm (see dorsal view
and zeugopod section at mE11.08, Figure 35). The dorsal region shows a stronger expression.

At E12, in the distal part, Chordin is expressed in the interdigits (see autopod and coronal
sections at mE12.05, Figure 35) with stronger expression in the dorsal and ventral regions (see
dorsal view and autopod section at mE12.05, Figure 35). The two regions centered on the
proximal dorsal and the ventral part that underlie the ectoderm are maintained (see autopod
section at mE12.05, Figure 25).

Dorsal Coronal dorsal Zeugopod Autopod Sagittal

A -
mE11.08+/-1.8h
P

mE12.05+/-2.3h
Figure 35. OPT Chordin expression pattern at mE11.01 and mE12.05 in the mouse hindlimb.

From left to right: the first column shows the dorsal view of the Chordin gene expression in red; the
second column shows a virtual coronal section centered along the DV, limb shape in green, dorsal is to
the front; the third and forth column show virtual transversal sections at the zeugopod and autopod level
respectively; the fifth column shows a virtual sagittal section centered along the AP limb. A is anterior, P

is posterior, D is dorsal and V is ventral.



3.1.9) ChrdlI2 expression pattern

Around E11.5, ChrdI2 is weakly expressed in the mesenchyme underlying the ectoderm (see
sections at mE11.13, Figure 36).

At E12, in the distal part, ChrdI2 is expressed in the digital rays (see dorsal view and autopod
section at mE12.08, Figure 26) and in the proximal part at different regions of the ventral and

dorsal mesenchyme underlying the ectoderm (see zeugopod section at mE12.08, Figure 36).

Dorsal Coronal dorsal Zeugopod Autopod Sagittal
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Figure 36. OPT ChrdI2 expression pattern at mE11.13 and mE12.08 in the mouse forelimb.

From left to right: the first column shows the dorsal view of the Chrdl2 gene expression in red; the second
column shows a virtual coronal section centered along the DV axis the limb shape in green, dorsal is to
the front; the third and forth column show virtual transversal sections at the zeugopod and autopod level
respectively; the fifth column shows a virtual sagittal section centered along the AP axis. A is anterior, P

is posterior, D is dorsal and V is ventral.
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3.1.10) Crim2 expression pattern

Around E11.5, Crim2 is expressed in the proximal posterior and anterior mesenchyme
underlying the ectoderm (see dorsal view at mE11.11, Figure 37). It is also expressed in the
region of the forming digit 4 (compare the autopod section of Crim2 at mE11.11, Figure 37 with
the autopod section of Sox9 at mE11.11, Figure 28).

At E12, in the distal part, Crim2 is expressed in the dorsal and ventral mesenchyme at the level
of the interdigit 3/4 and interdigit 3/2 (compare the autopod section of Crim2 at mE12.09,
Figure 37 with the autopod section of Sox9 at mE12.08, Figure 28). In the proximal regions,
Crim2 continues to be expressed in the proximal anterior and posterior region (see dorsal view
at mE11.11 and mE12.09, Figure 37).

Dorsal Coronal dorsal Zeugopod Autopod Sagittal

A ARA PR A P D
mE11.11+/-2.6h
P P D D \Y

mE12.09+/-1.2h

Figure 37. OPT Crim2 expression pattern at mE11.01 and mE12.09 in the mouse hindlimb.

From left to right: the first column shows the dorsal view of the Crim2 gene expression in red; the second
column shows a virtual coronal section centered along the DV axis, limb shape in green, dorsal is to the
front; the third and forth column show virtual transversal sections at the zeugopod and autopod level
respectively; the fifth column shows a virtual saggital section centered along the AP axis. A is anterior, P
is posterior, D is dorsal and V is ventral.



3.2 First paper : “A GDFS Point Mutation Strikes Twice-
Causing BDA1 and SYNS2”

This study was done in collaboration with the Seemann lab. It showed that changes in BMP
signaling activity underlie the development of skeletal malformations observed in brachydactyly
type Al (BDAL) and synostoses syndrome 2 (SYNS2). My contribution to this work is a
detailed description of the 3D expression patterns of Gdf5, Noggin, Bmprla and Bmprlb
showed Figure 6. This analysis reveals that these genes are co-localized in the digital ray from
E11.5 to E13.5 suggesting possible interaction that may underlie the malformations observed
when GDF5 has a point mutation in the overlapping interface of antagonist and receptor binding
site.
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Abstract

Growth and Differentiation Factor 5 (GDF5) is a secreted growth factor that belongs to the Bone Morphogenetic Protein
(BMP) family and plays a pivotal role during limb development. GDF5 is a susceptibility gene for osteoarthritis (OA) and
mutations in GDF5 are associated with a wide variety of skeletal malformations ranging from complex syndromes such as
acromesomelic chondrodysplasias to isolated forms of brachydactylies or multiple synostoses syndrome 2 (SYNS2). Here, we
report on a family with an autosomal dominant inherited combination of SYNS2 and additional brachydactyly type A1l
(BDA1) caused by a single point mutation in GDF5 (p.W414R). Functional studies, including chondrogenesis assays with
primary mesenchymal cells, luciferase reporter gene assays and Surface Plasmon Resonance analysis, of the GDF5W4'4R
variant in comparison to other GDF5 mutations associated with isolated BDA1 (p.R399C) or SYNS2 (p.E491K) revealed a dual
pathomechanism characterized by a gain- and loss-of-function at the same time. On the one hand insensitivity to the main
GDF5 antagonist NOGGIN (NOG) leads to a GDF5 gain of function and subsequent SYNS2 phenotype. Whereas on the other
hand, a reduced signaling activity, specifically via the BMP receptor type IA (BMPR1A), is likely responsible for the BDA1
phenotype. These results demonstrate that one mutation in the overlapping interface of antagonist and receptor binding
site in GDF5 can lead to a GDF5 variant with pathophysiological relevance for both, BDA1 and SYNS2 development.
Consequently, our study assembles another part of the molecular puzzle of how loss and gain of function mutations in
GDF5 affect bone development in hands and feet resulting in specific types of brachydactyly and SYNS2. These novel
insights into the biology of GDF5 might also provide further clues on the pathophysiology of OA.
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Introduction

Growth and Differentiation Factor 5 (GDF5), which is also
known as Cartilage-Derived Morphogenetic Protein 1 (CDMP1)
belongs to the Transforming Growth Factor Beta superfamily
(T'GFB) and the subordinated group of Bone Morphogenetic
Proteins (BMPs) [1]. GDF5 has a fundamental role during limb
development, where it controls the size of the initial cartilag-
inous condensations as well as the process of joint development
[2-4]. As a positive key regulator of early chondrogenesis,

PLOS Genetics | www.plosgenetics.org

dimeric GDF5 initiates signaling by interacting preferably with
two distinct BMP type I receptors, BMPR1A and BMPRI1B,
whereas binding via BMPRI1B is favored over BMPRIA [5,6].
Upon receptor phosphorylation, intracellular SMAD transducer
proteins are activated in order to regulate target gene
transcription [7,8]. GDF5 activity is counteracted by BMP
antagonists such as NOGGIN (NOG), which mask the receptor
binding sites of GDF5 by a direct protein-protein interaction,
thereby impeding receptor binding of the ligand and thus
signaling [9,10].
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Author Summary

Mutations can be generally classified in loss- or gain-of-
function mutations depending on their specific patho-
mechanism. Here we report on a GDF5 mutation, p.W414R,
which is associated with brachydactyly type A1 (BDA1) and
Multiple Synostoses Syndrome 2 (SYNS2). Interestingly,
whereas shortening of phalangeal elements (brachydacty-
ly) is thought to be caused by a loss of function, bony
fusions of joints (synostoses) are due to a gain of function
mechanism. Therefore, the question arises as to how
P-W414R in GDF5 leads to this combination of phenotypes.
In our functional studies, we included two reported GDF5
mutations, which are associated with isolated forms of
SYNS2 (GDF55*°™) or BDA1 (GDF5"39°%), respectively. We
demonstrate that an impaired interaction between the
extracellular antagonist NOGGIN (NOG) and GDF5 is likely
to cause a joint fusion phenotype such as SYNS2. In
contrast, GDF5 mutations associated with BDA1 rather
exhibit an altered signaling activity through BMPR1A.
Consequently, the GDF5V*'*R mutation negatively affects
both interactions in parallel, which causes the combined
phenotype of SYNS2 and BDAT1.

Alterations in GDF5 signaling due to specific point mutations
have been associated with various diseases affecting bone and
cartilage development [2,11,12]. Activating mutations in GDF)
lead to a gain of function phenotype, resulting in increased
chondrogenic activity as described for proximal symphalangism
(SYM1, MIM #185800) and the multiple synostoses syndrome 2
(SYNS2; MIM #610017) [13-18]. The SYMI phenotype is

A
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GDF5 Point Mutation Causes BDA1 and SYNS2

characterized by ankylosis of the proximal interphalangeal joints
as well as fusion of carpal and tarsal bones. Additional
symphalangism in the elbow and knee joint caused by GDF5
mutations is a hallmark of the SYNS2 phenotype. In contrast to
activating GDF5 mutations, loss of function mutations result in
hypoplastic or absent skeletal elements as described for the
molecular disease family of brachydactylies. Depending on the
affected phalanges, five different types of brachydactylies are
categorized (A-E) including three subgroups (A1-A3) [11]. So far,
mutations in GDF) have been linked to isolated traits of BDAI
(MIM  #112500), BDA2 (MIM #112600) and BDC (MIM
113100) [16,18-21]. Extreme shortening of digits and limbs are
caused by homozygous loss-of-function mutations in GDF5, which
are associated with different types of acromesomelic chondrodys-
plasia (Grebe MIM #200700, Hunter Thompson MIM #201250,
Du Pan MIM#228900) [22].

Here we describe a family carrying a mutation in the mature
domain of GDF5, p.W414R, showing combined clinical features
of BDAI and SYNS2. In this work we unravel the unique
pathomechanism behind GDF5™Y*'*R and thus demonstrate how
one mutation in GDF5 confers a gain- and loss-of-function
phenotype simultaneously.

Results

GDF5"*1*® results in SYNS2 and BDA1

We report on a family of Mexican descent with an autosomal
dominant form of SYNS2 with additional BDA1 (Figure 1A).
Sequencing of the GDF5 gene revealed a ¢.T1240C mutation
(p-W414R) in three affected individuals from three generations. A
mutation in NOG, a candidate gene for SYNSI, was excluded. The

Figure 1. GDF5Y*'*® is associated with SYNS2 and BDA1. A: Pedigree of a family affected by SYNS2 and BDAT. Filled symbols represent
affected family members and plus symbols indicate a confirmed mutation. Arrows identify the probands who underwent X-ray analysis. B
Radiographs of hands and feet of individuals I:2 and II:2 displaying phenotypic abnormalities marked as follows: white arrows - proximal
symphalangism of all fingers; arrowheads - distal symphalangism of the 2nd and 5th fingers; black arrowheads -synostoses of the 4th and 5th
metacarpals with the corresponding proximal phalanges; asterisks - carpal and tarsal fusions. Overall, the fused or partially fused middle phalanges
appear hypoplastic or rudimentary, consistent with BDA1. For a detailed list of phenotypic abnormalities observed in this family see also Table 1.

doi:10.1371/journal.pgen.1003846.g001
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affected individuals are presented with multiple synostoses
including proximal and distal symphalangism, metacarpophalan-
geal synostosis, and synostosis of carpal and tarsal bones as well as
BDAI1 with severe hypoplasia and even aplasia of the middle
phalanges (Figure 1B and Table 1). Additional symptoms such as
hearing impairment or short stature were not observed.

GDF5W*1*R is positioned within the NOG and BMPRI
binding interface

The three mutations of interest (GDF3WR - GDF5R99C
GDF5"*!'%) \were highlighted in the GDF5 structure model
(Figure 2A). GDF5Y**® is positioned within the long loop of
finger 1, whereas GDF5"*"'™ is located within the second
finger of the GDF5 dimer. GDF5%*%C is located at the N-
terminal end, right in front of the B1 sheet of the first finger
[23]. As shown in Figure 2B, all mutated sites in GDF5 are
conserved among different species (human, mouse, chicken).
Based on the crystal structures of the BMP7:NOG,
BMP2:BMPR1A and GDF5:BMPR1B complexes, we predict-
ed residues of GDF) that are involved in binding to NOG or to
the BMP type I receptors (Figure 2B) [5,24-26]. Both SYNS2
associated variants, GDF5W*R and GDF5%9™® are located
within the NOG interaction site. Contrary, GDF5R%9C \which
is linked to an isolated BDA1 phenotype, is positioned outside
of the NOG binding interface. Since all three mutations might
also interfere with BMP type I receptor recruitment, we
analyzed the interactions of the three mutations (GDF5W*!*R
GDF5™*%¢ GDF5*'%) t¢ NOG and to BMPRIA and
BMPRI1B.

GDF5"*'*® is insensitive to inhibition by NOG

NOG, the main regulator of GDF5 activity, was initially
identified to be mutated in patients with SYNSI [27]. As
GDFWH*R i associated with the SYNS2 phenotype and
furthermore located within the critical NOG binding site, we
examined the signaling potency of the GDF5 mutations compared
to wild type GDF5 in the absence and presence of NOG. We
performed in vitro chondrogenesis assays and used the respective
chicken GDF5 constructs to infect chicken limb bud micromass
cultures with and without NOG. Similar expression levels of wild
type and mutant GDF5 were confirmed by Western blot (Figure
S1, Text S1). As a chondrogenic marker, the extracellular matrix
(ECM) produced by the limb bud cells was stained with Alcian
blue (Figure 3).

GDF5 Point Mutation Causes BDA1 and SYNS2

In the absence of NOG, quantification of Alcian blue revealed a
strong induction of early chondrogenesis for wild type GDF5 and
GDF5™W*'"*® 45 well as for the BDA1 causing variant GDF 5RINC
and the SYM1/SYNS2-associated variant GDF5E™® However,
co-infection of NOG suppressed chondrogenesis effectively in wild
type GDF5 expressing cells, while GDF5"Y**® infected cells displayed
a clear insensitivity towards NOG. NOG-resistance was also found
for the GDF5"*'® variant. In contrast, cartilage formation was
strongly inhibited in micromass cells expressing GDEF5™29C,

The reduced sensitivity of GDF5"**™® o NOG was also
detected in Biacore measurements. In contrast to the high binding
affinity of wild type GDF5 to NOG (apparent KD: ~2 nM),
GDF53™*"*® showed a markedly reduced (~12 fold) binding to
NOG (apparent KD: ~25.5 nM) (Table 2).

GDF5"W*1*R shows specific loss of BMPR1A signaling

As GDF5W*R i5 Jocated in the overlapping interface of the
high affinity BMP type I receptors and NOG, we analyzed
subsequently signaling activities of wild type GDF5 and
GDF5W ™ after co-expression of either one of the type I
receptors, Bmprla or Bmprlb. Signaling activities were determined
in NIH/3T3 cells using a Smad Binding Element (SBE) luciferase
reporter gene assay (Figure 4A—C).

Overexpression of wild type GDF5 in combination with either
one of the two type I receptors, Bmpria and Bmprib, resulted in a
strong induction of luciferase activity. As expected from our
Biacore data, wild type GDF5-induced signaling via Bmprlb was
stronger compared to signaling mediated via Bmprla (Figure 4B—
C; Table 2). In case of GDF5"**® 1o reporter gene activity was
observed when Bmpria was additionally transfected (Figure 4B).
However, co-transfection of Bmprlb led to a clear induction of the
SBE reporter, even though to a slightly lesser extent compared to
wild type GDF5 (Figure 4C). For the BDAI associated variant
GDF5%%9¢ e revealed the same signaling pattern in our
luciferase assay as for GDF5W*"*R \which leads to the assumption
that the pathomechanism of BDALI is presumably connected with
an alteration of the GDF5:BMPRIA binding interaction. In
contrast, the SYM1/SYNS2 causing GDF5 variant GDF5™*!*
promotes GDF)5 signaling via Bmprla and Bmprlb to a similar
extent when compared to wild type GDF5.

Biacore analysis supported the findings from our cell based
assays since GDF5"*™*® showed a clear deviation from the wild
type GDF5 receptor binding pattern. We could demonstrate a 7-
fold lower affinity of GDF5"*'*® (¢ BMPRIA (apparent KD:
~124 nM) compared to wild type GDF5 (apparent KD: ~17 nM)

PLOS Genetics | www.plosgenetics.org

Table 1. Clinical features of the affected family members with mutations in GDF5.

Feature HPO:ID W414R E491K [14] R399C [19]
Proximal symphalangism HP:0100264 + =

Distal symphalangism HP:0100263 + -
Metacarpophalangeal Synostosis HP:0100325 + = =
Synostosis of carpal bones HP:0005048 + -
Synostosis of tarsal bones HP:0100330 + =
Tarsometatarsal synostosis HP:0100329 - -
Aplasia/Hypoplasia of the middle phalanges of the hand HP:0009843 + - +
(Brachydactyly Type A1)

Hypoplastic/short 1°* metacarpal HP:0010034 - - +

The features are coded using terms from the Human Phenotype Ontology [47]. + present; — absent. GDF5 mutations are presented with either features of brachydactyly
(GDF5 p.R399C) or features of synostosis (GDF5 p.E491K) or a combination of multiple synostosis with additional brachydactyly (GDF5 p.W414R).
doi:10.1371/journal.pgen.1003846.t001
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=== BMPR1B binding residues (PDB 3evs)

Figure 2. GDF5"*'*® is positioned within the NOG and BMPR1A/B binding interface of the GDF5 dimer. A: 3D presentation of the
human GDF5 homodimer (PDB 1wagq). The topology of the GDF5 monomer comprises two B-sheets forming the fingers as well as the four-turn o-
helix with the preceding pre-helix loop. The mutations are highlighted in pink (GDF5"*'*R), violet (GDF5"*°“) and orange (GDF55*°'X). The image of
the GDF5 structure was visualized using PyMol (http://www.pymol.org/). B: Protein sequence alignment of human, mouse and chicken GDF5
comprising the seven cysteine residues (bold) of the mature domain. Numbering is referred to the pro-protein sequence. Amino acids predicted to
form the NOG binding interface are depicted as framed white boxes and based on the BMP7:NOG complex (PDB 1m4u). Residues predicted to be
involved in BMPR1A binding are shown as grey boxes and refer to the BMP2:BMPR1A structure (PDB 1rew). Black boxes mark amino acids that bind to
BMPR1B (PDB 3evs). Arrows indicate the mutated sites for GDF5V4'*R GDF573°°¢ and GDF55*°'K, Note that GDF5W4'*R and GDF55°'K are located
within the NOG binding site. Moreover, all three mutations interfere with the BMP type | receptor (BMPR1A and BMPR1B) binding interface.
doi:10.1371/journal.pgen.1003846.g002

and only a 3-fold lower affinity for BMPR 1B (apparent KD: ~3,3)
compared to wild type GDF) (apparent KD: ~1,1 nM) (Table 2).

In summary, Biacore analysis and & vitro overexpression studies
indicate a functional link between the phenotypic features of
BDAT1 and an impaired BMPRIA signaling of BDA1 associated
GDF5 variants.

PLOS Genetics | www.plosgenetics.org

Activity of GDF5"*'*R is reduced in the absence of

Bmpri1b

In order to confirm the previous hypothesis, that GDF5
not able to transduce signaling via BMPRIA, we conducted an
vitro  chondrogenesis assay using primary mesenchymal cells
derived from Bmprlb null mice (Figure 5A-C). Assuming that in

W414R -
1S
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Figure 3. GDF5"4'R js resistant towards inhibition by NOG in chicken micromass cultures. Chicken micromass cells were infected with
RCASBP(A) containing the coding sequence (cds) of either wild type GDF5 or the GDF5 variants GDF5"V4R, GDF573%°C or GDF55'K. RCASBP(B)
contained the cds of NOG and was used for co-transfection. Chicken micromass cultures and quantification of Alcian blue incorporation at 595 nm
into the extracellular matrix (ECM) are shown for day 5. In the chicken micromass system, wild type GDF5 strongly induced chondrogenesis compared
to the untransfected control. Chondrogenic differentiation was completely blocked in both, the control and wild type GDF5 cultures, when NOG is co-
transfected. A similar pattern was observed for GDF57*°“, Contrary, GDF5"*'*® and GDF5%*'¥ exhibited insensitivity towards the antagonist. Values
represent the mean of triplicates and error bars indicate standard deviation. Statistical analysis was performed using a two-tailed Student's t test (n.s.:

not significant; *p=0.05; ***p=0.001).
doi:10.1371/journal.pgen.1003846.g003

wild type cells GDF5 signaling is mediated via Bmprla and
Bmprlb, a Bmprlb knock-out would lead to a situation where
solely Bmprla transmits GDF5-specific signals. Hence, we
hypothesized that GDF53“*'*® would not able to stimulate
chondrogenic differentiation in cells lacking Bmprib, due to its
msufficiency in binding to Bmprla.

As anticipated, heterozygous and homozygous Bmprlb cells
resulted in decreased chondrogenic activity for both, wild type
GDF5 as well as GDF5“*'"*® However, wild type GDF5
stimulation led to an induction of chondrogenesis even in the
complete absence of Bmprlb, whereas GDF5W*'*® gtimulated
cells displayed a complete loss of chondrogenic activity, indicating
that a loss of binding of GDF5 to BMPRIA represents the
centerpiece of the BDA1 pathomechanism.

Table 2. Binding affinities of GDF5"*'*® to immobilized
receptor ectodomains.

KD [nM] BMPR1A BMPR1B NOG
GDF5"* 17,0+4,6 [15] 1,1%£0,2 [15] 2,0+0,6
GDFWA419R 124,0+30,8 33+0,8 25,5+9,0

GDF5"#'*R shows altered NOG and BMP receptor type | binding affinities in the
Biacore assay.

Mean values from two experiments using at least six different analyte
concentrations are shown.

doi:10.1371/journal.pgen.1003846.t002
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Gdf5 expression co-localizes with Nog and Bmpr1b during
limb development

To reconstruct the progress of GDF5 dependent limb develop-
ment we analyzed the gene expression of Gdf5 and its main
antagonist Nog as well as its BMP type I receptors Bmprla and
Bmprlb in mice limb buds at stages E11.5 to E13.5, which
represent critical phases of limb development.

At stage E11.5, Gdf5 is expressed in the anterior part of the limb
bud (Figure 6A/E). Here, expression signals for Nog and Bmprlb
partly co-localize with Gdf5 in the distal region (Figure 6B/F and
D/H). Additionally, Bmprib and Nog show signals in the area of the
later developing shoulder and Mg in the elbow joint as well. In
contrast, Bmprla expression concentrates in the surrounding
epithelium and underlying mesenchyme but sparing the central
mesenchyme (Figure 6C/G). At stage E12.5 the expression pattern
becomes more defined for Gdfs, Nog and Bmprlb in the digital rays
(Figure 6A'/E’, 6B'/F’ and 6D'/H’) and for Bmpria in direct
proximity in the inter-phalangeal regions and the surrounding
epithelium (Figure 6C'/G’). From stage E13.5 onwards, Gdf5
expression concentrates in the joint interzones (Figure 6A"/E’),
flanked by Nog and Bmprlb expression (Figure 6B’/F" and 6D’/
H'). Apart from the distal tips, Bmpria is still expressed in the
surrounding limb epithelium and interdigital mesenchyme.

The expression pattern analysis shows a co-localization for Gdf,
Nog and Bmprlb and in case of Bmprla, expression in direct
proximity to Gdf.

Discussion

Here we describe a novel GDF5 Trp to Arg transition (p.W414R)
in patients with multiple synostoses syndrome 2 (SYNS2), including
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Figure 4. GDF5"*'*R shows impaired Bmpr1a signaling in a SBE-Luciferase reporter gene assay. NIH/3T3 cells were transfected with the
BMP type | receptors, Bmpria or Bmprib, as well as with wild type GDF5 and the GDF5 variants GDF5"*'*R ' GDF5f39° and GDF55*°'K. As reporter, the
SMAD binding element (SBE) was used and firely luciferase was normalized against TK-Renilla luciferase. A: No Bmp type | receptor was co-expressed
which resulted in a weak SBE reporter activation for wild type GDF5 and GDF5%*°'¥, whereas in case of GDF5"*'*f and GDF5"3?°C signaling activity
was absent. B: Bmpria co-expression increased the signaling activity of wild type GDF5 and GDF55*°™; however, GDF5"4'*R and GDF5"39°C were not
able to induce reporter gene expression. C: Co-expression of Bmprib further increased the signaling activity of wild type GDF5 and GDF5%9'K
compared to co-expression with Bmpria. In case of GDF5V*'*R and GDF57*°°%, Bmpr1b co-expression rescued their signaling activity. The means of
triplicate measurements are shown, error bars indicate standard deviation and a represent experiment is shown. Statistical analysis was performed
using a two-tailed Student’s t test (n.s.: not significant; *p=0.05; **p=0.01). Significances are related to the respective wild type GDF5 value.
doi:10.1371/journal.pgen.1003846.g004

proximal and distal symphalangism, metacarpophalangeal synostosis, idependent molecular mechanisms involving specifically the BMP
and synostosis of carpal and tarsal bones as well as BDA1 with severe receptor BMPRIA and the BMP antagonist NOG, respectively.
hypoplasia and even aplasia of the middle phalanges. We identified Interestingly, mutations in NOG as well as in GDF) can lead to

that BDAI and SYNS2 caused by GDF5"“*'*® are due to two similar phenotypic characteristics of SYMI1 and SYNS1/2
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Figure 5. GDF5V*'*R displays reduced chondrocyte differentiation in the absence of Bmprib. Bmprib wild type (Bmprib™™"),
heterozygous (Bmpr1b™~) and homozygous (Bmprib~'~) mouse mesenchymal limb bud cells (E13.5) were stimulated with 5 nM recombinant
human GDF5 protein (wild type GDF5 and GDF5"*'*%). Alcian blue incorporation into the extracellular matrix (ECM) was measured at 595 nm after
five days of cultivation and four days of stimulation. A: Alcian blue staining of Bmpr1b** cells exhibited a strong induction of chondrogenesis upon
stimulation with both recombinant GDF5 proteins. B: Stimulation of Bmpr1b*~ cells resulted in a reduced chondrogenic activity of GDF5W414R
compared to wild type GDF5. C: In case of Bmprib knockout cells, stimulation with GDF5"*'® resulted in a complete loss of chondrogenic activity,
compared to wild type GDF5. Values represent the mean of three replicates, error bars indicate standard deviation. Statistical analysis was performed
using a two-tailed Student’s t test (*p=0.05; ***p=0.001).

doi:10.1371/journal.pgen.1003846.g005
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Figure 6. Gdf5, Nog and Bmprib are co-expressed during murine limb development. Mouse embryos with the C57BL/6 genetic background
at embryonic stages 11.5 (A-H), 12.5 (A’-H’) and 13.5 (A"-H") were labeled with probes of Gdf5 (A and E), Nog (B and F), Bmpria (C and G) or Bmpr1b
(D and H) and signals are shown in red. Representatively, two sections of the coronal dorsal axis (A-D) and the autopod transversal axis (E-H) are
depicted. The signal for Gdf5 strongly co-localizes with the Nog and Bmprib expression pattern, whereas Bmpria expression is in direct proximity in

the surrounding epithelium and underlying mesenchyme.
doi:10.1371/journal.pgen.1003846.9g006

[15,17,27]. However, joint fusions caused by NOG mutations often
affect the ossicles leading to hearing impairment, whereas mutations
in GDF5 including GDF5“*'*™® spare this feature [27-29].
Regarding the literature, SYM1- and SYNS2-associated mutations
in GDF5 like GDF5™**T and GDF5**""N were shown to destabilize
the GDF5/NOG interaction thus leading to a severe insensitivity
towards the antagonist, also called NOG resistance [15,17].
Therefore, we likewise analyzed GDF5“Y*'"*® concerning its
interaction with NOG. W414 is located within the putative NOG
binding interface, which was predicted based on the published
superimposed GDF5:NOG complex [15,30]. Interaction analyses
of GDF5W**R ysing chondrogenic differentiation assays together
with Biacore binding studies revealed a NOG resistance as
molecular cause of the joint fusion phenotype similar to GDF5N**T
and GDF5*7°N [15,17]. In addition, we identificd NOG inscnsi-
tivity as the effect of the SYMI associated GDF5™'"™ mutation
[14]. Hence, in case of SYM1 and SYNS2, an impaired GDF5/
NOG interaction interferes with the negative feedback loop by
which GDF5 is antagonized and thus balanced within the fine-
tuned signaling network. Consequently, GDF5 variants associated
with joint fusions exert an enhanced chondrogenic activity and can
be referred to as gain of function mutations (Figure 7) [11]. The
tight connection between GDF5 and NOG and their major
importance for the development of joints become further visible
as the results of our expression analyses of the developing mouse
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limb show overlapping temporal and spatial expression patterns of
Gdf5 and Nog.

To elucidate the underlying molecular mechanism by which
GDF5W**R cayses joint fusions in combination with brachydactyly,
we further analyzed how the mutation interferes with its cognate
transmembrane BMP type I receptors. Situated in the long loop of
finger 1 between the B-sheets 31/2 and 83/84, W414 is positioned
outside of the wrist epitope, which is mainly responsible for binding
the BMP type I receptors BMPR 1A and BMPR1B [5,6,23]. On the
basis of the GDF5:BMPRI1B crystal structure and the modeled
GDF5:BMPRI1A interaction, the contact of both BMP type I
receptors with W414 was confirmed [5,23]. As suggested, a
transition of hydrophobic Trp to hydrophilic Arg at this highly
conserved position results in impaired BMP type I receptor
activation as shown in reporter gene assays and Biacore binding
studies. Most strikingly, GDF5WVHR displayed a complete loss of
BMPRIA activation, whereas signaling via BMPRIB was only
moderately decreased. Possibly, a mutation interfering with the
BMP type 1 receptor binding has in general a more drastic effect for
the BMPR 1A than for the BMPR 1B, because the interaction with
BMPRIA is per se lower. The remaining signaling activity of
GDF5Y**® yia BMPRIB secems to be sufficient to preserve its
biological functionality as seen in our chondrogenic differentiation
assays. A recently published GDF5 mutation (GDF5R%%9%) is
likewise reported to cause BDAIL. However, in this French
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Figure 7. Disease model for SYNS2 and BDA1. A: During normal limb development, dimeric GDF5 (light/dark grey rhomb) is antagonized by
NOG (black framed clamp) and thus balanced within the GDF5 signaling network. Downstream signaling is mediated via heteromeric receptor
complexes consisting of each of the BMP type | receptors (BMPR1A and BMPR1B) in complex with the BMP type Il receptor (BMPR2). Wild type GDF5
binds BMPR1A with a weaker affinity compared to BMPR1B as indicated by thin and thick arrows and additionally by Biacore binding affinities (KD). B:
Summary of altered interaction of GDF5 mutations resulting in specific phenotypes. SYNS2 is characterized by GDF5 gain of function mutations,
leading to an insensitivity of GDF5 towards its extracellular antagonist NOG. In contrast, BDA1 is caused by GDF5 loss of function mutations, which

result specifically in absent BMPR1A signaling.
doi:10.1371/journal.pgen.1003846.g007

Canadian family BDAI occurs as an isolated trait in contrast to the
phenotype of GDF5™**R | which is combined with features of
synostoses [19]. GDF5%*°C is located at the N-terminus of the
mature GDF5, right in front of the first B-sheet of finger 1, and is
predicted to interfere with both BMP type I receptors [23].
Accordingly, we revealed a BMP type I receptor activation pattern
similar to that of GDF5"“*'*® indicating that the disruption of
BMPRIA signaling is a hallmark of the BDA1 pathomechanism
(Figure 7).

There are two studies which deal explicit with the analyses of
specific functions of BMPRIA and BMPR1B, one was done in
chicken and the other one was done in mice [31,32]. In the
chicken study the expression patterns of both receptors were
distinct during limb development. BMPRIB was strongly
expressed in precartilaginous condensations, whereas BMPRIA
was reported to be expressed throughout the limb mesenchyme.
To rule out a functional difference between BMPRIA and
BMPRI1B, the authors overexpressed either constitutive active
(c.a.) or dominant negative (d.n.) variants of BMPRIA and
BMPRIB i vivo in the chicken limb bud or i witro in chicken
micromass cultures [32]. Interestingly, BMPR1B turned out to be
necessary for early steps of cartilage formation, whereas BMPR1A
was shown to elicit an important function in prehypertrophic
chondrocytes. Expression of c.a. BMPRIA led to a delay of
chondrogenic differentiation; similar to the phenotype caused by
overexpression of IHH [33]. Another study indicated that the
IHH-regulated process of chondrogenic differentiation indeed
requires BMP signaling [34]. As both signals, IHH and BMP, are
required for maintaining a normal proliferation rate and regular
differentiation of chondrocytes, these findings could explain how
BDALI can be caused by mutations in IHH or the BMP pathway.
A few years later a study was undertaken in mice, where authors
concluded that Bmprla and Bmprlb have mostly redundant
functions in chondrogenesis [31]. This statement was made due to
the observation that single knock outs of either Bmprla or Bmprlb
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showed only subtle skeletal phenotypes, whereas the double knock
out displayed a very strong phenotype with a nearly absent
endochondral skeleton. Nevertheless, the phenotypes of each
knock out are very distinct, for example Bmprlb null mice
displayed defects in the appendicular skeleton, whereas Bmprla
cKO shows a generalized chondrodysplasia and the more severe
phenotype seen in the double knock out could also be explained by
an additive or synergistic effect. Therefore we suggest that both
receptors have unique functions and loss of binding of the GDF5
mutants to one of the two receptors cannot be compensated by the
other receptor.

Loss of GDF5 receptor binding in general plays a central role
within the molecular disease family of brachydactylies. For
example, the GDF5 variant GDF5™**'* causes BDA2 due to an
mmpaired BMPR1B binding [11,16]. Vice versa, specific mutations
in BMPRIB are associated with BDA2 [35]. Compared to BDAI,
where all middle phalanges are affected and distal symphalangism
can occur, BDA2 is characterized by short or absent middle
phalanges only of the second and sometimes fifth finger. BDC
comprises features of BDA1 and BDA2 and primarily affects the
middle phalanges of the second, third and fifth fingers and the first
metacarpal bone. Interestingly, the molecular reason for BDC is
functional haploinsufficiency of GDF5 [21]. The implication of
GDF5 in chondrogenesis and joint formation can finally be
highlighted in connection with osteoarthritis (OA; MIM
#165720), the most common form of late-onset destruction of
articular cartilage in synovial joints nowadays [36]. Among various
genetic loci, GDF5 has been discovered as the most consistent and
robust risk factor of OA, whereby decreased Gdf5 mRINA levels
have been found to account for a murine OA-like phenotype [36—
38]. Furthermore Masuya et al. identified a Trp to Arg transition
in a large ENU mutagenesis screen, which was described to impair
joint formation and thereby cause OA [39]. This mutation
(p.-W408R) is the mouse homologue to the GDF5"*'*® mutation
we described in this work. Therefore, understanding the biology of
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GDF5"*'*R might also give insights into the pathophysiology of
OA.

In summary, we revealed that GDF5 , in contrast to wild
type GDF5, loses the BMPRIA signaling route and at the same
time increases the alternative signaling via BMPRIB in the
presence of NOG. Therefore, the reduced sensitivity of W414R to
Noggin and its reduced interaction with BMPR1A do not actually
“neutralize” each other, but lead to a mishbalance of BMPR 1A and
BMPRI1B signaling. Hence, our study assembles another part of
the molecular puzzle how loss and gain of function mutations in
GDF5 affect bone development in hands and feet and result in
specific types of brachydactyly and SYNS2.

W414R

Materials and Methods

Clinical investigation and molecular analysis

All clinical investigations have been performed according to
Declaration of Helsinki principles. The study was approved by the
local institutional review board “Ethikkommission der Charité -
Universititsmedizin Berlin”. Informed consent for genetic testing
was obtained from the patient or their legal guardians respectively.
Genomic DNA of affected family members were extracted from
peripheral blood samples by standard methods. The coding
regions of NOG and GDF5 as well as the flanking intronic
sequences were amplified by standard PCR protocols. The primer
sequences and PCR conditions for the molecular testing were
previously described [20,30]. PCR products were analyzed on 2%
agarose gels. Sequencing was done using the ABI Prism BigDye
Terminator Sequencing Kit (Applied Biosystems) with PCR
primers used as sequencing primers. Products were evaluated on
an automated capillary sequencer (Applied Biosystems).

Chicken micromass cultures

Cloning of the coding sequences of chicken GDF5 and NOG into
RCASBP)A or RCAS(BP)B, respectively was previously described
[15]. Mutations (GDF5“*'"*® = GDF5**¢ GDF5™'%) were
mntroduced into the coding sequence of chicken GDF5 in pSLAX13
by i wtro mutagenesis. Primer sequences are available in the
supplement (Table S1). Production of viral supernatant in DF1 cells
and concentration of viral particles was performed as described
previously [40]. Fertilized chicken eggs were obtained from VALO
BioMedia GmbH (Osterholz-Scharmbeck, Germany) and incubated
at 38°C in a humidified egg incubator for 4.5 days. Micromass
cultures were plated in a drop containing 2x10° cells. Infection was
performed with concentrated viral supernatants: RCASBP(A)
containing cDNA encoding chicken wild type GDF) and the GDF5
mutants GDF5""7 R GDF5™%C and GDF5*'™* with a tter of
1x107 plaque forming units (PFU)/ml. RCASBP(B) containing the
c¢DNA encoding chicken wild type NOG was applied with a titer of
2,5%10° PFU/ml. Culture medium containing DMEM-F12 (Bio-
chrom), 10% FBS (Biochrom), 0,2% chicken serum (Sigma), 2 mM
L-GIn (Lonza), 100 U/ml penicillin, and 100 ug/ml streptomycin
(Lonza) was replaced every 2 days. For each condition, three
replicates were performed in parallel. Quantification of Alcian blue
dye was performed at 595 nm after extraction with Guanidin-HCI.

Recombinant proteins
Recombinant human (rh) GDF5 and its variant thGDF5"V*!*®
were dissolved in 10 mM HCI and provided by Biopharm GmbH.

BlAcore binding assay
The BIA2000 system (Biacore) was used to analyze the binding

affinities of recombinant human GDF5 and its variant
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GDF5W*"R 6 immobilized NOG and ectodomains of BMPR1A,
BMPR1B and BMPR2, as previously described [16].

Luciferase activity assay

Coding sequences of human GDF5 and mouse Bmpria and
Bmprlb were cloned into pSLAX13. Mutations (GDF5"*'"*R,
GDF3R%9C GDF5™'%) were introduced into the coding
sequence of human GDF)5 in pSLAX13 by i vitro mutagenesis.
Primer sequences are available in the supplement (Table SI).
Inserts were subcloned into pCS2+ via Clal.

Luciferase reporter gene assays were performed using the
murine fibroblast cell line NIH/3T3 (ATCC) which was
maintained in DMEM high glucose (Lonza) with 10% FCS
(Biochrom), 2 mM L-GIn (Lonza), 100 U/ml penicillin, and
100 ug/ml streptomycin (Lonza). Prior to transfection, cells were
seeded in a 96-well plate at a density of 1x10* cells per well. BMP
receptors and GDF5 constructs were transfected for 40 hours
together with the Smad Binding Element luciferase construct SBE-
pGL3 [41] and the normalization vector pRLTk (Promega) using
Lipofectamine 2000 (Invitrogen). Luciferase activity was deter-
mined as described previously [42].

Mouse micromass cultures

Limb mesenchymal cells were isolated from stage E13.5
embryos resulting from matings of C57BL/6, Bmprlb™!*™!
heterozygous or homozygous knock-out mice on a C57BL/6
background [43]. Mouse embryos were genotyped using primers
for Bmprlb and neomycin (Table S2), if applicable embryos were
pooled according to their phenotypes. Isolation of mouse
micromass cells was performed as described for chicken micromass
cultures with minor modifications. For mouse micromass cultures
no additional chicken serum was used. After 24 h mouse
micromass cultures were stimulated with 5 nM of recombinant
human wild type GDF5 and GDF5“V*'*},

Whole mount in situ hybridization

C57BL/6 mouse embryos were harvested at stages E11.5-13.5
and fixed in 4% PFA. Whole mount i situ hybridization was
performed as previously described [44].

DIG-labeled RNA antisense-probes were generated by in
vitro transcription using the coding sequences of mouse Bmprla,
Bmprlb and Nog as a template. The probe for mouse Gdf5 was
previously published [45]. Signal detection was performed with
BMPurple (Roche). 3D imaging of labeled limbs was done by
optical projection tomography (OPT) scans as previously
described [46].

Statistics

Statistical analyses were performed using a two-tailed Student’s
T-test. Results are presented as mean = SEM. P values of less than
0.05 were considered significant.

Supporting Information

Figure S1 Wild type and mutant GDF5 transcripts are
expressed at comparable levels in chicken micromass cultures.
Chicken micromass cultures were infected with empty
RCASBP(A) as control and RCASBP(A) containing the cds of
cither wild type GDF5 or the GDF5 variants (GDF5'V*/*
GDF5™%¢ GDF5"*™). After SDS-PAGE under non-reducing
(GDF5) and reducing (ACTIN) conditions and subsequent
Western Blot, GDF5 and ACTIN were detected at comparable
levels using specific antibodies.

(TIF)
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Table S1 Primers used for site-directed mutagenesis. In vitro
mutagenesis of GDF5 mutations (GDF5W414R, GDF5R*¢,
GDF5"*'8) into the coding sequences of chicken GDF5 and
human GDF5 were carried out by using the following primers.

DOC)

Table $2 Primers used for mouse genotyping. Genotyping of
Bmprib wild type (Bmprl b, heterozygous (Bmprl 5*7) and
homozygous (Bmprlb~’~) mouse embryos for mouse micromass
assays was carried out using the following primers.

(DOC)

Text S1 Materials and Methods for anti-GDF5 Western blot.
(DOC)
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3.3 Second paper: “Digit patterning is controlled by a Bmp-
Sox9-Wnt Turing network modulated by morphogen
gradients”

This paper provides molecular evidence that a Turing network involving Bmp, Sox9 and Wnt
genes controls digit specification in the mouse limb. To pinpoint the candidate genes for the
Turing network | used several different experimental techniques: live imaging of Sox9-EGFP
micrass cultures, gene expression microarray analysis of differential gene expression between
Sox9-positive and Sox9-negative cells, time-course of gene expression patterns and
immunohistochemistry of signaling pathway activities. Together with mathematical modeling,
these experiments contribute to the elaboration of a Turing network consisting of Bmps Sox9
and Wnts for the specification of the digits. | also show that the effect of perturbations predicted
by the model agrees with the perturbations performed in limb cultures treated with BMP and
WNT signaling inhibitory drugs.
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4. DISCUSSION

Digit patterning in the vertebrate limb has been interpreted in the light of two alternative
models: the Positional Information and the reaction-diffusion Turing model. The Positional
Information model has been vastly supported by classical ZPA grafting experiments and
perturbations of the SHH signaling pathway. However, limb re-aggregation experiments and the
Shh/Gli3 double mutant, showed that digit specification is independent of Shh and may be
instead controlled by a reaction-diffusion Turing model. Recent work has shown that Hoxd
genes modulate the wavelength of the Turing mechanism that specifies the digits; nevertheless
the diffusible molecules that implement the Turing network have not yet been identified.

This thesis provides experimental evidence that a Turing network implemented by Bmps, Sox9
and Wnts (the BSW model) controls digit specification. From a broader point of view, this study
provides an example of a systems biology approach to identify and evaluate Turing networks
that may underlie spatial patterning during development.

In the first part of this discussion | will examine the four aspects of our strategy, that combines
experiments and modeling, which have been crucial to identify the Turing network. In the
second section, | will discuss in more detail the role of the BMP and WNT signaling in our
model. In the third section, | will reconcile the role of SHH with the BSW model and re-
interpret previous models for digit specification based on the Shh positional information
gradient. Finally | will discuss the future directions of this study and propose an integrative view
on digit specification that coordinates patterning by a Turing mecanism, signaling gradients and
growth.
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4.1 The strategy to identify Turing molecules

4.1.1) Analysis of the early patterning process

Narrowing my analysis to the earliest time that showed a periodic digit pattern, which |
identified as E11.5, | ensured that the experiments focused only on the first molecular patterning
process and ignored later differentiation events. In contrast, previous studies have analyzed the
skeletal pattern at late stages, with markers like Col2al or skeletal preparations, when the
pattern has already been formed and cartilage has started to differentiate (from E12.5 onwards).
This is useful to study the overall development of the skeleton but it can be potentially
misleading to describe the early digit patterning process, since the pattern may have been
modified by subsequent events. For example, a digit can be patterned correctly at early stages
but can be missing at later stages due to lack of progenitor cells or impaired differentiation.
Even genes that are expressed slightly later than the first markers are not an ideal choice to
study the dynamics of early digit patterning. A previous study (Zhu et al., 2008) for example,
analyzed the expression of Noggin to conclude that the digits were specified in the following
order: digit 4 first, then digit 2, then digit 5 and finally digit3 and digit 1. This observation
contrasts with the detailed 3D Sox9 expression time course presented in section 3.1.1, which
reveals that the digits are specified in the following order: first digit 4, than digit 3 and 2
simultaneously , than digit 5 and finally digit 1. Since it is known that Noggin is expressed later
than Sox9 (Zehentner et al., 2002, Akiyama et al., 2002), it is probable that Noggin is not
depicting the earliest skeletal pattern and shows an order of digit formation that is not directly
connected to the order of specification. Curiously, the authors of the same study (Zhu et al.,
2008) compared the expression of Noggin and Sox9 and did not observe any difference in the
order of digit specification. This suggests that the analysis of in-situ hybridization by OPT can

depict differences that are not easily detectable with classic 2D imaging techniques.

4.1.2) Combination of high throughput and theoretical analysis

A second important aspect to identify the candidate Turing molecules was to combine modeling
predictions with a high throughput analysis. Previous theoretical studies have shown that two

different classes of models can implement a Turing mechanism: the Activator-Inhibitor model
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and the Substrate-Depleted model. These two simple topologies are implemented by two
diffusible molecules that can form either overlapping periodic patterns (in phase), or opposite
periodic patterns (out of phase). To find candidate Turing molecules, | therefore screened for
genes or proteins that were expressed or active in a pattern that was overlapping or contrary to
the pattern of Sox9. The screening was performed with a high throughput comparative analysis
and was refined by analyzing gene expression patterns and pathway activities. Importantly, |
focused the comparative analysis at E11.5, the stage that I previously identified as the earliest
moment that showed a periodic digit pattern. This increased my confidence that the candidate

molecules were involved in the establishment of the Sox9 periodic pattern.

My initial aim was to group the results of the microarray data by signaling pathways. The
number of differentially expressed genes in each group reflected the importance of each
pathway in the patterning process. Successively, | analyzed the expression patterns of the best
gene candidates with time course in situ hybridizations centered on stage E11.5. The gene
expression patterns were used as a second level of verification to narrow down the results of the
microarray. Indeed, the differential expression in the microarray was a necessary but not
sufficient condition for an expression pattern completely in-phase or out-of-phase with Sox9.
Some false positive are inevitable since genes that appear differentially expressed in Sox9
positive or Sox9 negative cells can be expressed only in sub-populations. For example, a gene
that is differentially expressed in Sox9 negative cells can be expressed only under the apical
ectodermal ridge. The overall analysis revealed that the BMP and WNT pathway had the

highest number of genes expressed in phase or out-of-phase with Sox9.

An obvious question that was necessary to answer before further investigation of the Turing
network was if Sox9 itself was part of the feedbacks of the Turing mechanism, or it was a
downstream readout. The experimental evidence from previous studies favored the former
hypothesis. Firstly, when Sox9 was conditionally inactivated in the limb all the genes that
reflected a digital or inter-digital pattern lost their normal periodic expression (Akiyama et al.,
2002). If Sox9 was only downstream of the Turing mechanism, it would be possible to see genes
that reflect the periodic expression even in the absence of Sox9, which is not the case. Secondly,
extra digits were formed when Sox9 was misexpressed in chick or mouse (Akiyama et al., 2002,
Healy et al., 1999). Again if Sox9 would be only a downstream gene, by definition it would
only reflect the final pattern and should not be able to alter it. To further confirm that Sox9 was
part of the Turing network, | performed micromass cultures experiments with Sox9-positive and
Sox9-negative FACS-sorted cells from E11.5 Sox9-EGFP limb autopods. | could observe that
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the micromass cultures formed a periodic Sox9 pattern even when initiated with Sox9-positive
or with Sox9-negative cells. This meant that cells of E11.5 autopods (where the periodic Sox9
pattern was already visible) were still able to dynamically up-regulate or down-regulate Sox9 to
create a periodic chondrogenic pattern. This degreed of plasticity and self-regulation is
consistent with the idea that Sox9 is part of Turing network and it is more difficult to reconcile
with the idea that Sox9 is a downstream marker. In summary, the detailed analysis of the Sox9
expression patterns together with the high throughput analysis, the gene expression time-courses
and analysis of the distribution of the active pathways supported the hypothesis that the Turing

network which controlled digit patterning was implemented by Sox9, Bmps, and Wnts.

4.1.3) A realistic computational model of digit patterning

A third aspect that was crucial to characterize the Turing network was to develop a
computational model of digit patterning. In contrast to previous theoretical studies that
developed Turing models with only two diffusible molecules, we developed a 3-node model
with two diffusible nodes implemented by Bmp and Whnt signaling and one non-diffusible node
implemented by Sox9. The choice of building a 3-node model was motivated by the observation
that a more detailed model would be easier to relate to the experimental data. A systematic
theoretical analysis of all possible interactions between Bmp, Sox9 and Whnt, revealed that 19
different 3-node topologies were able to form a Turing pattern and were consistent with the
known interactions between Sox9 and Bmp on one side and Sox9 and Whnt signaling on the
other. The theoretical analysis also showed that each of the 3-node topologies formed different
in-phase and out-of-phase patterns that reflected the patterns formed by the two simplest Gierer-
Meinhardt models: the Activator-Inhibitor model or the Substrate-Depleted model. This
suggested that although the two classical Gierer-Meinhardt models are interpreted as a set of
chemical reactions (e.g. depletion of a substrate), the same Turing mechanisms could be
extended in a number of different ways depending on the positive and negative interactions
between the nodes of the network. Only five of the 19 topologies identified by the analysis
produced a Sox9 pattern that was out of phase of Bmp and Wnt patterns as observed in the
experimental data. Among these topologies, two had a very small Turing parameter space and
therefore were not consistent with the high robustness shown by the real digit patterning
process. The BSW model was chosen among the three remaining topologies as the simplest

network that did not required any cross-regulation between Bmp and Wnt signaling.

81



The BSW topology can be related to a Substrate-Depleted model by observing that the Wnt and
the Sox9 node act together as the “activator”, while the Bmp node act as the “substrate”, see
Figure 38. Indeed, the mutual inhibition between Wnt and Sox9 implements the necessary auto-
activation associated with the activator node, while the positive interaction from Bmp to Sox9
and the negative interaction from Sox9 to Bmp underlies the promotion of the activator and the
consumption of the substrate respectively.

‘09’
T

(@—o—&

Figure 38. The BSW model relates to a Substrate-Depleted topology.

A

A) The Substrate-Depleted topology is implemented by a diffusible activator (A) that activates itself and
consumes its diffusible substrate (S). B) The mutual inhibition between Wnt and Sox9 (red lines) is
equivalent to the autoactivation of the activator (red arrow in A), therefore Wnt and Sox9 togheter play
the role of the activator. Bmp plays the role of the substrate, since it shares with Sox9 the same

interactions shown between the substrate and the activator in the simple Substrate-Depleted model.

If Wnt diffuses less than Bmp, these interactions create out-of-phase patterns similar to the one
created by the Substrate-Depleted model where the negative feedback from Sox9 to Bmp can
explain why the Bmp and the Sox9 pattern are out of phase despite the positive effect of BMP
signaling on Sox9. A realistic two-dimensional simulation of digit patterning, further
demonstrated that the BSW model can reproduce the experimental digit pattern of Sox9 and the
opposite Bmp expression and Whnt signaling activity patterns. This simulation strengthened the
hypothesis that the BSW model controlled digit patterning and represented an ideal starting

point to predict the effect of perturbations.

Nevertheless, the other two networks identified by our theoretical analysis could also explain

the formation of opposite patterns of Sox9 and Bmp/Wnt, (Figure 39).
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Figure 39. The three alternative topologies for the BSW model.
1)The topology chosen for the BSW model as the simplest network that does not required any cross-
regulation between Bmp and Wnt signaling. 2-3) The two other topologies with cross-regulations

between Bmp and Wnt signaling (red lines) that can form opposite patterns of Sox9 and Bmp/Whnt.

In these cases however, the out-of-phase patterns are formed by other mechanisms that depend
on the cross regulatory interactions between Wnt and Bmp rather than on a negative feedback
from Sox9 to Bmp. Since previous studies have highlighted a cross-talk between the Bmp and
the Wnt pathway during limb development (Guo and Wang, 2008, Knobloch et al., 2007,
Church and Francis-West, 2002), these two networks represent alternative plausible Turing
models that may control the digit patterning process. However, designing experimental
perturbations that will allow distinguishing which of the networks fits better the experimental
data is not straightforward. This is due to the fact that the BSW model and the other two
networks share similar feedbacks. Indeed, preliminary theoretical analysis suggests that simple
down-regulations or up-regulations of Bmp or Wnt signaling will have similar effects in all the
three models. For example, in all three cases an up-regulation of BMP signaling would results in
Sox9 up-regulation and Whnt signaling down-regulation. The first effect is mediated by a direct
positive interaction from Bmp to Sox9 in all three models. The second effect however is
mediated by different interactions depending on the model: in the BSW and in the third model it
is mediated by the Sox9 node, while in the second model it is mediated by a direct negative
interaction from Bmp to Wnt. Nevertheless, the effects on the final patterns would be
indistinguishable. A possible way to distinguish between these three models would be to
accompany Sox9 inactivation/reduction with the Wnt or Bmp signaling perturbation. By
analyzing Bmp expression or Wnt signaling levels, it will be possible to distinguish if the

feedbacks between Wnt and Bmp are mediated by Sox9 or by direct interactions.
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4.1.4) Analysis of the patterning dynamics upon perturbations

A fourth and last important aspect of the strategy presented in this study was the experimental
set-up used to validate the Turing network. Because Turing networks are implemented by a set
of incoherent feedbacks, it is usually difficult to predict the effect of perturbations without the
use of modeling. Therefore, the best way to evaluate a Turing model is usually to compare the
patterning dynamics predicted by simulations with the patterning dynamics observed upon
experimental perturbations. However, performing and monitoring experimental perturbations
during mouse development is challenging. This is due to two main problems: firstly because the
mammalian embryo is difficult to access and has a low viability in culture, secondly because
mouse development shows a high degree of redundancy/robustness which often results in no
phenotypic changes when single genes are perturbed. An example of redundancy during limb
development is showed by the fact that single Bmp knock-outs have almost no effect, while
double knock-outs lead to loss of digits. To address these problems, | chose to perform
experiments in Sox9-EGFP limb cultures and to apply perturbations using pharmacological
inhibitors and bead experiments. By culturing E11.5 Sox9-EFGP limbs, | could observed that in
the first 48h, although the growth of the limb was slightly reduced, the formation of the Sox9
periodic patterns reflected the digit patterning process observed in wild type limbs until E12.5.
Thus, I used this in-vitro culture system to study the effect of different perturbations on digit

patterning.

The BSW model predicted that the promotion of Sox9 by Bmp and the inhibition of Sox9 by
Wnt were integrative parts of the Turing network and were required for digit patterning. Indeed,
the inhibition of Bmp or Wnt signaling in the model predicted a loss of digits with low levels of
and high levels of Sox9 respectively. Importantly, in the second case, the model predicted that
the homogenous high expression of Sox9 was obtained by a progressive expansion of each digit
that eventually fused into one domain of Sox9 expression. To perform similar perturbations in
limb cultures, rather than applying ectopic extracellular protein inhibitors or using a genetic
approach, | decided to use inhibitory drugs that prevented signaling. This choice had three main
advantages: firstly, | could challenge the redundancy/robustness of the patterning system by
targeting the activity of all the BMPs and all the WNTSs, secondly | could apply the
perturbations by simply adding the drugs into the limb culture medium and thirdly | could easily
apply the WNT and BMP signaling inhibitors simultaneously. The close correspondence
between the Sox9 patterns predicted by the model and the Sox9-EGFP patterns observed in the

experimental perturbations strongly supported the idea that the BSW model controlled digit
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patterning. In particular, the progressive expansion of each digit in the case of WNT signaling
inhibition confirmed the idea that the inter-digital regions were established by high WNT
signaling activity that inhibited Sox9. Moreover, the simultaneous inhibition of both WNT and
BMP signaling promoted a Sox9 pattern re-arrangement that resulted in olygodactily with larger
digits. These patterning dynamics are naturally predicted by a change in Turing wavelength and

are more difficult to reconcile with a Positional Information model.

Although the pharmacological inhibitors clearly confirmed the involvement of BMP and WNT
signaling in the BSW network, the identity of the main Bmp and Whnt ligands remains to be
elucidated. In the case of BMPs, the striking out-of-phase patterns between Bmp2 and Sox9
suggests that Bmp2 may play the most important role. This was also confirmed by the
implantation of BMP2-soaked beads in limb culture, that in agreement with model predictions
up-regulated Sox9 and down-regulated Bmp2 expression. However, previous studies have also
shown that Bmp4 and Bmp7 have a positive influence on Sox9 (Hoffman et al., 2006, Shea et
al., 2003). Moreover, it has been shown that Bmp heterodimers can also signal through the
canonical BMP pathway (Nishimatsu and Thomsen, 1998, Schmid et al., 2000). It is therefore
possible that all three Bmps are playing an important role and a more detailed molecular model
will be required to explore this hypothesis. This is further discussed in section 4.4.2. In the case
of WNTs, my preliminary analysis showed that only the ectopic application of WNT3a in
micromass and limb cultures was able to inhibit Sox9. This is consistent with previous studies
(ten Berge et al., 2008) that have shown that WNT3 signaling from the ectoderm represses the
expression of Sox9 in the mesenchyme of the limb. The role of Bmps and Wnts is further

discussed in details in the next two sections.

4.2 The role of BMP and WNT signaling in the BSW model

4.2.1) The role of Bmps

In this study | provided experimental evidence for a new role for the BMP signaling pathway as
a component of the Turing network that specifies the digits. This new role extends the other
BMP signaling roles described in previous studies. In particular, it has been described that BMP
signaling controls inter-digital apoptosis (Ganan et al., 1996, Zou et al., 1997, Bandyopadhyay
et al., 2006), it is important for the SHH-GREM-FGF feedback loop that controls outgrowth

(Bénazet et al., 2009) and that it induces chondrogenesis and regulates skeletogenesis, for
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review see (Yoon and Lyons, 2004, Bandyopadhyay et al., 2006). The question that naturally
arises is how one signaling pathway can achieve so many different functions. The answer to this
question seems to lay in the complex details of the BMP pathway: the spatio-temporal
regulation of the expression of Bmp genes, the sharing of the same receptors by many different
BMP ligands (as well as other structurally related morphogens such as TGFbetas, and
Activins/Inhibins) (Mueller and Nickel, 2012) and to some extent the BMP functional
redundancy (Bandyopadhyay et al., 2006, Karsenty, 2003). The proposal that Bmps act as a
node in the BSW network is nevertheless in agreement with the experimental evidences
presented in previous studies. It has been shown that Bmps are necessary for the initiation of
chondrogenesis (Capdevila et al., 1999, Pizette and Niswander, 2000) and that they directly
activate Sox9 (Pan et al., 2008, Zehentner et al., 1999). This strongly supports the involvement
of BMP signaling in the early digit patterning process. In addition, it has been shown that
disruption of BMP signaling through conditional inactivation of the BmprlA receptor or Smad4,
results in lack of Sox9 in the autopod and in complete absence of the digits (Ovchinnikov et al.,
2006, Bénazet et al., 2012). Furthermore, conditional Bmp2/Bmp4 double mutants lack the two
most posterior digits due to loss Sox9 expression (Bandyopadhyay et al., 2006).

In this study | also showed that among the three Bmps expressed in the limb, Bmp2 is the only
one that shows an out-of-phase expression pattern with Sox9 at all stages of digit patterning. As
I mentioned in the previous section, this strongly suggests that Bmp2 plays an important role in
the BSW network, however the fact that conditional Bmp2 mutants do not show any digital
phenotype (Bandyopadhyay et al., 2006) suggests that other Bmps may act redundantly
(Bandyopadhyay et al., 2006, Karsenty, 2003). Moreover, it is possible that the digit patterning
robustness observed in Bmp2 mutants could be explained by an extended BSW Turing that
includes other ligands that are structurally similar to BMPs, such as Activins and Tgf-Bs since
they modulate the BMP/SMAD-signaling as well (Montero et al., 2008).

The involvement of BMPs in the control of interdigital apoptosis is occurring at later stages
(around E12.5-E13.5) after the digits have been specified (Pajni-Underwood et al., 2007) and
therefore it is not temporally interfering with the role of Bmps in the BSW network. However,
BMP signaling has also been proposed to participate in the SHH-GREM-FGF loop that controls
growth from E10.5 to E12.0, and in particular, it has been described that a maintenance of a
constant low BMP activity during early development is necessary for limb bud outgrowth. It
was recently proposed that while SHH specifies the digits during limb outgrowth, a final raise in

BMP activity is necessary to permit commitment of digit progenitors to chondrogenesis (Lopez-
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Rios et al., 2012, Bénazet et al., 2009). This was proposed to be achieved by two different
mechanisms, one acting in the posterior region of the limb and one in the anterior (Lopez-Rios
et al., 2012). First, the termination of the SHH-GREM1-FGF loop around E12.0 inhibits Grem1
expression in the posterior part of the limb, which leads to the rise of BMP activity posteriorly
resulting in the commitment to chondrogenesis of the posterior digits (Lopez-Rios et al., 2012,
Bénazet et al., 2009). On the other hand it was also shown that Gli3 is necessary to reduce
Greml expression in the anterior part of the limb, so that the final raise of BMP can induce
digits anteriorly (Lopez-Rios et al., 2012). How does the BMP role in the SHH-GREM1-FGF
feedback loop fit with our BSW network?

As | have described in section 1.2.5, experimental evidence shows that SHH is dispensable for
digit specification, while its main role seems to be the control of the AP-expansion and digit
identities (Litingtung et al., 2002). The work presented in this thesis has shown evidence that
digit specification is under the control of the BSW network where the main role of BMP
signaling is to promote Sox9. However, previous studies on the SHH-GREM1-FGF loop have
suggested that GREML1, a main antagonist of BMP, is high during early limb development and
allows BMP activity to rise only while the SHH-GREM1-FGF is in its termination phase and
GREML1 is reduced (around E12.0). This contrasts with the idea that BMPs participate in the
BSW that specify the digits before E12. There are several possibilities that could explain how
the role of BMPs in the BSW network can be reconciled with the SHH-GREM1-FGF feedback
loop. A first plausible explanation is that the low BMP activity necessary for the maintenance of
the FGF expression in the AER (Bénazet et al., 2009) is sufficient to fulfill the role of BMPs in
the BSW network. Indeed, it was suggested that only a minimal threshold of BMP signaling is
necessary for the induction of chondrogenesis (Bandyopadhyay et al., 2006). Another possibility
is that different BMPs are involved in different functions during limb development. It has been
shown that BMP4 is the ligand that influences the most the SHH-GREM1-FGF feedback loop
(Bénazet et al., 2009), therefore other BMPs (E.g. BMP2) could instead participate in the BSW
network. Another possibility is that the low BMP4 activity is required only in the most distal
part of the mesenchyme to maintain the AER, while higher BMP activity in the core
mesenchyme could participate in the BSW network to induce Sox9 expression. This hypothesis
fits with the distal expression of Bmp4 during digit specification and with the expression of
Greml, which is located in the ventral and dorsal mesenchyme but not in the core mesenchyme
(see Figure 30 and 33). Finally, it is also possible that the rise of BMP activity from the
posterior part to the anterior part of the limb (Lopez-Rios et al., 2012) is in reality starting

earlier than expected, that is as soon as digit 4 is visible in the posterior region of the limb
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around E11. This is in agreement with the BSW model that shows a posterior to anterior
formation of the digits which depends on BMP signaling. This also suggests that the SHH-
GREM1-FGF feedback loop could coordinate patterning and growth. This is discussed in more
detail in section 4.4.1.

An aspect of BMP signaling that needs to be explored in future studies is the role of the non-
canonical MAPK/p38 pathway for the induction of Sox9. Previously it has been shown that p38
MAPK act as positive regulator of chondrogenesis (Oh et al., 2000, Yoon et al., 2000) and is
necessary for Sox9 transcription (Pan et al., 2008). It would be interesting to analyze the spatial
distribution of phosphorilated p38 as it was done for pSMAD1/5/8. This will show if the two
pathways share the same distribution or underlie different regulations of BMP signaling. In
addition, specific inhibition of the MAPK/p38 could be performed in Sox-EGFP limb cultures.
Finally, a previous study in chick mesenchymal cells (Jin et al., 2006) proposed that a BMP/p38
signaling down-regulates Wnt-7a and decreases active B-catenin levels resulting in Sox9 up-
regulation. This suggested a possible crosstalk between BMP and WNT signaling that act as
positive and negative regulators of chondrogenesis to regulate Sox9 (Jin et al., 2006). A future
direction would be to explore if this cross-talk implement a more complex and robust Turing

network.

4.2.2) The role of WNT signaling

Contrary to the Bmp node, that reflects Bmp2 expression, the Wnt node in the BSW model
represents the active WNT ligand. During limb development, WNT signaling is important for
the establishment of the dorso-ventral polarity (Riddle et al., 1995) and for the induction and
maintenance of the AER (Kawakami et al., 2001). Moreover canonical-WNT signaling from the
ectoderm was shown to be necessary for the restriction of Sox9 expression to the core
mesenchyme and necessary for the commitment of cells underling the ectoderm to connective
tissue lineage (ten Berge et al., 2008). In addition to these WNT roles, | proposed a new role for

WNT ligands as part of the reaction-diffusion BSW network that specifies the digits.

The periodic interdigital WNT signaling pattern in our model is directly related with the
interdigital distribution of active B-catenin revealed by immunohistochemistry analysis. The
BSW model suggests that WNT signaling is not only restricting chondrogenesis to the core of

the mesenchyme, but also restricts the expression of Sox9 to the digits. Therefore, when |
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inactivated WNT ligand secretion with the IWP2 inhibitor in limb culture, Sox9-EGFP
expression was expanded in the interdigits fusing in a broad Sox9-EGFP expression which
covered the whole autopod. This result is in agreement with previous studies that show how (-
catenin inactivation results in the over-expression of Sox9 in the whole limb (Hill et al., 2005).

By applying different WNT ligands in limb culture, | have proposed that the main WNT ligand
involved in the BSW network could be WNT3. Although this gene is expressed in the ectoderm,
previous studies have shown that ectodermal Wnts can indeed regulate gene expression in the
mesenchyme, eg. Wnt7a activates Lmx1b in the dorsal half of the mesenchyme (spanning from
the sub-ectodermal tissue, to the core of the limb bud) (Riddle et al., 1995). Nevertheless the
exact mechanism by which WNTs signal to the mesenchyme is still unknown. Further
experiments are necessary to investigate the effect of WNT3 as part of the BSW network.
Previous studies have shown that conditional inactivation of Wnt3 in the ectoderm with the
Msx2-Cre promoter or inhibition of its secretion by conditional inactivation of Porcupine with
the same Cre-line, leads to limb bud truncations due to disruption of the AER (Barrott et al.,
2011, Barrow, 2006). To study the role of Wnt3 on digit patterning, it would be therefore
necessary to remove Wnt3 with a conditional Cre line that would not affect the induction of the
AER by WNTs, permitting limb outgrowth. Another possible way to investigate the action of
WNT3 would be to analyze its distribution in the limb mesenchyme, which will depend on the
availability of good antibodies that are currently missing. Besides the analysis of Wnt3, a more
detailed screening would also be necessary to investigate role of other WNT ligands in the BSW
network. As in the case of BMPs, it is possible that WNTs are acting redundantly to add
robustness to the BSW network. WNT14 for example is another good candidate as it is
expressed in the interdigital mesenchyme of chick wings at day 5 (similar to mouse E11.5) and
signals through the WNT/canonical pathway (Hartmann and Tabin, 2001, Guo et al., 2004).
WNT14 is also expressed in the inter-joint region and is able to repress chondrogenic markers
such as Sox9, Col2al, Noggin and Aggrecan so that synovial joint formation can proceed
though activation of a different set of joint markers such as Gdf5 and autotoxin, see (Hartmann
and Tabin, 2001). Since WNT14 can repress Sox9 in the joint region, it would be interesting to
explore its interdigital activity at early stages. Nevertheless, the microarray analysis presented in
this study did not show any differential expression of Wnt14 in Sox9-negative cells. In addition,
previous studies suggest that in the mouse Wnt14 expression is not the interdigital during early
limb development as compared to chick (Guo et al., 2004). However it is still possible that
Wnt14 could be involved in the BSW network and that regulation of its activity rather in its

expression play the important role in the Turing mechanism.
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In this study, | have also analyzed the effect of WNT7a and WNT5a soaked beads in limb
culture and showed that they did not have an inhibitory effect on Sox9-EGFP. Nevertheless,
Wnt5a null mutants present a very similar phenotype to the one observed when WNT signaling
is inhibited with IWP2: the formation of very broad digits. Therefore, despite the outcome of the
bead experiments (which may depend on technical reasons), WNT5a is a possible candidate for
the BSW network. However, this hypothesis is not supported by two observations. First,
WNT5a signals through the non-canonical WNT pathway (namely Ror2 and JNK (Topol et al.,
2003, Westfall et al., 2003, Gao, 2012) and it was proposed that it promotes B-catenin
degradation in the distal limb (Topol et al., 2003). Therefore, WNT5A could not be responsible
for the activation of B-catenin in the interdigits but rather seems to allow for the expression of
Sox9 in the distal region (Topol et al., 2003). The second observation is that Wnt5a is mainly
known to control cell movements by regulating the planar cell polarity (PCP) pathway to drive
the correct elongation during limb morphogenesis. Indeed, it has been proposed that the distally
truncated digits in the Wnt5a null mutant are due to changes in chondrocyte elongation (Gao et
al., 2011). In contrast to these studies, when I inhibited WNT signaling in limb cultures with
IWP2, | observed strong distal over-expression of Sox9-EGFP. Therefore the phenotype
observed in my experiments does not seem to be due to morphological changes of the
chondrocytes, but rather as | proposed in my second article to an alteration of the BSW network.
To strengthen this conclusion, a careful quantification of the morphology of the limb, as
presented in (Gao et al., 2011), should be performed after WNT signaling inhibition. It will also
be important to inhibit WNT signaling with other drugs that are specific for B-catenin like 2,4-
diamino-quinazoline (Chen et al., 2009) or PKF115-584 (Lepourcelet et al., 2004). In the
current study | have inhibited WNT signaling with IWP2 that prevents secretion of all WNTs
and therefore it is likely to interfere also with Wnt5a signaling.

The role of Wnt7a should also be investigated in more in detail. However, a previous study
(Tufan and Tuan, 2001) described that addition of WNT7a in micromass cultures inhibited
chondrogenesis but did not alter Sox9 mRNA levels. This is in consistent with my observation
that it does not alter Sox9-EGFP distribution and suggests that this WNT ligand may instead

mediate later chondrogenic differentiation events (Tufan and Tuan, 2001).
The interdigital inhibition of Sox9 by canonical WNT signaling together with previous studies

on Wnt-mediated cell adhesion, also suggest a possible link between digit patterning and the

control of digit condensation. Previous studies have shown that specific modifications of f-
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catenin can prevent the formation of membrane bound B-catenin-cadherins complexes that
promote cell-adhesion (Brembeck et al., 2006, Brembeck et al., 2004). It is therefore possible
that WNT signaling is not only promoting stabilization of B-catenin to inhibit Sox9 as proposed
by the BSW model, but may also simultaneously modify B-catenin to reduce cell-adhesion in
the interdigital tissue. This would suggest a mechanistic link between the initiation of
condensation and the patterning promoted by the BSW network. A similar mechanism has been
observed during cancer progression, where WNT signaling is associated to a decrease of cell
adhesion (Birchmeier et al., 1994). However, the specific control of the B-catenin modification
that prevents cell-adhesion in mesenchymal cells is still unkown. In the limb, it has been shown
that Sox9 binds to PB-catenin in the nucleus competing with B-catenin binding to TCF
transcription factors as well as promoting [-catenin proteasome-degradation (Akiyama et al.,
2004). In this way Sox9 promotes chondrogenesis and blocks B-catenin signaling and B-catenin-
mediated transcription of CyclinD1 which results in delayed proliferation and hypertrophic
chondrocyte differentiation. It could be interesting to explore if Sox9 or other genes induced
during early chondrogenesis promote binding of B-catenin to membrane bound cadherin to form
condensations. An important experiment to evaluate the overall mechanistic link between
condensation and patterning mediated by WNT signaling will be to analyze the distribution of
membrane bound (-catenin-cadherin complexes in the limb. High levels of 3-catenin-cadherins
in the digits would be consistent with previous studies in chick and in micromass cultures
(DeLise et al., 2000, Delise and Tuan, 2002b, Oberlender and Tuan, 1994b, Oberlender and
Tuan, 1994a, Denker et al., 1999, DeLise and Tuan, 2002a), that have suggested that N-cadherin
is involved in the process of cell-cell contact and cell-cell adhesion necessary for mesenchymal
condensations. However, while Ncadherin has been suggested to be a direct downstream target
of Sox9 (Panda et al., 2001) it does not seem to be expressed in the forming digits (Luo et al.,
2005). In agreement with this, my microarray analysis did not reveal any differential N-cadherin
expression in Sox9-EGFP positive cells. Moreover N-cadherin is not altered in Sox9-deficient
limbs that do not form mesenchymal condensations, suggesting that the regulation of cellular
adhesion by Sox9 may involve other molecules (Akiyama et al., 2002). Future work could

consist in defining which are these molecules and if B-catenin is involved in this process.

4.3 Shh and the BSW model

In the last two decades several studies have explained digit patterning with Positional

Information models based on the SHH morphogen gradient, (Riddle et al., 1993), for review see
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(Zeller et al., 2009). However, other studies have provided evidence for the dispensability of
SHH signaling for digit specification (Litingtung et al., 2002, Ahn and Joyner, 2004). In this
thesis | proposed that digit specification is instead controlled by a Turing network implemented
by Bmp, Sox9 and Wnt. Since SHH signaling is not included directly in the Turing network but
it has been shown that can influence digit specification, how does this important morphogen fit

with our model?

To answer this question it is important to first recapitulate the role of SHH in the control of
growth along the AP axis. It was shown that SHH signaling inhibits Gli3R repressor in the
posterior regions of the autopod (Wang et al., 2000). The inhibition of Gli3R is essential to
promote growth, since Gli3R directly inhibits expression of G1-S cell-cycle transition regulators
and constrains S phase entry of cells in the anterior region of the autopod (Lopez-Rios et al.,
2012). On the other hand, SHH signaling promotes growth by participating in the SHH-GREM-
FGF feedback loop that guarantees the coordinated outgrowth of the limb and the expansion of
Fgfs from the posterior to the anterior part of the limb. Although we did not explicitly model
Shh in the Turing network, part of the experimental data used to build the two dimensional
simulation of digit patterning implicitly included the effect of SHH signaling. First of all, the
simulation used a realistic limb growth map that was derived from experimental data. Therefore
the morphological changes promoted by Shh are implicitly included in the model. Secondly, our
simulation of digit patterning used experimental expression time course of Fgf4 and Fgf8 to
simulate a realistic FGF signaling gradient. In particular, the Fgf4 expression patterns were used
to map into the model the progressive expansion of the Fgf4-9-17 from the posterior to the
anterior part of the limb. This expansion is under the control of the SHH-GREM-FGF feedback
loop, therefore the effect of SHH signaling on the progressive posterior to anterior expansion of

Fgfs is implicitly included in the model.

Besides the control of AP expansion, it has been also proposed that SHH controls digit identity.
However recent studies have shown that this process seems to occur later in development when
the digital rays become condensed cartilage (Suzuki et al., 2008). Evidence also suggests that
the interdigit posterior to each digit provides positional information to the phalanx forming
regions at the digit tips which determines digit identity (Suzuki et al., 2008). This process is
probably mediated by BMP signaling which appears to controls the number, size and
morphology of the phalanxes in each digit. Previous studies have proposed that the cells in the
limb could retain a “memory”” downstream of SHH to control digit identity at later stages (Harfe

et al., 2004). In the light of current experimental evidence, such memory would be retained not
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by the digit progenitor cells but by the surrounding interdigit mesenchyme (Suzuki, 2013). This
memory could be either a direct downstream target of the SHH signaling or a separate signaling
pathway triggered by SHH. For example, it is well known that SHH signaling regulates the
expression of 5°"Hoxd genes in the autopod (Chiang et al., 2001, Ros et al., 2003), and that
Gli3R inhibits Hoxd gene transcription (Wang et al., 2000, te Welscher et al., 2002, Litingtung
et al., 2002). In addition, it has been proposed that Hoxd genes control the asymmetry of digit
identities in the autopod (Zakany et al., 2004). Therefore a possible way in which SHH may
control digit identities at early stages is through regulation of Hoxd gene expression that will in
consequence control the positional value assigned to the interdigits, possibly through regulation
of BMP signaling. This is in agreement with the evidence that Hoxd genes regulate transcription
of Bmp genes (Salsi et al., 2008, Knosp et al., 2004, Suzuki et al., 2004). The digit patterning
model presented in this study does not consider the specification of digit identities since the
simulations do not go beyond E12.5. However, it is interesting to observe that in our model Hox
genes, together with Fgfs, act as modulators of the Turing gene network to produce the correct
digit pattern. It is therefore possible that the SHH gradient could be included as a modulator in a
similar way to Fgfs/Hox to create different digit identities together with Hox. This suggests that
the BSW Turing network could specify the digits as a repetitive periodic fate while the SHH
positional information could act as modulator of the Turing mechanism to specify the different
digit identities. This hypothesis is consistent with the combination of a Turing mechanism and a

Positional Information model discussed in (Wolpert, 1989).

Nevertheless, the majority of the classic Shh Positional Information models that | reviewed in
this study, implicitly assumed that SHH signaling controlled both digit specification and digit
identity, see section 1.2.5. In addition, several studies have evaluated perturbations at very late
time points (namely from E18.5 beyond) rather than observing early markers of digit
specification, which makes more difficult to uncouple digit specification from digit identity.
Finally, under the assumption that Shh controlled both digit specification and identity, many
studies have interpreted that the formation of fewer digits in Shh manipulations was due to an
impairment of digit specification rather than a change in AP expansion. In the following
sections, | propose a re-interpretation of classic SHH manipulations and positional information
models based on Shh signaling under the assumption that digit specification is controlled by the

BSW model rather than by the SHH signaling gradient.
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4.3.1) Classical experiments with grafting of the ZPA or ectopic expression

of Shh in the anterior region of the limb bud

The mirror image digits duplication obtained by grafting ZPA cells on the anterior region of the
limb (Saunders and Gasseling, 1968) has been traditionally interpreted as the result of the
duplication of the positional information gradient of SHH, which was assumed to control digit
specification. Taking into account that SHH is dispensable for digit specification, the digit
duplication can be interpreted essentially by a change in autopod growth. Anterior ectopic Shh
expression (Riddle et al., 1993) promotes tissue expansion which results in the formation of new
peaks (digits) driven by the BSW Turing model. Since SHH also controls the later specification
of digit identity (formation of phalanxes) the doubled gradient of SHH signaling is able to
specify mirror image digit identities.

4.3.2) Knockout of Shh (Chiang et al., 2001)

In the Shh null mutant, forelimbs do not form digits while hindlimbs form only one digit which
is commonly interpreted as digit 1. It was proposed that this digit is independent of SHH
signaling and that the loss of other digits reflect the essential role of Shh in digit specification.
Taking into account the experimental evidence that show the dispensability of SHH signaling
for digit specification, the presence or lack of digits in the Shh mutant cannot be related to an
impairment of digit specification. If we consider instead that digit specification is driven by the
BSW model, then the loss of digits can be associated to a decrease of the AP tissue expansion
which is normally promoted by the SHH signaling. In this case, upon Shh inactivation, the
resulting decrease in AP growth reduces the size of the limb so that the BSW model will from
fewer peaks (digit). In addition, in this mutant the SHH-GREM-FGF feedback loop is disrupted,
reinforcing the idea that the lack of digits is due to reduced growth. According to the BSW
model, the formation of only one digit in the hindlimb will depend on the reduced limb size and
on the expression domain of Hoxd13 which is still present in the hindlimb of Shh mutants

(Chiang et al., 2001) and defines the region where the BSW model is active.
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4.3.3) Alteration of SHH morphogen diffusivity (Li et al., 2006, Chen et
al., 2004b)

A previous study has shown that lack of cholesterol modification increased SHH diffusivity
resulting in the formation of extra digits in the anterior part of the limb (Li et al., 2006). On the
other side, it has been shown that lack of palmitoylation reduces SHH diffusivity, resulting in
loss of digit 2 and fusion of digit 3 and 4 (Chen et al., 2004b). These studies hypothesized that
the formation of extra digits and the lack of digits was a consequence of the altered SHH
signaling necessary for digit specification. If we consider that digit specification is driven by the
BSW model, while SHH signaling controls AP expansion and specification of digit identities,
than the phenotypes can be explained again as the results of altered AP growth. Extended SHH
signaling may result in larger limbs with more peaks formed by the BSW Turing model (digits),
while reducing SHH diffusivity results in narrower limbs with less Turing peaks (digits). In both
cases, the association of digit identities to the formed digits is still possible, since the SHH

gradient is still present.

4.3.4) The Temporal-Gradient model (Harfe et al., 2004)

This study showed evidence that half of digit 3 and digits 4 and 5 were made by Shh descendent
cells. It was also shown that more anterior ZPA descendent cells cease to express Shh before
posterior cells. Moreover, a shallower gradient of SHH resulted in the loss of only digit 2. Based
on these observation, it was proposed that digit 1 was independent of SHH signaling, as
proposed by (Chiang et al., 2001), digit 2 was the only digit specified by long-range SHH
gradient, while digit 3 to 5 were formed depending on the time they have been exposed to high

SHH autocrine signaling.

Again, if we assume that SHH signaling is dispensable for digit specification, the fate of SHH
descendent cells is not correlated with the formation of digit 3 to 5 but rather reflects the other
roles of SHH signaling, which are the control of digit identity and expansion along the AP. The
same study (Harfe et al., 2004) showed that by creating a shallower SHH gradient the
expression of Fgf4 was restricted to the posterior part of the limb. This is possibly due to
compromised SHH-GREM-FGF feedback loop and results in narrower limbs. If digits are

specified by a Turing mechanism, the loss of digits is then associated to the reduction of growth.
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Since SHH signaling is still present it can still attribute an identity to the remaining four digits.
Nevertheless, it is difficult to identify the digits that are formed since digit 2, 3 or 4 have all the
same number of phalanges and other morphological adjustments of the digit (E.g. length) can
just derive from the overall change in limb morphology.

4.3.5) Exposure to low levels of SHH (Scherz et al., 2007)

A following study (Scherz et al., 2007) validated the temporal-gradient model, and more
particularly the fact that the most posterior digits were specified by the time of SHH exposure,
using two different sets of experiments. First, the SHH signaling was interrupted at different
times during chick limb development by using a SHH specific inhibitor, secondly a transgenic
mutants mice were developed with reduced SHH levels. Two different transgenic lines were
made: one that produces low levels of SHH for a short time (Prx1Cre; Shh®®), and one that
produces low levels of SHH for a longer time period (Shhgfpcre/Shh® ). From these
experiments it was concluded that reducing the time of SHH exposure caused defects on digit
patterning and that the specification of the posterior digits required longer exposure to Shh
signaling. In the Prx1Cre; Shh® mice, the forelimbs lost two digits indentified as 4 and 5. In the
case of Shhgfpcre/Shh™ mice, the forelimbs lost only digit 2, and one phalanx in digit 5. The
identification of each digit was based on the overall digit length (digit 3 being longer than either
digit 2 or 4) as well as the length of the primary ossification centre of E18.5 metacarpal
elements. The authors also showed that in all experiments the size of the limb was smaller than
in the WT and this was associated with a reduction in SHH signaling and a possible disruption
of the SHH-GREM-FGF feedback loop. Indeed, Fgf4 expression was reduced and restricted
posteriorly. The study concluded that, as predicted by the temporal-gradient model, the posterior
digits were more dependent on the time of exposure to SHH signaling than on SHH

concentration.

To re-interpret their results with our model, it is first necessary to point out that whenever a loss
of digits was observed, the limbs were smaller. Again, this fits with the prediction that a Turing
mechanism would form fewer peaks (digits) in a smaller limb. Therefore, according to the BSW
model, the loss of digits is not associated directly to the reduced SHH signaling gradient but
rather to a reduction of growth. Secondly it is also necessary to remember that although digit
identities are dependent on SHH signaling, digit specification is not (Litingtung et al., 2002) and

therefore it is not possible to give an identity to the digits that are lost, but it is sensible to
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associate SHH signaling to the specification of the identities in the remaining digits. This
process may indeed depend on the SHH gradient and time of exposure to SHH signaling. An
interesting study shows that 5’ Hoxd genes exhibit differential temporal dependence on Shh
depending, with Hoxd13 requiring SHH signaling for the longest amount of time (Panman et al.,
2006). This supports the hypothesis that SHH would control digit identities through control of
Hoxd expression.

4.3.6) The biphasic model for SHH signaling (Zhu et al., 2008)

In this study, Shh was deleted at different times using a tamoxifen induced conditional Cre-line.
By analyzing the final skeletal pattern, the authors propose that removal of Shh at successively
earlier stages causes digit loss in a progressive sequence: digit 3 (d3) first, then digit 5 (d5), then
digit 2 (d2) and finally digit 4 (d4). In addition, based on the number of phalanxes and digit
morphologies, it was also proposed that the remaining digits did not change identity. To rule-out
digit identity transformations, the identities were analyzed at early stages based on the AP
position and shape of the digits marked by the Noggin-lacZ. It was concluded that the sequence
of digit loss during early stages was the same as the one observed by skeletogenic analysis,
suggesting that the digit identities were specified early. This study also observed that sequence
of digit appearance in the WT, as shown by Noggin-lacZ, was opposite to the order of digit loss
(d4-d2-d5-d3). Finally, it was showed that upon Shh inactivation, both cell survival and
proliferation were affected in the limb mesenchyme. Based on these data, the authors proposed a
model where SHH signaling was only required early and transiently for digit
specification/identity but continuous SHH signaling was necessary to ensure sufficient cell

number for the correct formation of the digits.

If we consider that SHH is dispensable for digit specification, which is instead controlled by the
BSW model, then the progressive loss of digits upon earlier inactivation of SHH can simply be
explained by a progressively more severe reduction of limb growth. In this case, less Turing
peaks (digits) will be formed due to a reduction of AP expansion. In this study, the authors
attributed identity to the digits based on the AP position and shape as revealed by Noggin-lacZ.
In the context of a reaction-diffusion mechanism, were digits are all specified as a periodic
pattern with identical fates, these two characteristics are determined only by the size and the
geometry of the developmental field. To verify if SHH specifies digit identity at early times as

proposed by the authors, suitable molecular markers for each digit (E.g. Hox genes) should be
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instead analyzed. In addition, it would be necessary to describe the expression of the
chondrogenic marker Sox9 in detail as it is expressed earlier than Noggin. As | mentioned at the
begging of this chapter, the authors compared the expression of Sox9 and Noggin-LacZ,
however they observed the same order of digit formation (d4-d2-d5-d3). This result contrasts
with the detailed Sox9 expression analysis presented in section 3.1.1, which shows that digits
are specified in the following order: d4-d3/d2-d5-d1.

4.3.7) Growth and morphogen model (Towers et al., 2008)

In this study, the authors analyzed clonal fate-map data (with injection of fluorescent dyes in the
chick limb) in the WT and in limbs where SHH signaling or proliferation was inhibited. The
WT situation showed that each digit was formed by proximal progenitor cells and that only the
most posterior digit was populated by Shh-expressing cells, thus showing a different result then
the fate-map data in mouse (Harfe et al., 2004). When SHH was inhibited, smaller limbs were
formed and posterior digits were lost. On the other side, upon inhibition of proliferation the
resulting smaller limbs lacked anterior digits. Altogether these experiments supported a model
where SHH has a dual role both controling growth and the specification of the digits.

Once more, if we consider that SHH signaling is dispensable for digit specification, which is
instead controlled by the BSW maodel, then the formation of fewer digits can be explained by a
reduction of limb growth. Both in the case of SHH inhibition and the inhibition of proliferation,
the smaller limbs buds lead to the formation of less Turing peaks (digits). On the other hand,
this study also investigated the other two roles of SHH, that are the control of digit identities
and the control of growth. By observing fate maps, the authors concluded that when the
proliferation was inhibited, different clones along the AP axis remained equally viable and
contributed to the same AP region later in development. Therefore, in contrast with previous
studies (Harfe et al., 2004) it was concluded that posterior identities were acquired early and
were uncoupled from the anterior-posterior expansion. However, it would be important to check
if the posterior digit 4, which is formed upon inhibition of proliferation, is indeed constituted
only from posterior clones rather than by a mixed population. This would be useful to
distinguish between the hypothesis that the posterior identities are acquired early and the

hypothesis that identities are specified by SHH signaling later in development.
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In conclusion, many studies have shown that SHH signaling affects the growth of the limb
along the AP axis. Therefore any change in SHH is going to be accompanied by a change of AP
limb size which affects the number of periodic peaks created by the BSW model. It is also
essential to keep in mind, that although at later stages digits have different phalanx number and
morphology, at early stages, digits do not show discernible identities. Another important
observation that must be taken into account is that previous studies have shown that SHH
signaling is dispensable for digit specification and that beside the control of growth, its main
role is to specify digit identities. The exact mechanism by which Shh specifies digit identities is
unknown but appears to involve distal Hox genes. It is interesting to notice that in the Gli3
mutant (as in the Gli3-SHH mutant) distal Hox genes are up-regulated in the anterior region of
the limb (Buscher et al., 1997, Litingtung et al., 2002). Moreover, when the SHH receptor Ptchl
is conditionally inactivated in the forelimb mesenchyme, the specification of symmetric digits
(Butterfield et al., 2009) is accompanied with an up-regulation of Hox genes in the anterior part
of the autopod, which strongly suggest that SHH-Ptchl mediates the control of AP asymmetry
and digit identities through the regulation of Hox genes (Butterfield et al., 2009). Finally, in
agreement with this hypothesis inactivation of Hoxal3 in the Gli3 mutant background results in

a drastic recovery of the asymmetrical phenotype (Sheth et al., 2012).

4.4 Future directions

4.2.1) Modulation by morphogen gradients and coordination of growth and

patterning

To reproduce the correct digit pattern, the BSW model had to be modulated by the Fgf signaling
gradient and Hox genes. These two signals defined the autopod region where the BSW model
was active and modulated the wavelength of the periodic pattern in a PD graded manner. Our
model also suggested that, to form the correct digit pattern, the modulation by Hox genes and by
Fgf signaling had to be coordinated. In particular, the proximal expansion of Hoxd13 had to be
coupled with the anterior expansion of FGF signaling. This theoretical finding is consistent with
previous studies that showed that FGFs control the expression of distal Hox genes (i.e. group 11
to 13), as revealed by the Fgf8 requirement for the sequential activation of Hoxall and Hoxal3
in limb mesenchymal cells in culture (Cooper et al., 2011, Rosell6-Diez et al., 2011) and

Hoxd13 downregulation associated with a reduced dose of FGFs (Sun et al., 2002). Moreover,
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it suggests that FGF signaling may act as a central node to coordinate patterning and growth by
correlating three separate events: growth (Martin, 1998), specification and proximal expansion
of distal PD markers as Hoxd13 (Mercader et al., 2000) and promotion of a larger digit
wavelength by modulating the BSW model (Sheth et al., 2012). Interestingly, the central role of
FGF signaling is also consistent with the idea that the SHH-GREM1-FGF feedback loop, which
controls expansion of FGFs from the posterior to the anterior part of the limb, plays an
important role in the coordination of patterning and growth, see Figure 40. This feedback loop is
also able coordinate growth and the specification of the digits, which are driven by Fgfs and by
the BSW network respectively, and the specification of digit identities, which is controlled by
SHH signaling (Figure 40). In summary, our model suggests that during limb development,
interactions between SHH, FGFs, Hox genes and the BSW network coordinates growth, digit
specification and specification of digit identities. By uncoupling these different processes it is
possible to create limbs with different digit number, increased or reduced growth or without
asymmetries along the AP. An example of how growth and digit specification can be uncoupled
was presented in (Sheth et al., 2012). In this study, the Gli3 null mutant, which has an increased
AP size, was used as a background to prevent the reduction of growth observed upon the
progressive removal of Hoxal3 and Hoxd11-13. This strategy was successful to highlight that
removal of Hox genes caused more severe polydactyly with thinner digits, which suggested that
one of the main roles of Hox genes was to control the wavelength of the Turing mechanism to

specify the number of digits.
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Figure 40. Coordination of patterning and growth by SHH and FGF signaling.

In this model SHH controls digit identity and growth; FGFs control growth and together with distal Hox
genes controls digit wavelength. Digit specification per-se is controlled by the BSW model. Therefore the
SHH-GREM1-FGF feedback loop coordinates digit specification, growth and specification of digit
identity by uniting SHH and FGFs activities (red arrows).

On the other hand, in this study we have also shown that the wavelength can be altered by
directly perturbing the BSW network by lowering BMP and WNT signaling to obtain larger
digits. Therefore a possible way to alter the number of the digits without changing the AP size is
also by perturbing the feedbacks of Turing network itself. By contrast, if the AP-expansion is
changed and the wavelength remains unchanged, this can lead to alteration of digit number. In
the Shh/Gli3 double mutant and in the Gli3 mutant for example, the lack of Gli3R repressor
which inhibits growth, leads to the formation of bigger limbs with extra digits. On the other
side, in the Shh null mutant the expansion of the Gli3R reduces growth allowing only one or no
digits to form. By interpreting all these perturbations in the context of the BSW model and the
SHH-GREM1-FGF feedback loop, it is possible to elucidate the mechanism by which evolution
has constrained the tetrapod limb to the pentadactyl state. For example, the striking resemblance
of the polydactyly phenotype in the mouse Gli3 mutant with reduced distal Hox genes and the
fin ray in the pectoral fin of sharks, suggested that the correct equilibrium of SHH/GIi3
signaling, Hox dosage and tuning of the Turing mechanism could have been an evolutionary

strategy for the fin to limb transition (Sheth et al., 2012). In relation to this, two recent studies
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have showed how different developmental mechanisms could underlie the reduction of digits
from the pentadactyl state (Cooper et al., 2014, Lopez-Rios et al., 2014). One of these
mechanisms is the expansion of anterior and posterior cell death that results in the active
degradation of digits which were temporarily patterned in 3-toed species of jerboa, 2-toed camel
and 1-toed horse. On the other hand, reduction of Ptchl expression was found responsible for
the loss of digits in the cow and the pig, and seems one of the evolutionary steps that can lead to
artiodactylous digits (even-toed digits). Ptchl is the receptor of SHH that when inactivated leads
to a negative feedback on SHH signaling, which maintains SHH activity in a gradient from
posterior to anterior (Briscoe et al., 2001, Chen and Struhl, 1996, Marigo et al., 1996). Thus in
the cow, as in the conditional Ptchl mouse mutant, SHH signaling is activated throughout the
developing limb leading to loss of the AP asymmetry and a creation of to even-toed digits. The
alteration of the SHH signaling leads to alteration in the cross-regulations of the SHH-GREM1-
FGF feedback loop as well as to a change in the expression of distal Hox genes (e.g. Hoxd13
becomes expressed symmetrically) (Lopez-Rios et al., 2014, Butterfield et al., 2009). This
seems to be underlying the loss of digits and the formation of two long frontal digits Il and 1V
in the cow (and digit 3 and 4 in the mouse Ptchl mutant) suggesting again how a different
equilibrium between the limb signaling centers and master transcription factors can be changed
during evolution to generate the different digital patterns. Finally, it is possible that the
difference between the digit patterns of the cow, the pig, the camel, the horse, the jerboa and the
mouse is not only the number of digits but also their width. It would be interesting to explore if
these changes are correlated with changes in FGF signaling levels, distal Hox genes expression

or and changes in the BSW network.

4.4.2) Future characterization of the BSW network

In this study | presented data that support the involvement of the BMP and the WNT pathways
in the Turing network that controls digit specification. However, further experiments should be
performed to better characterize how these two pathways implement the main feedback of the

BSW network in conjunction with Sox9.

An important aspect that needs to be further investigated is the mechanism that creates the
periodic distribution of WNT signaling with higher activity in the interdigital regions. Our
theoretical analysis predicted that low WNT signaling activity in the digits depends on the

extracellular inhibition of WNT signaling by Sox9. Considering that Sox9 is a non-secreted

102



transcription factor, this hypothesis suggests that the extracellular inhibition should be mediated
by secreted molecules that are promoted by Sox9 and prevent the diffusion or activity of WNTSs.
In the supplementary material of my second article, | have presented the expression patterns of
several WNT inhibitors that were identified as differentially expressed in Sox9 positve cells by
the microarray analysis. Among these inhibitors, genes of the Sfrp family were identified as
good candidates that may mediate WNT signaling inhibition. Indeed Sfrpl, Sfrp2 and Sfrp3 are
expressed in the limb at early stages (Witte et al., 2009) and are well known inhibitors of WNTs
(Cruciat and Niehrs, 2013). My analysis revealed that Sfrp2 is indeed expressed in the autopod
region at E11.5 and that at slightly later stages appears to be expressed in the digital region. This
is consistent with previous studies (Wada et al., 1999, Baranski et al., 2000, Ladher et al., 2000,
Esteve et al., 2000) that revealed that Sfrps are expressed in chondrogenic condensations in the
chick. Therefore, my analysis suggests that these inhibitors could be promoted by Sox9 to
inhibit WNT signaling. Nevertheless, additional experiments should be performed to better
characterize Sfrps expression patterns and to investigate the digit patterning change promoted by
gain and loss of function of Sfrps. For example, beads soaked in Sfrps recombinant protein
could be implanted in the interdigital regions of E11.5 Sox9-EGFP limb cultures to check for
potential down-regulation of WNT-signaling. Another potential WNT inhibitor identified by my
preliminary analysis is the extracellular heparan sulfate endosulfatase Sulfl. This membrane-
bound enzyme removes sulfate groups of heparin sulfate proteoglycans (HS) which are known
to bind signaling molecules including BMPs and WNTs to control their signaling (Farach-
Carson et al., 2005, Gorsi and Stringer, 2007). My gene expression analysis has revealed that
Sulfl is expressed in the digital region as soon as Sox9 shows a periodic pattern. This agrees
with the hypothesis that Sox9 may promote Sulfl to limit the diffusion or the activity of WNTs
in the developing digits. Interestingly, this idea fits with previous studies that showed that Sulfl
inhibited WNT signaling in quail embryos (Sahota and Dhoot, 2009) and promoted
chondrogenesis and mesenchymal condensation in micromass cultures (Zhao et al., 2006) .
These observations should be re-evaluated by analyzing the Sox9 pattern and additional gain

and loss of function experiments should be performed as in the case of Sfrps.

Additional experiments should also be performed to investigate the simultaneous perturbation of
WNT and BMP signaling. My perturbation experiments have revealed that by lowering both
BMP and WNT signaling with inhibitory drugs, the Turing network can be tuned to generate a
pattern with fewer and wider digits. A future direction would be to modulate these pathways to
increase the signaling activity and stimulates the opposite effect, which is the formation of

thinner digits. A pharmacological approach similar to the one used to perform loss of function
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experiments would be the ideal choice. However, although there are several drugs that can
activate WNT signaling (Chen et al., 2010), very few drugs are available to activate BMP
signaling (Vrijens et al., 2013). An alternative strategy to ectopically activate BMP signaling
could be to generate mice with conditional misexpression of BMP signaling in the limb
autopod. This could be done for example by taking advantage of the Hoxal3 Cre line (Scotti
and Kmita, 2012) to express constitutively active BMP receptors (Zhang et al., 2000).

Future experiments should also be performed to investigate gain and loss of functions of Sox9.
In this study, | have proposed that this important transcription factor is not only the earliest
marker of the skeletal pattern but it is also an integrative part of the Turing network that controls
digit specification. Therefore, it will be important to investigate how the digit pattern changes
upon Sox9 perturbations. Complete Sox9 loss of function (Akiyama et al., 2002) causes the
disruption of the digit pattern. On the other hand, Sox9 gain of function in mouse (Akiyama et
al., 2007a) causes polydactyly in agreement with similar experiments in chick (Healy et al.,
1999). It will be interesting to investigate how the BMP and the WNT pathways are affected in

these mutants.

Last but not least, experiments should also be used to explore the modulation of Hox and Fgfs
proposed by the BSW model. In particular, misexpression of Hoxd13 or Hoxal3 should be
performed to verify if fewer larger digits would be formed in agreement with the increase in
wavelength predicted by the BSW model. Finally, FGF signaling perturbation should be
performed to investigate changes on the wavelength and on the control of digit bifurcations. In
this case, as | have discussed in the previous section, experiments should be designed in order to

uncouple the effect of FGF signaling on growth and on patterning.

4.4.3) Extension of the BSW model in 3D

In this study | have presented a 2D model of digit patterning which successfully recapitulates
the expression patterns of Sox9, Bmp2 and the distribution of active WNT canonical signaling,
in the wildtype and in the perturbation experiments. However, digit patterning is a three-
dimensional process which is coordinated with morphogenesis along the AP, PD and DV axis.
We chose to build a 2D model to reduce the complexity of the theoretical analysis and the
computational load required to run simulations. In addition, most of the experimental data was

analyzed in 2D. A next challenge would be to extend the digit patterning model in 3D. For that
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purpose, it would be essential to gather new experimental data that describes the dynamics of
digit patterning in 3D. Optical projection tomography could be used to analyze gene expression
patterns and protein distributions. | have started a preliminary analysis of gene expression with
the OPT that shows an interesting distribution of the Bmps in comparison to the Sox9 expression
pattern. At E11.5, at the level of the autopod, Bmp2 is expressed out-of-phase of Sox9, while
Bmp7 and Bmp4 are expressed in the mesenchyme that underlies the ectoderm in a localized
manner. These localized expression patterns could determine where the different BMP ligands
interact. Previous studies have shown that Bmp2/Bmp4, and Bmp2/Bmp7 heterodimers can
activate the BMP signaling more efficiently than homodimers (Schmid et al., 2000, Nishimatsu
and Thomsen, 1998). This could suggest that the regions of localized Bmp expression together
with diffusion could lead to localized synergistic interactions between BMPs that may underlie
different levels of BMP signaling along the space. This could modulate the BSW network in a
similar manner as done by Hox genes and FGFs to generate the specific digit pattern. Moreover
it has been shown that Bmps act redundantly in the limb, as the conditional inactivation of
Bmp2/Bmp4 or the conditional inactivation of Smad4 leads to loss of digits (Bandyopadhyay et
al., 2006, Bénazet et al., 2012). This reflects that even though the expression of Bmps is
localized and not always overlapping, they can act redundantly sharing the same functions.

The analysis of the 3D expression patterns of the BMP inhibitors, namely Chordin and ChrdlI2,
shows an interesting pattern in the autopod (see Figure 35 and Figure 36): Chordin is expressed
out-phase of the digits while ChrdI2 is expressed in the digital rays at E12. This suggests that
they could be implicated in the digit patterning process by regulating BMP levels. Studies in
vertebrate bodies have shown that Chordin and Crossveinless-2 create a system that potentiates
the flow of BMP proteins from the intervertebral discs to the vertebral bodies (Zakin et al.,
2010). A similar system could be explored in the limb where the players could be Chordin and
Chrdl2, and direct the flow of BMP proteins from interdigital to the digital region. On the other
side, my analysis showed a high proximal dorsal and ventral expression of the Bmps and their
inhibitors, Noggin, Chrdl2, and Chordin. This suggests their involvement in the myogenic
differentiation that occurs in these regions in the limb (Francis-West et al., 2003). Indeed it has
been shown that high BMP signaling inhibits myogenic progenitors whereas low BMP signaling
potentiates myogenic differentiation (Duprez, 2002). Therefore a tight regulation of BMP levels
could be implemented by Noggin, Chrdl2, and Chordin.

To develop a 3D model it would be also necessary to analyze the results of experimental

perturbations in 3D. To analyze pattern dynamics with the Sox9-EGFP reporter line in 3D and

over time, the limb culture system and live OPT imaging could be used similarly as in (Boot et
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al., 2008). This 4D imaging technique could also be used to analyze other reporter lines for
WNT and BMP signaling (Currier et al., 2010, Jho et al., 2002, Monteiro et al., 2008).
Immunohistochemistry protocols for specific antibodies and OPT imaging could also be used to
analyze protein distributions (E.g. pSMAD1/5/8, act-fcat). Alternatively immunohistochemistry
could be performed on serial sections and the 3D protein distribution pattern reconstructed
successively. In general, not just for the 3D model but for the 2D model as well, it would be
interesting to analyze the distribution of BMP and WNT ligands. Analysis of ligands co-
localization will be important to investigate the role of BMP heterodimers and their distribution
and to quantify the diffusion of ectodermally expressed genes. However, no good antibodies are
available for BMP and WNT ligands and the development of functional transgenic lines with
fusion-proteins is challenging. An interesting extension to this work would be to explore the
possibility of creating a 3D micromass culture of the Sox9-EGFP limb mesenchyme to mimic a
more biologically realistic micro-environment. This would also be useful for imaging cell
dynamics such as cell adhesion and migration as well as analyzing the formation of the
chondrogenic pattern in 3D. Protocols described in (Ivascu and Kubbies, 2006, Lorenzo et al.,
2011) could be adapted for spheroid micromass cultures and imaging at a cellular level

resolution could be performed with light sheet microscopy as in (Lorenzo et al., 2011).

4.3 Conclusion

In summary, this thesis has provided experimental and theoretical evidences that Bmps, Sox9
and Wnts implement the Turing network that controls digit patterning during limb development.
This has strengthened the hypothesis that a Turing mechanism rather than a positional
information model controls digit specification. On the other side, our model has also showed
that positional information signals like FGF signaling are required to modulate the Turing
network to form the correct digit pattern. Our digit patterning model shows that the dynamics of
Sox9 expression during early limb development can be robustly recapitulated by a process that
coordinates a Turing network with growth and positional information signals. This suggests that
the variation in digit number and morphologies observed during evolution may have arisen by
modulating the different parts of this process. To conclude, it is possible that similar
mechanisms which combine Positional Information and a Turing mechanism may underlies

pattern formation in other developmental systems.
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