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Biological systems are ‘noisy’. Yet,
embryonic development is regulated so
precisely!

How are developmental transition accurately
controlled in time?




The cell cycle as a model to study
the precision of development

Somatic cell cycle Early embryonic cell cycle
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The major molecular pathways controlling the cell
cycle have been identified




The cell cycle is controlled by
oscillations in Cdk activity

From The Cell Cyc
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Visualization of Drosophila early cell cycles

HIS-GFP




Three remarkable examples of regulation

1. Synchrony of the early mitosis

2. Cell cycle pause at the mid-blastula transition

3. Cell cycle re-entry in a spatiotemporal accurate
pattern




Synchronization of mitosis across large scale (~0.5 mm)

Anna Melbinger Massimo Vergassola

UCSD, Physics




How are mitotic events synchronized across
large spatial scales?
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Cdk1 trigger waves

Cyclin B1
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Why do waves slow down during
development?

Scaling of the mitotic wave speed with nucleus-to-nucleus
distance in Drosophila has been proposed as a signature of
mechanical waves propagating through the embryo
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Idema et al Plos One 2013




Physical mechanisms of chemical waves

Trigger wave

Trigger wave with barrier
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s it really collective or just well
synchronized clocks?

A physical barrier produces desynchronization
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Cdk1 FRET biosensor specifically measures
Cdk1 activity
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| = S$126A mutants
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Measuring Cdk1 activity over multiple cell
cycles with seconds resolution

Cycle 10 Cycle 11 Cycle 12 Cycle 13
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Wave speed can be determined from time
delays in vertical slices
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Wave speed can be determined from time
delays in vertical slices
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Wave speed can be determined from time
delays in vertical slices
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Cdk1 waves control mitotic waves

-=- Theoretical prediction
— Best fit curve
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Mitotic wave speed (um/s)

11 12
Cell cycle Cdk1 wave speed (um/s)

Can we understand what controls the physical properties of
the waves?




Back of the envelope

Dimensional analysis suggests that the speed should scale as:

D
V= —
-
where D is the diffusion coefficient and tis the relevant timescale.

FRAP measurements of the diffusion
coefficient of Cdk1-YFP
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Diffusion cannot explain
why the waves slow down
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Back of the envelope

Dimensional analysis suggests that the speed should scale as:
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where D is the diffusion coefficient and tis the relevant timescale.




The activity of Cdkl during mitosis does not
regulate the speed of Cdkl waves
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Cdk1 wave speed can be predicted by the rate
of activation of Cdk1l in S-phase

v~(Dks)Y?; log(v)=0.5*log(ks)+C

— Best fit curve
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The dynamics of Cdk1 is regulated by the DNA
replication checkpoint via Chk1/Weel
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The mitotic waves do not slow down in
chk1l chk2 mutants

HIS-RFP




The slowdown of the Cdkl waves requires
the Chk1l/Weel pathway
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Disabling the Cdk1/Weel/Cdc25 feedbacks alters the
rapid phase of Cdk1 activation
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Disabling the Cdk1/Weel/Cdc25 feedbacks does not
prevent the propagation of mitotic waves




Chk1 activity is turned off in a wave-like
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A mathematical model of Cdkl waves

Cycle 10
. e Cycle 11 7
“ e Cycle 12 |
“‘ ® Cycle 13




A simple model can reproduce the scaling
of the speed of Cdk1l waves
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Reduction to an effective one-species dynamics

2 f

= DCth - rof +&5(x,t)

ag
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82
= DCdle +a+E(z,1)

. The dynamics of f is fast and effectively slaved to the dynamics of Cdk1

. The dynamics of ¢ (total Cdk1) is correlated over scales (4Dt)/2=70 um large
compared to D/v =1 um so safely c(x,t) =c(t)

. Curvature of the embryo safely ignored by same reasoning




Effective one-species dynamics
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An intuitive explanation for the wave
slowdown
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Important prediction:




S-phase waves predict the mitotic and
anaphase waves

Phase wave prediction: Ty,=Tct+A\;; Ta=Ts+A,




Causality: timed ligation experiments

__ S-phase
ligation

Trigger wave with barrier

Phase wave with barrier
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The wave of anaphase is a phase wave,
which reflects the delays set by the
trigger wave during S-phase
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Summary

* The speed of Cdkl waves depends on the S-
phase DNA replication checkpoint

* Cdk1 positive feedback serves primarily to
ensure the rapid onset of mitosis and is
dispensable for wave propagation in the
Drosophila early embryo

 The Cdkl wave during S-phase is a trigger
wave and the mitotic wave is a phase wave

that follows the delays set by the trigger wave
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Drosophila Embryo Shows a Distinct
Temporal Patterning
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Pattern of cell division correlates with the
activation of transcription of string

Following depletion of String and Twine and the MBT, maternal
gradients establish cell fates. Cell cycle re-entry correlates with
transcription of string in specific mitotic domains.

Mitotic Domains string mRNA expression

Edgar, O’Farrell




Is the time of mitosis controlled solely by string
transcription?

Or is there some other process that controls entry into
mitosis once adequate levels of String are expressed?




Dynamical analysis of string transcription

HIS-RFP string enhancer-GFPNLS




Activation of string transcription controls
the timing of mitosis

anaphase 13 string transcription mitosis 14
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How is the expression of string translated
into reliable control of mitosis?

Is String the only input in the decision of entering
mitosis? Eliminate transcriptional variability (in space
and time) to study how the levels of String control mitosis




Uniform expression of String induces a

synchronous mitosis
wild type

uniform String expression

Di Talia and Wieschaus 2012




ldentifying Dosage-Dependent
Regulators of Mitosis

A genetic screen for trans-activating factors

B,

Eric Wieschaus




ldentifying Dosage-Dependent
Regulators of Mitosis
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Deficiency Does Not Affect MD1 or MD2 Timing

WT -
Deficiency
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Deficiency Affects MD1 or MD2 Timing:
Change in the Intercept

MD 1 or 2 advanced

WT
Deficiency

MD 1 or 2 delayed
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Temporal control by a two-step process

A genetic screen for trans-activating factors

Chromosomal deficiencies:
Flies can survive carrying large genomic deletion on one chromosome




ldentifying Dosage-Dependent
Regulators of Mitosis

Genome-wide screen using heterozygote
deficiencies, coverage of 85% of the genome




11 Regions Affect Either MD1 or MD2

Four deficiencies delay MD2
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Conclusions

 The same transcription factors that control the
spatial pattern of mitosis encode the temporal
pattern

* The precise timing of mitosis is encoded by a
combination of transcriptional activators and
repressors.
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