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Different	  Differen-ated	  Cell	  Types	  

Homogenous	  Progenitor	  Popula-on	  



The	  Problem:	  Pa-ern	  Forma0on	  

Different	  cell	  types	  =	  different	  gene	  expression	  profiles	  

Therefore	  problem	  is:	  

How	  is	  differen-al	  spa-al	  paDern	  of	  gene	  expression	  controlled?	  

Requirement:	  

A	  symmetry	  breaking	  event	  to	  provide	  a	  spa-al	  polariza-on	  
A	  mechanism	  to	  convert	  polarized	  signal	  to	  discrete	  regions	  of	  
differen-al	  gene	  expression	  



Strategies	  of	  Pa-ern	  Forma0on	  

Oscilla0ons	  –	  	  
	  cell	  intrinsic	  
	  e.g.	  Somitogenesis	  

Local	  Cell-‐Cell	  Interac0ons	  –	  
	  self	  organizing	  
	  e.g.	  Notch-‐Delta	  signaling	  

Morphogens	  –	  
	  Isn’t	  self	  organizing	  
	  But	  long	  range	  



MORPHOGEN GRADIENTS 





The	  early	  Drosophila	  embryo	  is	  a	  synci0um	  

Grimm O et al. Development 2010;137:2253-2264 



ves-gial	  distalless	  senseless	  

Adapted from Affolter and Basler 

Dpp	


Wg	


Wingless and Dpp in wing imaginal discs 



Graded	  signal	  transduc-on:	  Mesoderm	  



Neural	  paDerning	  



Different	  -me	  scales	  of	  paDerning	  

Minutes Hours Days 



Morphogens:	  

•  Iden-fica-on	  –	  what	  and	  where	  

•  Forma-on	  -‐	  intercellular	  transmission	  

•  Percep-on	  -‐	  signal	  transduc-on	  

•  Interpreta-on	  -‐	  convert	  to	  discrete	  responses	  



Establishing a morphogen gradient 

k 

D jo 

-Current j0 [molecules/(µm s)] at the source boundary   
= Rate of secretion 

-Uniform degradation with a rate k (s-1)      
= Extracellular protease + Lysosomal targeting 

-Effective diffusion coefficient D (mm2/s).     
= Diffusion or any random walk process 

Steady state solution: 

where 	
 and 	


!C
!t

= j0 (x)+D
! 2C
!x2

! kC

C = C0 e-x/λ	




  

! 

J = "D #C
#x

Diffusion:	  molecules	  undertake	  random	  walk.	  Move	  from	  regions	  of	  high	  
concentra-on	  to	  regions	  of	  low	  concentra-on,	  with	  rate	  propor-onal	  to	  
the	  concentra-on	  gradient	  (spa-al	  deriva-ve).	  Results	  in	  a	  flux,	  J.	  

hDps://upload.wikimedia.org/wikipedia/commons/4/4d/DiffusionMicroMacro.gif	  
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# kC
Initial conditions: t=0 

 C=0 for all x  
 C(x,0)=0 

Boundary conditions: 
 Morphogen produced at x=0 at constant rate =J0  ‘Flux’ 
 Flux caused by concentration difference and diffusion counteracts: 
   
   

Morphogen is 0 at the end of the tissue (x=L) 

    

x=0 x=L 

    

! 

D "C
"x x=0 = #J0

    

! 

D "C
"x x=L = 0

x=0 x=L 

J0 

  

! 

J = "D #C
#x



Prior to steady state concentration is changing over time at a location. 
Indicates that there must be a difference in flux in to and out of every 
location 

J 

  

! 

"C
"t

= #
"J
"x

Continuity equation: no molecules are 
lost or gained across the tissue 

Flux	  caused	  by	  concentra-on	  difference	  and	  diffusion	  counteracts	  it	  
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J = "D #C
#x

Substitute for J 
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DIFFUSION 



DEGRADATION 

Take simple case where morphogen is degraded at a constant rate: 

  

! 

"C
"t

= #kC k is rate of degradation 

Put diffusion and degradation together 
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# kC



STEADY STATE 

At ss there is no change in concentration at a position 

    

! 

"C
"t

= 0

    

! 

"C
"t

= D "2C
"x2

# kC = 0

    

! 

D "2C
"x2

= kC

    

! 

"2C
"x2

=
k
D

C
Second order derivative. Solution is proportional 
to conc. Parameters and concentration are 
positive therefore look for a solution that gives 
only positive 

Spread of morphogen balanced by degradation 

C = C0 e-x/λ	
     

! 

C0 =
J0

Dk   

! 

" =
D
k



Dpp-GFP 
Sal	


Dpp gradient in the wing imaginal disc�

Kicheva et al. (2007)Science 315:521-5 

C = C0 e-x/λ	




Anna  Kicheva , Tobias  Bollenbach , Ortrud  Wartlick , Frank  Jülicher , Marcos  Gonzalez-Gaitan 
Investigating the principles of morphogen gradient formation: from tissues to cells 
Current Opinion in Genetics & Development Volume 22, Issue 6 2012 527 - 532 

Techniques to measure gradient kinetics 



D, k, J0	

!C
!t

= j0 (x)+D
! 2C
!x2

! kC

Kicheva et al. (2007)Science 315:521-5 



D = 0.10 µm2/s ±0.05  

k = 0.000252 s-1 ± 0.0001 

ν = 2.69 molecules/s x cell ±1.58 

UAS-GFP-Dpp x dppGal4 

FRAP of GFP-Dpp 

Kicheva et al. (2007)Science 315:521-5 



decay length th    

Dpp  20.2 µm ± 5.7 (SD), n = 26 
Wg   5.8 µm ± 2.04 (SD), n=12 

D, k, ν, ψ	


gradient profile results from  
specific kinetic behavior	




kinetics of the Dpp vs the Wg gradient 

* 

* 

Kicheva et al. (2007)Science 315:521-5 



Müller P et al. Development 2013;140:1621-1638 

DIFFUSION + DEGRADATION 



Müller P et al. Development 2013;140:1621-1638 

Route of movement 



Noise 

Bollenbach	  et	  al	  (2008)	  Development	  	  135:1137-‐46	  



Morphogens:	  

•  Iden-fica-on	  –	  what	  and	  where	  

•  Forma-on	  -‐	  intercellular	  transmission	  

•  Percep-on	  -‐	  signal	  transduc-on	  

•  Interpreta-on	  -‐	  convert	  to	  discrete	  responses	  



Morphogen Interpretation 

•  How does the signaling pathway transform the extracellular 
ligand? 

•  How is differential gene expression encoded in cis-regulatory 
elements? 

•  What role does the transcriptional network play in producing 
discrete spatial patterns of gene expression? 

•  How does cell proliferation and tissue growth affect gradient 
interpretation? 



‘Direct’ Morphogens 

Grimm O et al. Development 2010;137:2253-2264 

BICOID	  



Signal Transduction 
Ligand	  

Signal	  
Transduc-on	  

Gene	  Expression	  

Feedbacks 

Dynamics 

Non-linearities 

Time Scales 

•  Sensors and reporters – single cell, time resolved data 
•  Mechanistic models – interpret experimental observations 



Graded	  signal	  transduc-on:	  Mesoderm	  





SMAD activity sensors 

Harvey	  SA,	  Smith	  JC	  (2009)	  PLoS	  Biol	  
7(5):	  e1000101.	  doi:10.1371/
journal.pbio.1000101	  

Smad2	  	  	  	  Smad4	  



Shh signalling patterns neural progenitors 



Intracellular communication 



GBS-GFP  Nkx2.2  Olig2 

Vanessa	  Ribes	  

Gli	  ac-vity	  is	  dynamic	  

Vanessa	  Ribes	  
Developmental time (hph) 
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Signal Transduction 
Ligand	  

Signal	  
Transduc-on	  

Gene	  Expression	  

Feedbacks 

Dynamics 

Non-linearities 

Time Scales 

•  Sensors and reporters – single cell, time resolved data 
•  Mechanistic models – interpret experimental observations 



Morphogen Interpretation 

•  How does the signaling pathway transform the extracellular 
ligand? 

•  How is differential gene expression encoded in cis-
regulatory elements? 

•  What role does the transcriptional network play in producing 
discrete spatial patterns of gene expression? 

•  How does cell proliferation and tissue growth affect gradient 
interpretation? 



Affinity threshold model 

(x)	  

Le
ve
l	  o
f	  a
c-
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te
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TF

	  

Low	   High	  TF	  binding	  
affinity	  

Gene	  C	  Gene	  B	  Gene	  A	  



Affinity threshold model 

(x)	  

Le
ve
l	  o
f	  a
c-
va
te
d	  
TF

	  

Gene	  C	  Gene	  B	  Gene	  A	  -‐	  KWT	  

Gene	  A	  -‐	  Khigh	  



Support for A-T model 

Nature (1989) 340, 363 – 367 W 
WOLFGANG DRIEVER, 
GUDRUN THOMA & CHRISTIANE NÜSSLEIN-VOLHARD 

Cell (1993) 72:741–752 
Jin Jiang and Michael Levine 



Challenges to A-T model 

Site	  Number	  

Average	  
PWM	  Score	  

Highest	  
PWM	  Score	  

A 	   	  -‐>	   	   	  P	  
AP	  limit	  of	  expression	  	  

Ochoa-‐Espinosa	  	  et	  al	  (2005)	  Proceedings	  of	  the	  Na1onal	  
Academy	  of	  Sciences	  102:	  4960–4965	  

Comparison	  of	  the	  expression	  
profile	  and	  Bcd	  binding	  sites	  of	  21	  
genes	  

No	  correla-on	  



Uniformly expressed factors influence gene expression 

Kanodia et al (2012) Biophysical Journal 102: 
427–433. 

A	  spa-ally	  uniformly	  expressed	  TF	  (zelda)	  
can	  coop	  with	  Morphogen	  TF	  (dorsal)	  to	  
promote	  gene	  expression.	  

Decorrelates	  morphogen	  TF	  binding	  
affinity	  from	  response	  



Morphogen target genes are also TFs  

Reeves	  and	  Stathopoulos	  (2009)	  Cold	  Spring	  Harb	  Perspect	  Biol	  a000836	  

Regula-on	  of	  Dorsal	  target	  genes	  
involves	  posi-ve	  and	  nega-ve	  
interac-ons	  between	  targets	  

Levine,	  Stathopoulos	  and	  many	  
others	  



Three Components to Gene Regulation 

Target	  Genes	  

Morp-‐R	   Morp-‐A	  
G
en

-‐R
	  

G
en

-‐A
	  

Morphogen	  

N
et-‐R	  

N
et-‐A

	  

1. 

2. 

3. 



Morphogen Interpretation 

•  How does the signaling pathway transform the extracellular 
ligand? 

•  How is differential gene expression encoded in cis-regulatory 
elements? 

•  What role does the transcriptional network play in 
producing discrete spatial patterns of gene 
expression? 

•  How does cell proliferation and tissue growth affect gradient 
interpretation? 
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SUMMARY
During vertebrate embryogenesis, the expression of Hox genes that define anterior-posterior identity follows general rules:
temporal colinearity and posterior prevalence. A mathematical measure for the quality or fitness of the embryonic pattern
produced by a gene regulatory network is derived. Using this measure and in silico evolution we derive gene interaction
networks for anterior-posterior (AP) patterning under two developmental paradigms. For patterning during growth (paradigm I),
which is appropriate for vertebrates and short germ-band insects, the algorithm creates gene expression patterns reminiscent of
Hox gene expression. The networks operate through a timer gene, the level of which measures developmental progression (a
candidate is the widely conserved posterior morphogen Caudal). The timer gene provides a simple mechanism to coordinate
patterning with growth rate. The timer, when expressed as a static spatial gradient, functions as a classical morphogen (paradigm
II), providing a natural way to derive the AP patterning, as seen in long germ-band insects that express their Hox genes
simultaneously, from the ancestral short germ-band system. Although the biochemistry of Hox regulation in higher vertebrates is
complex, the actual spatiotemporal expression phenotype is not, and simple activation and repression by Hill functions suffices in
our model. In silico evolution provides a quantitative demonstration that continuous positive selection can generate complex
phenotypes from simple components by incremental evolution, as Darwin proposed.

KEY WORDS: Hox genes, In silico evolution, Mutual entropy, Systems biology

Predicting embryonic patterning using mutual entropy
fitness and in silico evolution
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An atlas of gene regulatory networks reveals multiple
three-gene mechanisms for interpreting morphogen
gradients
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The interpretation of morphogen gradients is a pivotal concept in developmental biology, and
several mechanisms have been proposed to explain how gene regulatory networks (GRNs) achieve
concentration-dependent responses. However, the number of different mechanisms that may exist
for cells to interpret morphogens, and the importance of design features such as feedback or local
cell–cell communication, is unclear. A complete understanding of such systems will require going
beyond a case-by-case analysis of real morphogen interpretation mechanisms and mapping out a
complete GRN ‘design space.’ Here, we generate a first atlas of design space for GRNs capable of
patterning a homogeneous field of cells into discrete gene expression domains by interpreting a
fixed morphogen gradient. We uncover multiple very distinct mechanisms distributed discretely
across the atlas, thereby expanding the repertoire of morphogen interpretation network motifs.
Analyzing this diverse collection of mechanisms also allows us to predict that local cell–cell
communication will rarely be responsible for the basic dose-dependent response of morphogen
interpretation networks.
Molecular Systems Biology 6: 425; published online 2 November 2010; doi:10.1038/msb.2010.74
Subject Categories: simulation and data analysis; development
Keywords: design space; gene network; morphogen; patterning; systems biology
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Introduction

Understanding the relationship between gene regulatory
network (GRN) design and function is a central problem in
biology. For simple cellular functions (such as bistability and
oscillations) identifying network motifs has been a productive
approach, providing a ‘conceptual toolkit’ for understanding
network design principles (Shen-Orr et al, 2002; Mangan and
Alon, 2003). However, the relationship between GRN topology
(the wiring design) and biological function may not always be
straightforward (Chouard, 2008). The ability of many different
topologies to encode the same biological function has recently
been explored theoretically through the use of genotype–
phenotype (GP) maps. These studies revealed that a large
number of different topologies could all achieve the same
biological function, but intriguingly they could be explained in
each case by a common underlying dynamical mechanism
(Ma et al, 2006; Hornung and Barkai, 2008).
These previous studies applied the GP map approach to

highly constrained functions. Such a limited repertoire of

dynamical explanations may not be the norm for less
constrained functions for which a GP map may be able to
uncover a more elaborate mechanism space. To explore this
possibility, we applied the GPmap approach to mechanisms of
morphogen interpretation for which at least several different
mechanistic possibilities have been suggested (Lander, 2007).
In this study, therefore, we wished to address the following
questions: Can we map out the range of mechanistic
possibilities that underlie this function? Can such a map serve
as a useful theoretical framework in which to explore the
general patterning principles for this function?

Results

Exploring design space for a realistic model
of development

We chose to explore the mechanisms of morphogen inter-
pretation as multiple mechanistic possibilities have been
suggested for this system and is thus a good candidate for
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SUMMARY
During vertebrate embryogenesis, the expression of Hox genes that define anterior-posterior identity follows general rules:
temporal colinearity and posterior prevalence. A mathematical measure for the quality or fitness of the embryonic pattern
produced by a gene regulatory network is derived. Using this measure and in silico evolution we derive gene interaction
networks for anterior-posterior (AP) patterning under two developmental paradigms. For patterning during growth (paradigm I),
which is appropriate for vertebrates and short germ-band insects, the algorithm creates gene expression patterns reminiscent of
Hox gene expression. The networks operate through a timer gene, the level of which measures developmental progression (a
candidate is the widely conserved posterior morphogen Caudal). The timer gene provides a simple mechanism to coordinate
patterning with growth rate. The timer, when expressed as a static spatial gradient, functions as a classical morphogen (paradigm
II), providing a natural way to derive the AP patterning, as seen in long germ-band insects that express their Hox genes
simultaneously, from the ancestral short germ-band system. Although the biochemistry of Hox regulation in higher vertebrates is
complex, the actual spatiotemporal expression phenotype is not, and simple activation and repression by Hill functions suffices in
our model. In silico evolution provides a quantitative demonstration that continuous positive selection can generate complex
phenotypes from simple components by incremental evolution, as Darwin proposed.

KEY WORDS: Hox genes, In silico evolution, Mutual entropy, Systems biology

Predicting embryonic patterning using mutual entropy
fitness and in silico evolution
Paul François* and Eric D. Siggia

-  In silico evolution of a txn network that patterns (in 1D) a tissue exposed to: 
-  A static gradient that disappears before the end of development 
-  A gradient that slides across the tissue 



An atlas of gene regulatory networks reveals multiple
three-gene mechanisms for interpreting morphogen
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The interpretation of morphogen gradients is a pivotal concept in developmental biology, and
several mechanisms have been proposed to explain how gene regulatory networks (GRNs) achieve
concentration-dependent responses. However, the number of different mechanisms that may exist
for cells to interpret morphogens, and the importance of design features such as feedback or local
cell–cell communication, is unclear. A complete understanding of such systems will require going
beyond a case-by-case analysis of real morphogen interpretation mechanisms and mapping out a
complete GRN ‘design space.’ Here, we generate a first atlas of design space for GRNs capable of
patterning a homogeneous field of cells into discrete gene expression domains by interpreting a
fixed morphogen gradient. We uncover multiple very distinct mechanisms distributed discretely
across the atlas, thereby expanding the repertoire of morphogen interpretation network motifs.
Analyzing this diverse collection of mechanisms also allows us to predict that local cell–cell
communication will rarely be responsible for the basic dose-dependent response of morphogen
interpretation networks.
Molecular Systems Biology 6: 425; published online 2 November 2010; doi:10.1038/msb.2010.74
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Keywords: design space; gene network; morphogen; patterning; systems biology
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Introduction

Understanding the relationship between gene regulatory
network (GRN) design and function is a central problem in
biology. For simple cellular functions (such as bistability and
oscillations) identifying network motifs has been a productive
approach, providing a ‘conceptual toolkit’ for understanding
network design principles (Shen-Orr et al, 2002; Mangan and
Alon, 2003). However, the relationship between GRN topology
(the wiring design) and biological function may not always be
straightforward (Chouard, 2008). The ability of many different
topologies to encode the same biological function has recently
been explored theoretically through the use of genotype–
phenotype (GP) maps. These studies revealed that a large
number of different topologies could all achieve the same
biological function, but intriguingly they could be explained in
each case by a common underlying dynamical mechanism
(Ma et al, 2006; Hornung and Barkai, 2008).
These previous studies applied the GP map approach to

highly constrained functions. Such a limited repertoire of

dynamical explanations may not be the norm for less
constrained functions for which a GP map may be able to
uncover a more elaborate mechanism space. To explore this
possibility, we applied the GPmap approach to mechanisms of
morphogen interpretation for which at least several different
mechanistic possibilities have been suggested (Lander, 2007).
In this study, therefore, we wished to address the following
questions: Can we map out the range of mechanistic
possibilities that underlie this function? Can such a map serve
as a useful theoretical framework in which to explore the
general patterning principles for this function?

Results

Exploring design space for a realistic model
of development

We chose to explore the mechanisms of morphogen inter-
pretation as multiple mechanistic possibilities have been
suggested for this system and is thus a good candidate for
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-  Simulated an ‘atlas’ of 3 gene networks regulated by a graded input.  
-  Identified all networks that gave a ‘morphogen’ – stripe – output 
-  Classified these networks into ~6 distinct mechanisms 
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A transcriptional circuit for morphogen interpretation 
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A transcriptional circuit for morphogen interpretation 
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