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Logical formalisation (--->R. Thomas et al.)

Fragment of a requlatory graph

Genel Gene J

\ / Multi-level logical variables and functions
(\ Here, r, R takes their values in {0, 1} or {0, 1, 2}
>

Gene R

l

Gene Q

“Occam razor”: minimisation of the number of distinct logical values



Logical parameters
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} + parameters -> effects of combinations of interactions

1 parameter -> effect of each individual interaction

Gene R

Gene Q

1 parameter -> basal expression

All these parameters
-> take the same value as the corresponding variable/function
-> may present inter- dependencies (inequalities)

Default situation (“Occam razor”): logical parameters --> 0
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Models of the Gap Module
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Multi-level logical model for the Gap module

gap network maternal inputs
gt hb Kr kni bcd cad hb .
gt [ o 1 1 0 | +1 +2 0
hb 0 (+1) -2 0 +[1...3] 0 (+1)
Kr -1 +1/-3 0 -1 +1 0 0
kni -1 -2 0 0 +1 +1 0
_—

*No restriction on multiple interactions
*Thresholds considered as parameters
*Sensitivity to context (K’s)

7 feedback circuits:
- 2 positive circuits: gt-Kr, gt-kni-Kr-hb
- 1 conditional auto-catalytic circuit: hb
- 3 negative circuits: gt-Kr-hb, gt-kni-Kr, hb-kni-Kr
- 1 dual (+/-) circuit: hb-Kr



Gap module: logical parameter values

Gene (A) b=3, c=0, h,,=2 (B) b=2, ¢=0, h,=2 (C) b=1, c=1, h,=0 (D) b=0, c=2, h,,=0
K., 0 K., 0 K., 0 K,. 0
0 0 K, 0 K, 0
giant 1 1 K, 1 K, 0
1 1 K, b 1 K, 1
3 2 Kip 1 K, 0
3 2 K,, 1 K., 0
hunchback K, 1 K, 0
Ko 1 Ko 0
K., 0 K., 0 K., 0 K, 0
Kb 0 K b 0 K be 0 K., 0
K, x 0 K. .. 0 K. ., 0 K., 0
K. .. 0 K. .. 0 K. .. 0 K., 0
Kriippel 1 K pen 1 K, pen 1 I K, 0
0 K ben 0 K ben 0 K e 0
K, pin 1 K. iin 1 K. iin 1 K. .. 0
K, hgnn 2 K, bein 2 K, henn 2 K. g 0
Ko 0 Ko 0 Kobe 0 Ko 0
knirps K, b 0 K be 0 K. beg 0 K, 0
K. bn 0 K. on 0 K ben 0 Koo 0
Ko ben 0 K ben 0 K. begn 1 K, con ‘l 1
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Gap Module - Simulation (gt, hb,, Kr, )
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Gap Module - Simulation (gt, hb, Kr, <)

Initial conditions:
overlapping maternal
gradients

Four patterns of
gap gene expression
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Simulation of maternal and gap loss-of-function mutations

Genetic back d Final state
_ Crete backgroun (GT, HB, KR, KNI) Observations/predictions
A B C D
Wildtype 1300 0220 0111 1000
loss of GT in region A
Bicoid 0001 0001 0001 1000 loss of HB in ABC and of KR in BC
KNI expands anteriorly into region AB
Hunchback,,, 1300 0220 0111 1000 No significative effect
increase of KR in region C
caudal 1300 | 0220 | 0120 | 0000 loss of KNI in region C
loss of GT in region D
giant 0300 0220 0l11 0001 KNI expands posteriorly into D
Kriippel 1300 | 1200 | 1100 | 1000 | €T efgf;’g; E’;’I Eflgrfgisoﬁ (a:nd ¢
knirps 1300 0220 0120 1000 increase of KR in region C
GT expands into regions B and C
Hunchback,,,., 1000 1000 1000 1000 loss of KR in regions B and C
loss of KNI in region C
giant-Kriippel 0300 0200 0101 0001 | KNI expands posteriorly into region D
Kriippel-knirps 1300 1200 1100 1000 GT expands into regions B and C
giant-knirps 0300 0220 0120 0000 increase of KR in region C

~— N
———

4 trunk domains
Anterior pole Posterior pole




Simulation of gap gene ectopic expression

Genetic background Final state

g (GT, HB, KR, KNI) Observations/predictions

A B C D
Wildtype 1300 0220 0111 1000
gian 1300 | 1210 | 1110 | 1000 lowering of KR in region B
loss of KNI in region C.

Hunchback-level 1 1300 0220 |0[1-2]11| 0101 | loss of GT and activation of KNI in D
Hunchback-level 2 1300 0220 0211 0200 loss of GT in region D
Hunchback-level 3 1300 1300 1300 0300 activation of GT in BD but not in D
Kruppel-level 1 0310 0220 |01[1-2]1| 0011 | loss of GT in AD, KNI activated in D
Kriippel-level 2 0320 0220 0121 0021 | loss of GT in AD, KNI activated in D
knirps 1301 1201 0111 1001 | loss of KR and activation of GT in B
giant + knirps 1301 1201 1101 1001 Loss of KR in region B and C
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—
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4 trunk domains

Posterior pole




Simulation of cis-regulatory mutations

Final state

Genetic
(GT, HB, KR, KNI) Observations/predictions
background A B C D
Wildtype 1300 0220 0111 1000
Hb autoregulation 0[1-2]20 | 0[1-2]20 0111 1000 activation of KR and repression of

GT in region A

Kr BS controlling Gt 1300 1210 1110

expansion of GT in regions B and C,
1000 | -> further repression of KR and KNI
in regions B and C, respectively
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Pair-rule genes expression patterns
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Pair-rule cross-regulations
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Pair-rule cross-regulatory gene network
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Pair-rule cross-regulatory matrix with thresholds

Input
(ubiquist
/ expression)

eve prd ppa run slp ftz odd opa

eve| +1 +1 0 -1 -1 0 -1 0
prd | -3 0 -1 0 O | +1 | -1 0
ppa | -2 0 0 0 0 0 0 0
run | -2 | +1 0 0 0 0 -1 0
slp | -2 0 0 0 0 -1 -1 0
ftz | -2 0 0 0 -1 | +#1 | -1 0
odd| -1 -1 0 0 0 +1 0 0

Ouputs

(Segment (€N | O +2 0 -1 -1 +2 | -1 +1

SﬁLaJlt)y {Wg -1 | + 0 0 | +1 | -1 | -1 | +1




Gene
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Intrinsic dynamical properties of the pair-rule module
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Pair-rule system and positional information

The state reached by the pair-rule system depends on which of the

pair-rule genes become first activated (3 rules)

— depends on the position along the A/P axis of the embryo’s trunk

— depends on particular combination of maternal & gap products

along the A/P axis of the embryo’s trunk



Logical simulations for the wild type
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Three rules for the formation of the pair-rule pattern

C1) Eve —] odd overcomes Odd —| eve
C2) maternal-gap inputs --> run overcomes Eve —| run

C3) Hairy —| ftz & Hairy —| run are needed



Simulation of loss-of-function pair-rule mutants

Genetic stable states Eml.)ryo EN/W.G (l?artiall.y) ’ Comments
background regions |expression functional circuits
vparszd
, 8 (1) 1 (1) (1) 8 é 11 ) eve (+), eve/run (+), eve/slp
wild-type LIV Wg (+), prd/odd (+), slp/ftz (+),
1111020 1 En fiz-slp (-), prd/odd/ftz (+)
3200000 v En eve-ftz-slp (-), prd/o zZ
0010001 v " |prd/odd (+), slp/fiz (+), Loss of all En- and Wg-
eve 01 11100 Notreached (We) prd/odd/ftz (+) stripes
011102 0 |Notreached (En)
prd 0010001 | LILV - leve (+), sIp/ftz (+) Loss of odd-numbered En-
1010020 I En stripes and all Wg-stripes
000O0OO0OO0T1 111 - eve (+), eve/run (+), eve/slp  |En- and Wg-stripes are
ppa 0201100 LIV Wg (+), prd/odd (+), slp/ftz (+), |normally formed (though
1201020 II En eve-ftz-slp (-), prd/odd/ftz (+) |three of the wild-type stable
3200000 A% En states are modified).
0010001 111 - eve (+), eve/slp (+), prd/odd Loss of odd-numbered We-
run 060110100 AY Wg (+), slp/ftz (+), eve-ftz-slp (-), |
pes
3200000 ILILV En prd/odd/ftz (+)
/ (1) (1) i 2 8 (2) (1) IIIHgIV) E- eve (+), eve/run (+), prd/odd [Replacement of Wg-stripes
slp , 1, n -stri
320000 0 V). V En (+), prd/odd/ftz (+) by En-stripes
P 0111100 I-1V Wg eve (+), eve/run (+), eve/slp I;O,SS of e\(;en—numl?ereden—
Z stripes and expansion o
+), prd/odd (+
3200000 v En |(H)P +) Wa-stripes
01 1100 L, IIIb, IV Wg eve (+), eve/run (+), eve/slp Even—n}lmbered En- and
odd 1111020 | ILIa En | (4), slp/ftz (+), eve-fiz-sip (-) | VY &-Stripes expand
3200000 Y En posteriorly and anteriorly

into the parasegment,
respectively




Prediction of double loss-of-function mutants

Genetic stable states Embryo | EN/'WG (partially) Comments
background regions |expression | functional circuits
wild-type 00100001 III - eve (+), eve/run (+),
0111100 LIV Wg eve/slp (+), prd/odd
1111020 II En (+), slp/ftz (+), eve-
3200000 \ En ftz-slp (-),
prd/odd/ftz (+)
Odd Wg-stripes are replaced
by En-stripes; even En-
eve;odd 0111020 | I1,IIla En slp/ftz (+) stripes expand posteriorly;
0111100 (MbIV,V Wg odd En-stripes are replaced
by Wg-stripes; even Wg-
stripes expands anteriorly.
ftzodd |0 111100 LIV Wg  |eve (+), evefrun (+), |EVen En-stripes are lost and
3200000 vV En eve/slp (+) the Wg-stripes are
expanded.
prd;sip 0010001 I i eve (+) Lo.ss of odd-numbered En-
1010020 L II, IV,V En StI'lpCS and of all Wg—

stripes




Simulation of ectopic expression of pair-rule genes

Genetic stable states EmBryo ENWG ;partla"y; Comments
background regions | expression functional circuits
vparszd
wild-type |0 0 1 0 0 0 1 111 - eve (+), eve/run (+),
0111100 LIV Wg eve/slp (+), prd/odd (+),
1111020 II En slp/ftz (+), eve-ftz-slp (-),
3200000 \Y, En prd/odd/ftz (+)
eve 3200000 LV En None! The Wg—sFripes are lost and
the En stripes are expanded
prd 021110 0] IIb,IV Wg eve (+), eve/run (+), Anterior expansion of Wg-
1211020 II, Illa En eve/slp (+), slp/ftz (+), eve-  |stripes
3200000 \Y En ftz-slp (-)
ppa 0111100 LIV Wg eve (+), eve/run (+), Loss of odd En-stripes
1111020 II En eve/slp (+), prd/odd (+),
0010001 111 - slp/ftz (+), eve-ftz-slp (-),
3110000 \Y - prd/odd/ftz (+)
run 0011001 111 - eve (+), prd/odd (+), Replacement of odd En-
0111100 LIV,V Wg slp/ftz (+), prd/odd/ftz (+) stripes by Wg-stripes
1111020 11 En
slp 0010101 11T - Replacement of En-stripes
0111100(LILIV,V Wg prd/odd (+) by Wg-stripes
Jtz 0010021 I - eve (+), eve/run (+), Replacement of Wg-stripes
; ; é é 8 g g I, Ii,/IV gz prd/odd (+) by En-stripes
odd 0010001 I-v - eve (+) Loss of En and Wg stripes
10100 O 1|Notreached ()




Prediction of pair-rule cis-regulatory mutants

Genetic stable states Embryo EN/WG (partially) Comments
background regions expression functional circuits
vparszd
wild-type |0 0 1 0 0 0 1 11 - eve (+), eve/run (+),
060111100 L1V Wg eve/slp (+), prd/odd (+),
1111020 11 En slp/ftz (+), eve-ftz-slp (-),
3200000 \Y En prd/odd/ftz (+)
af;f) 8 g 1 (1) (1) 8 é II\IfII(V) V\-fg prd/odd (+), slp/ftz (+), Possible replacement of odd
regulation |1 1110 20 IL (V) En prd/odd/ftz (+) En-stripes by Wg-stripes
Ftz 00100O01 II1 - eve (+), eve/run (+),
auto- 060111100 I 1V Wg eve/slp (+), prd/odd (+), Loss of even En-stripes
regulation |1 1 1 1 010 II . slp/ftz (+), eve-ftz-slp (-),
3200000 Vv En prd/odd/ftz (+)




Feedback circuit analysis

* 51 intertwined, distinct feedback circuits
but only 7 (partly) functional feedback circuits: 6 +, 1 —

» Multiple positive circuits on a given gene (e.g. eve)
—> cooperation to generate a non-linear switch!?

» Perturbations at the feedback circuits
—> Loss of certain stable states (cellular states)

—> Miss-localization of some of the remaining states



Four expression modes

The eve-expression mode
—> formation of odd-numbered En-stripes

The ftz-expression mode
—> formation of even-numbered En-stripes

The prd/sip expression mode
— formation of odd- and even-numbered W¢ -stripes

The odd-expression mode
—> prevention of en and wg expression in the middle of

the parasegment



Segment polarity gene network
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ptc, hh, Ci[act] are represented by quaternary variables; Ptc-hh, wg, smo, pka, fz, dsh are represented
by ternary variables; the others 8 regulatory products are represented by binary variables.



Segment polarity intercellular network
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Summing up
« Emphasis on the roles of regulatory circuits (+ and -) vs gene cascades
* Crucial role of positive circuits in differentiative decisions (Kr-gt)
* Principally short circuits are found functional (Kr-gt, eve, eve-run...)
» Notion of "cross-regulatory modules" = sets of intertwined circuits
» Notion of "cross-regulatory modes"
» Cross-regulatory circuits and modules as dynamical building blocks

 Qualitative reproduction of the gene expression patterns associated
with the different cell types

* Prediction of the phenotypes of various types of mutants



Prospects

« Coupling between the gap, pair-rule and segment polarity modules

— towards a model of the whole segmentation hierarchy

* Modelling of the network controlling cell cycle

— analysis of the coupling between cell cycle and cell differentiation

« Comparative and evolutionary analysis of homologous regulatory

networks (graph topology, qualitative dynamics, redundancy)
* Methodological/computational developments (formalism, software)

 From Logical Regulatory Graphs to Petri Nets
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