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Checkpoints ensure the integrity of DNA during the cell cycle, which is a succession of molecular and cellular events leading to the division of a mother cell into two genetically identical daughter cells. The DNA is first duplicated (S-phase), then equally distributed between the opposing poles of the cell, which finally divides into
two independent daughter cells (M-phase). Two additional phases depict the process of cell preparation before S and M phases: respectively the G1 and G2 phases. Many modeling studies investigating checkpoints are based on ODE systems while the checkpoint concept itself is fundamentally discrete. So far to our knowledge,
very few qualitative models have yet attempted to formally define this discrete concept, as the notion of discrete cell cycle phase is still fuzzy from a formal point of view.

&

SWIProlog
1r. Canonical path (p) Initial state (P;) canStart(p,Y) | canEnd(p,X)
G1 {sk+,en-,sk+} sk=0,ep=0,a=0,b=0,en=1 Y=[sk+] X=[sk+] G1and S hyper-pavements
S {a+,sk-,sk-} sk=2,ep=0,2=0,b=0, en=0 Y=[a+] X=[sk-] and their biologically feasible paths
{Peartyc1} ~ sk+;en—; sk+; a+; sk—; sk—; a+; ent: btien—; bti ep+s a—; a—; b= b—;ep—sent  {Peartyer} G2 {at,ent,b+,en-} 8k=0,ep=0,2~1,b=0, en=0 Y=[at] X=[en-]
L e AL 5 AL ) AL i : M || {b+,ep+,a-,a-,b-,b-,en+,ep-} | sk=0,ep=0,a=2,b=1,en=0 ¥=[b+] X=[a-,b-,en+,ep-]

Pearlyc1is the precon n (the initial state of the system)
... and the postcondition (the final state) The modelled biological knowledge admits several orders of events within the
Between: A succession of events where each event is of the form v+ or v-. M phase (33 paths)

Peartyc1 define a state where sk=0, a=0, b=0, ep=0 and en=1(00001). The M phase is poorly constrained by biological knowledge
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[ Exhaustive enumeration of models (denoted G) - Here. 7 billons of billions ) %
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Formal methods Checkpoi Evaluati |o = checkpoint(mi mip1)|

Model-checkin P iy Wi

Genetically modified be1 be n n a-x[ b q—F ‘ G1/S True 16/32

Hoare’s logic + isRequired(sk+, a+)

(weakest precondition) b0 u-o ﬂ S/G2 True 32/32 =

I e e G2/M True 32/32 (0(Ka(znEp}) = 0) X (0(Kq,(Engpskaczy) —0)) <0

(a) Our cell cycle interaction graph, where the nature of each regulation is encoded in M/G1 False 0/32

propositional logic, following the René Thomas’ formalism [2]. Key result 1: 16 models o satisfy the predicate isRequired for G1/S

The Hc Hoare triple from a semantic point of view - Fach edge joining two states is ) ¢ !
Only models for which Kaenep)= 0 are solutions of the G1/S checkpoint.

Computation of the satisfiability of the checkpoint(ri,mi+1)
built using a parameter Ky,o.

(b) Dynamical knowledge can be encoded either in Hoare's logic [3], CTL [2], or predicate on the 32 remaining models

(c) by directly constraining the value of the parameters Kv,o wp(He)
@ The family of parameters Ky allows us to build an asynchronous transition graph H=0 A G=0A b0 A p=0 A en=1 . . . .
skt skt sk E
. . . isRequired(ep—, sk+)
. PR K ASK J 0] K A By <1 K ASK. EnSk,re: G 1 ’
(d) A logical model refers to a substitution of all symbols Ky “I { s ’f(‘ { p<b A K p <A o en =
Ca(skact2,enip) > 0) Cok (rpnoBnsk restrietGP) < 2) A (Kot (rpmonsk restricrcry < 1) -

(Sascazose) 20) & (o fmaeEnshsmriscr) <) A (Kabionsoisipmacicr) <1 & (0 (K. fnoask,restricicry) = 0) X (0 (K {noask.restriciary) — 0)) < 0
(e) TotemBioNet efficiently combines model-checking and ically modified Ko fontiep bty > 1) A (Ken fnosinos) > 0) A (Ko gacz} > 0) A (Koo grasiy <1) A oottt i
Hoare logic to exhaustively identify the set of models that satisfy the dynamic (B mngpanceraay > 1) A (Kep ropnzpoacey > 0) A (Ko genarepy <2 A (Ko fenarpy < 1) A ) )
properties. (K oaenty <2) A K oacery < 1) A (Koo rongnmosiinos) > 0) A (Kepy <1) Key result 2: No model o satisfies the predicate isRequired for M/G1 - The example of one couple (X,Y)

The TotemBioNet tool identifies the set of models ¢ compatible with the canonical cell cycle and some
of its major properties expressed in CTL. 32 models are identified:
How many of them satisfies the discrete notion of checkpoint?

M1 nG1/s

sk en- sk+ a

@ ‘ A checkpoint ensures that any event Y that can start a phase does not occur ’
B 00001 =1 P -1

before the completion of any event X that can end the previous phase.

checkpoint(mi, mit1) <= V¥, € [G1,5,G2, M), 3o | VX, VY,
canEnd,(X,7,) A canStart,(Y.741) = isRequired,(X,Y)

ep-

G2

A single ordering of p has been defined.
However, current knowledge cannot ensure that there is only one possible order.

canEnd, (X, ;) <= 39’ € permutations(p) | (o(wp({P:}p'{Q=})) A X =last(p))
canStart, (Y,m;) <= 3 p/ € permutations(p) | (oc(wp({P:}p'{Q:})) AY = First(p'))

M (Mitosis)

- Pai (resp. Qai): the unique initial (resp. final) state of a phase m
p: the set of events to be completed within a phase

‘ Qui is called the checkpoint state and is denoted Nai/mi-1. |

6(Kv,0) = 1if the parameter Ky.o=11in the considered logic model o.

MeforeX) X (0(Kyw, sierx) = Nafterx) <0

isRequired,(X.Y) <= (0(Kyu,. ...
The predicate wp queries TotemBioNet to: ‘ id Yot

(a) construct the weakest precondition for all orderings of events in the phase
(b) identify permutations for which the weakest precondition is satisfiable ‘ The isRequiredclause is false for G1/S if the state ngysis bypassed to reach S from G1. |
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