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The Problem: Pattern Formation

Different cell types = different gene expression profiles
Therefore problem is:

How is differential spatial pattern of gene expression controlled?

Requirement:
Symmetry breaking event to provide spatial polarization
Communication of position to cells to provide positional information

Conversion positional information to discrete domains gene expression



Morphogen gradients

Long-range signal m Concentration dependent

Responding cells perceive

Determines cell fate morphogen levels







Wingless and Dpp in wing imaginal discs

senseless distalless

Adapted from Affolter and Basler




Graded signal transduction: Mesoderm
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Neural tube patterning
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Different time scales of patterning
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Morphogen gradients

Long-range signal m Concentration dependent

Responding cells perceive

Determines cell fate morphogen levels




Morphogens:

e |dentification — what and where

e Formation - intercellular transmission

* Perception - signal transduction

* Interpretation - convert to discrete responses




Factors affecting the distribution of morphogens
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Rate of secretion
-Current |, [molecules/(um s)] at the source boundary

Diffusion or random walk process
-Effective diffusion coefficient D (mm?/s).

Extracellular protease or lysosomal targeting
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Factors affecting the distribution of morphogens
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B Free diffusion

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

Mechanism of spread

C Hindered diffusion:
tortuosity

D Hindered diffusion:
tortuosity + transient binding




Mechanism of spread

G Transcytosis H Cytonemes

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




Morphogens:

e |dentification — what and where

e Formation - intercellular transmission

* Perception - signal transduction

* Interpretation - convert to discrete responses




Transcriptional code identifies progenitor domains

Pax7 Dbx1 Dbx2 Pax6 Olig2
Nkx6.1 || Nkx6.1 || Nkx6.1 || Nkx2.2 || Nkx2.2

Dessaud, E., McMahon, A. P. & Briscoe, J.
Development 135, 2489-2503 (2008).



Ex vivo model to analyse of graded Shh response
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Shh controls progenitor cell fates in a concentration-dependent manner

| Nkx2.2 - Olig2 - Pax7

. 200

== Pax7

150

100

Number of positive cells

50

[y

0 0.06 0.125 0.25 0.5 1 2

Shh concentration
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VIVO IS graded
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[Shh] Is dynamic

20E8 17 em

Cohen, M. et al. Nat. Commun. 6, 6709 (2015).

60
! *
£
= .
p=L S .
Is) « «
c x x X x ;xxx
330- xx! xxx: :"" "
% xx’@l‘x!{xx"§ x,‘x x xx
820_ X xy, XX TR Xy |
o) x g,mg;‘;n;g e X xS e
x x 0K ¢ x * x Kxx ,5( x
10- x"xx :Xf):x% . x *
100 150 200 250 300 350 400
NT Size (um)
100
o0} x x|
80} x
S 70}
Q
s 60|
= 50
3 10|
S 40
< 30|
20}
10}
000 150 200 250 300 350 400



Patterning Is progressive as neural tube grows

Kicheva, A. et al.. Science (80-. ). 345, 1254927 (2014). Ani Kicheva



Duration of signalling influences pattern

12h f 18h 24h

Shh 4

| Z'ZXIN-2Z610o

—{-0lig2
~2— Nkx2.2

number of cells
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Nature 450, 717-720
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Seguential induction In vivo
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Intracellular signaling




Gli activity is dynamic
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Gli activity is dynamic

insulator

Balaskas, N. et al. Cell 148, 273-284 (2012).

eGFP

insulator
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Gli activity is dynamic
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Adaptation in vivo
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Adaptation shapes response

Gli activity in response to [Shh]
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Adaptation shapes response

Shh
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Cohen, M. et al. Nat. Commun. 6, 6709 (2015).



Concentration converted to time
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Dynamics of signal and pattern

Gene Expression

o0
0

developmental time ——

TF1

Low

High .

Gli level

developmental time

TF4
dorsal

v
ventral




Shh morphogen interpretation

« Complicated relationship between [Shh] and Gli activity
* Both concentration and duration affects response
 Gli activity adapts to signal over time

» Gene expression boundaries are sharp and accurate



Shh directs a transcriptional
network

Pax7 Dbx1 Dbx2 Pax6 Olig2
Nkx6.1 || Nkx6.1 || Nkx6.1 || Nkx2.2 || Nkx2.2




Cross repression between specific pairs of TFs required for gradient
iInterpretation

Nkx2.2 || Nkx6.1

Pax6 and Nkx2.2 cross repress each other and establish a boundary between
the progenitor giving rise to the MN and the V3 inter neurons



Nkx2.2

Pax6 represses Nkx2.2

Embryos lacking Pax6
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Nkx2.2(v) |

Nkx2.2 represses Pax6
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Pax6 and Olig2 repress Nkx2.2

Olig2 Nkx2.2

control Olig2-/- Pax6-/- Olig2;Pax6-/-

Balaskas, N. et al. Cell 148, 273-284 (2012). Nikos Balaskas



Pax6 and Olig2 repress Nkx2.2
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A transcriptional circuit for morphogen interpretation

Pax6 Nkx2.2 Olig2 Nkx2.2




A transcriptional circuit for morphogen interpretation
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Shh / Gli Activity
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Three Components to Gene Regulation
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Oosterveen, T., Kurdija, S., Alekseenko, Z., Uhde, C.W., Bergsland, M., Sandberg, M., Andersson, E., Dias, J.M., Muhr, J., and Ericson, J.
(2012).

Mechanistic Differences in the Transcriptional Interpretation of Local and Long-Range Shh Morphogen Signaling.

Dev. Cell 23, 1006-1019.

Peterson, K.A., Nishi, Y., Ma, W., Vedenko, A., Shokri, L., Zhang, X., McFarlane, M., Baizabal, J.M., Junker, J.P., van Oudenaarden,
A., etal. (2012).

Neural-specific Sox2 input and differential Gli-binding affinity provide context and positional information in Shh-directed neural
patterning.

Genes Dev. 26, 2802-2816.



Statistical thermodynamic description of gene regulation
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Approximate Bayesian Computation
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Approximate Bayesian Computation
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Posterior Distributions of Parameters from ABC
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Network generates morphogen response
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Network generates morphogen response
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Network generates morphogen response

Pax6 7
‘ WTI ﬁ
1.0.
0.8 Nkx2.2
0.6
[ Olig2
0-4_' Irx3

0.2 L

0.0 0.2 0.4 0.6 0.8 1.0

e .

Signal Level (S)
Michael Cohen




Network generates morphogen response
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Network generates temporal response
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Duration of signhalling influences pattern
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Gene expression level

Gene expression level

Network explains equivalency of time and level
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Gene expression level
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Network explains equivalency of time and level
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Dynamics explains robustness to temporary increases
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Gli activity is dynamic
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Network confers hysteresis

Ruben Perez



Network confers hysteresis

Gli activity at 2ah
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A transcriptional circuit for morphogen interpretation

Pax6 Nkx2.2 Olig2 Nkx2.2




Heaviside simplification of the circuit
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Steady state solutions

Three possible steady states:

— B, no Nkx2.2; Olig2 increases & Pax6 decreases
with S

— B, no Olig2; Nkx2.2 increases & Pax6 decreases
with S

— B3 both Nkx2.2 and Olig2 increase and Pax6
decreases with S

Each state is stable when it exists.

Criteria for existence are simple inequalities in parameter
values.

Each state varies with S, so that, for example, for low S, all of
the states correspond to Pax6 high.

Karen Page



Steady state solutions — oscillation vs. bistability

Biological behaviour involves:

Bl -> B2 as S increases

As the signal increases - either overlap or gap in stability of steady states

Overlap = hysteresis in S

Gap = arange of S for which get oscillations.

Gap if:
(Nmaxocrit )h1h2 < (Pmax )hz_hl
N crit Omax P crit

Otherwise coexistence and bistablity

Karen Page



Steady state solutions — oscillation vs. bistability
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Dynamics- oscillation vs. bistability
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LET THERE BE ROCK



A transcriptional circuit for morphogen interpretation

Pax6 Nkx2.2 Olig2 Nkx2.2




The patterning power of transcriptional networks
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Briscoe, J. & Small, S.
Development 142, 3996—
4009 (2015).

Yogi Jaeger, Manu, John Reinitiz, Steve Small et al



The patterning power of transcriptional networks

Yogi Jaeger, Manu, John Reinitiz, Steve Small et al
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