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Computational models in
signal transduction research

Convinces biologists that formal verification is actually a thing,
hilarity ensues.
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Joint works with many people




Formal Methods and Timed Automata

French Guyana, June 4, 1996
$800 million software failure

Formal Methods and Biology



Formal Methods and Timed Automata

French Guyana, June 4, 1996
$800 million software failure

Edmund M Clarke, Jr.,
Orma Grumberg,
Daniel Kroening,
Doron Peled,

and Helmut Veith

-

>
ll

5

—

{s €S| M,s = EGp}

. Restrict to states labelled p

. Compute non-trivial SCCs
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Formal Methods and Timed Automata

French Guyana, June 4, 1996
$800 million software failure
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. Restrict to states labelled p

. Compute non-trivial SCCs

. Label states in these SCCs

. Backwards reachability to label
paths along which p holds

Timed Automata: textbook definition Real values
(not just integers)!

Set of actions X
Set of locations S
Set of initial locatigns S,
Finite set of
Function I giving invariant
I(1) for each location

Finite set of transitions T

= » Source location

* Action (synchronisation)

~J)
2
N
S
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o

. » Guard
lcooking  Resets
=0 i
x » Target location
2open ¥*=10) Sometimes actions

designated input (?)/output (!)
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Explaining Timed Automata...

. Timed automata

/) a Activity s b inactive_ERK c
N ,v,j ——_— t< 20 active MEK
{\ ] activate ERK?
g
) activate ERK
VX active_ERK t:=0
y
\| MIN
R )
\ ERK automaton: MEK automaton:
Wt two locations (circles): one location and one transition
b o inactive_ERK and active_ERK, Invariant: t<20
h&,a I transition (edge) between the Guard: t>18
'y 82 locations Transition only when clock

18<t<20: activate_ ERK!

Pl o) 6:06/10:19 - Timed automata >
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*record scratch®* *freeze frame*

t>18
on only when clock
I: activate_ERK!

. Timed automata

Yup, that’s a biologist. Explaining Timed Automata to biologists.
You’'re probably wondering how she ended up in this situation.
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How it all began
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How it all began
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First contacts
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So: model checking, and
our tools are sooo fast
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Why should this interest

me?
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First contacts

‘o

Has a hammer,
is looking for a nail

-

=

So: model checking, and
our tools are sooo fast

J

Why should this interest

me?

Wants to paint
the wall yellow
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First contacts

So: model checking, and
our tools are sooo fast /

= .

Ll @ e, Why should this interest WSS 6D i
is looking for a nail the wall yellow

me?

Lesson #1: listen
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Signalling pathways: a primer

Inside Cell
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Complex networks of interactions
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Complex networks of interactions
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Complex networks of interactions

RTKs Integrins




The more we know...
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... The less we understand
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... The less we understand
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... The less we understand
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Idea: ask computers
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Idea: ask computers
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Models for biology: easy, right?

f

K Keat
E+ST‘ C=E+P

early e
dE(t) o = Substrate S(t)
i = ki E@) - S() ke O) +heat - Ct) g 4 — Complex C(t) §
B~k E() S k- C1) g5 S
L~ ko E() S — kO — ket -C() S, &
Keat - C(1) 1
0 @ wo a0 sao
Time (s)
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Models for biology: easy, right?

f

K Keat
E+S T‘ C=E+P

early late
dE(t) o — Substrate S(t)
g = kB S+ ke C() +Kear - C(1) g 4 — Complex C(t) s
B =k EQ) SO+ e €O E g
WO = @) S~k O — ket O § 5 g

feat - C(0) .
o 30 1x10* 3x10* 5x10*
Time (s)
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Models for biology: easy, right?

f

K Keat
E+ST‘ C=E+P

early. late
dE(t) o = Substrate S(t)
i = ki E@) - S() ke O) +heat - Ct) g 4 — Complex C(t) §
B~k E() S k- C1) g5 S
%@ = K E(0)-S()— k- () —kear - C()  § 5 &
= hear C() 1
0 30 ixiot  3xiof 5x10¢
Time (s)

Lesson #2: terminology
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Formal models

No, we mean
formal models
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Formal models to understand
complex biological netwoks

Formal model = Precise description of knowledge

- Logic:

* IF B is active AND C is NOT active, THEN A is active ‘

- Mathematical equation (ODE):

o J11 — kl[B] — kz[C] — kS[A]

Formal Methods and Biology



Models range: mechanistic = abstract

Differential equations Fuzzy Logic Bayesian Networks Principal Component Analysis
d[A)dt=-k,[A][B]+k,,[C]

) d[E)dt=k [C][D} [E] @ -
- 2
™
o~ Ol O | .‘
1y P(EIB) / PED) g @
ifAisL and... =
" thenEis H &
I...
then... 1st principal component

Specified Abstracted
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Models range: mechanistic = abstract

Differential equations Fuzzy Logic Bayesian Networks Principal Component Analysis
d[A)dt=-k [A][B])+k,,[C]

. OEVAt=K [CID} [E]

z
L ®
® ® :
0 =~
©
o “ M~0 \ P O @ e
ifAis L and... o
then E is H &
then... 1st principal component
mechanisms influences correlations
Specified Abstracted

AN T 17
é O
® ®0 O © O 00
Modelling with ANIMO: between fuzzy logic and differential equations.

S. Schivo, J. Scholma, P.E. van der Vet, H.B.J. Karperien, J.N. Post, J.C. van de Pol, R. Langerak.
In: BMC systems biology, Vol. 10, 27.07.2016, p. 56. Formal Methods and Biology



Modelling software:
what biologists want

° Intuitive
 Hidden mathematics
*Visual interface

* Interactive
* Adaptable
* Rapid feedback
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Modelling software:
what biologists want

* Intuitive
* Hidden mathematics
*Visual interface

* Interactive

* Adaptable
* Rapid feedback
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Why not precise?

Why publishing in multidisciplinary journals can be a pain...
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Why not precise?

Why publishing in multidisciplinary journals can be a pain...

We need to know why . We don’t care about
this is precise those details
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Why not precise?

Why publishing in multidisciplinary journals can be a pain...

We need to know why . We don’t care about
this is precise those details

TS

We can and want to be precise We are unable to be precise:
(a bit of Dunning-Kruger effect) most parameters are hard to measure

Formal Methods and Biology



Abstractions: activity levels
outside
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Abstractions: activity levels
outside

Inside
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Abstractions: activity levels
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Abstractions: activity levels




Abstractions: activity levels

X AXO00000O
A = 3/10




Abstractions: interactions

Precise reactions = abstract interactions
E+S+ATP= ES+ ATP — ESP + ADP = E+ S° + ADP
(with S+ S” = constant and ATP 4+ ADP = constant)
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Abstractions: interactions

Precise reactions = abstract interactions
E+S+ATP= ES+ ATP — ESP + ADP = E+ S° + ADP
(with S+ S = constant and ATP 4+ ADP = constant)
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Abstractions: interactions
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Startmg activity:

M

Protein activity (a. u.)
H N WA UOON®YO

‘» &e
e &

5 90+
80+
70t

2 60t
2 50t
0.4o8 pd
s 30t

4

2 4 6 Time (min)

Protein activity (a. u.)

20T,
10

1 I

2 4 6 Time (min)

Biological networks 101: computational modeling for molecular biologists.
J. Scholma, S. Schivo, R.A. Urquidi Camacho, J.C. van de Pol, H.B.J. Karperien, J.N. Post.
In: Gene, Vol. 533, No. 42, 01.01.2014, p. 379-384.
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ANIMO: under the hood

« Control Panel

Fle Edt View Select Layout Plugins Help

ESE QAAA @ 8 @ Ay By s [ BIFNE]

Network BOE)] | Resuts Panel =

Faors [ [am0]

Load simulation data..

Simuiation e
A0 Resuks
w1459 wntes
Change e | [ Reset to hers | [ Diference wen.. | [ save smulation data
() compute s ( ]
74 secondsistep | 901 i
odel
[ checking... | s
70!
Legend
3
Activity o :
ax Toss
H]
§ 404
0]
2]
o
o}
Protein category
- o W s s0 1w
(] L o 145 288 432 576 720 @64 0
™ -
. N Data Panel o
posshatese O
® s =5 088 &
T el cre K B
®  Transcrption factor
Theoce atemmce sroe e TS
Options... T T T T
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Timed Automata &

R19:

(0)j: (o0,0) (0,0) (1668,0)
(1668,0) (1826,1) (1826,1)
(1981,3) (1981,3) (2140,5)
( 0,5) (2298,7) (2298,7)
(2457,9) 9) (2616,11)

timeL[reactant2][reactant1] == INFINITY

(2616,11) »13) (2775,13)

(2934,14) (3093,15)

1 tantl (3093,15) (3252,16)
2 . 5 (3434,16) (3617,16)
[2:Seactant2; Simulate P 775.17) (4038, 17)

(4038,17) (4268,17) (4498,17)
(4728,17) (4958,17) (5188,17)
8,17) (5418,17) (5418,17)
52,17) (5652,17) (5886,17)

s3

timeU[r2](rl) == INFINITY |
[l c<=timeU(r2](r1] mellr21[r1))
antl,

0,17) (6354,17) (6588,
(705
(7678, 16)
(7837,17)

(8239,16)

outg acting
output:=output+delta,
c:=0

(. 7
\ 7
.

J
Schivo et al. (2014). Modeling biological pathway dynamics with Timed Automata.

Formal Methods and Biology
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ANIMO: under the hood

dt View Select H

cle@ aeaa @ @ @ by s

((rlr i c

%

J

(.
Schivo et al. (2014). Modeling biological pathway dynamics with Timed Automata.

Schivo et al. (2016). Modelling with ANIMO: between fuzzy logic and differential equations.




ANIMO model

set_time(),
update(),

enqueue(0)

c>0&& exit_queue(0)
(infinite_delay() || c < T)
reached[2]? waiting
get_time(),
enter_responding(0) ¢ <=T
|| infinite|
minlDresponding = ST
o do_update! P
update(),

responding exit_responding()

do_update? )
update()

Schivo & Langerak (2017). Discretization of continuous dynamical systems using UPPAAL. _
Formal Methods and Biology




ANIMO workflow
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ANIMO workflow

_

— AKT
IRS1 (Y)

== |L-1ra
MK2

m— MEK
IL-1a

=== |RS1 (S)
ERK
FKHR

= Casp3
Casp8

m— |NK1
IKK

IIIIIII

2 4 6 8 10 12 14 16 18 20 22 24 Time (min)

P
@’w
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ANIMO workflow

— AKT
IRS1 (Y)
90+ = |L-1ra
l MK2
m— MEK
704+ IL-1a
=== |RS1 (S)
60+ ERK
FKHR
= Casp3

(o]

o
T
T

Casp8
e |NIKT

‘otein activity (a. u.)
w
P
1

)
l
/

AKT
IRS1 (Y)
IL-1ra
MK2
MEK
IL-1a
IRS1 (S)

ERK

FKHR

Protein activity (a. u.)

Casp3

Casp8

JNK1

IKK

0 1 3 5 6 8 9 11 12 14 15 17 18 19 21 22 24 25 27 28
Time (min)




Reference data

IL-1B Wnt3a IL-1B + Wnt3a
Biological networks 101: computational modeling for
t (m|n) molecular biologists. / J. Scholma, S. Schivo, R.A. Urquidi
’ . ° : : . : ' Camacho, J.C. van de Pol, H.B.J. Karperien, J.N. Post.
B ‘e ‘e LY . 4 ‘e ‘e %e %e In: Gene, Vol. 533, No. 42, 01.01.2014, p. 379-384.

15 8 % k| L Lo L|w R A

30 % B OB Bl )W W

i

60 i W | W e

120 ‘R (B GRIEA 8 BIS (B

240 W | e e e |t W
480 ‘& ‘& » B 'S 31 'S ‘e
0 :Q E'. E'. . :. ‘. R . .

Triplicate

(Relative phosphorylation values of proteins in human chondrocytes)
Time series measure the dynamic evolution of signal.
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Reference data

110+
100+

90-
80-
70-
60-
50
40-
30-

I
T
20

T
40

IL-18 Wnt 3a IL-18 + Wnt 3a
ERK 1 2 3 1 2 3 1 2 3
5| 13 18 17 15 15 21 11 14 12
15| 82 90 108 42 46 51 53 59 27
30| 45 65 57 30 27 30 11 10 9
== ERK data - == ERK data - == ERK data
— NK1 data i — NK1 data i — |NK1 data
== 38 data 801 == p38 data 80 == 38 data
70+ 70
60+ 60
501 50
401 40
301 30
104 104 2 ———p—
} } } } } — t t } } } } } }
60 80 100 120 Time (min) 20 40 60 80 100 120 Time (min) 20 40 60 80 100 120 Time (min)
15| 91 87 130 6 4 5 81 70 39
30 73 75 105 21 12 19 26 24 19
60| 25 26 24 6 3 11 24 23 20
120 28 27 24 2 1 2 31 36 21
240 21 19 20 2 2 3 22 19 19
480 16 16 27 10 4 6 16 15 17
0 17 19 15

Numeric semi-quantitative data.
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Data vs Model: hypotheses

File Edit View Select Layout Plugins Help

PE QARAQAA @ 8 Biybywa B/
S~

Control Panel Network O a Results Panel &
ANIMO o ANIMO Results

[LJRemote————————————————— | changetitle | | Resettohere | | Difference with... | | Save simulation data... | | Close |

Server my.server.com

Port 1234

100+
Load simulation data... = ERK
Simulation 904 = ERK data
until 180 minutes e INK1
[J Compute 10 runs 80+ === JNK1 data
- :d std deviation TR —p38
|

7 m 701 = p38 data
0.001 seconds/step \)\ >
Parameter fitter... 5 60
Anal Model
ngtaw{:zrek cl:e:idng... E
3 50+
Legend |
40+ \
Activity N\
Max
2
1
Min

Protein category

Protein activity (a. u.)

. Cytokine
. . 0 18 36 54 72 90 108 126 144 162 180
Kinase —
Data Panel (=)}
‘ Phosphatase
ov O E fo &
. Transcription factor E D ov o - .
D NODE_T... activityR... canonic... descript... enabled initialCo... levels levels s... molecul...  plotted
Bl other
( Options... | [ Node Attribute Browser | Edge Attribute Browser | Network Attribute Browser |
Welcome to Cytoscape 2.8.3 Right-click + drag to ZOOM Middle-click + drag to PAN

Use data and model to improve knowledge, generate hypotheses.
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Data vs Model: hypotheses

File Edit View Select Layout Plugins Help

]

@ é %%Seamh:
Control Panel (1) 2

Network 0

[_J Remote
Server my.server.com
Port 1234
Simulation
until 180 minutes m
[J compute 10 runs
Average and std deviation
Overlay plot

0.001 seconds/step
Parameter fitter...

Analyze Model
network checking...

Legend

Activity
i ' Max
Min

Protein category

. Cytokine
. Receptor

@

=~
(*]

—

o \

(5 Results Panel @
a. ANIMO Results
| changetitle | | Resettohere | | Difference with... | | Save simulation data... | | Close |
= ERK
- ERK data
90+
— JNK1
80+ === INK1 data
! 70+ = p38
In ig S = 38 data
8
2
2
0
@©
C
o
°
a
H———1——
20 40 60 80 100 120 Time (min)
| ——e

i ot P P P P P P P Prrn P I
0 18 36 54 72 90 108 126 144 162 180

. Kinase

levels levels s... molecul...  plotted

Data Panel
Phosphatase
@ rhosp HEO%5 @
. Transcription factor ov o -
D NODE_T... activityR... canonic... descript... enabled initialCo...
Bl other
| Options... J l Node Attribute Browser 1 Edge Attribute Erowserl Network Attribute ErowserJ

Welcome to Cytoscape 2.8.3 Right-click + drag to ZOOM

Middle-click + drag to PAN

Use data and model to improve knowledge, generate hypotheses.
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Models in Systems Biology:
the Empirical Cycle

drive

Hypotheses

derive

produce

update

Knowledge
Theory

build
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Models in Systems Biology:
the Empirical Cyele Spiral

derive




esson #3: start small...

e Cytoscape Desktop (Session: Model.cys)
File Edit View Select Layout Plugins Help

Q@B By - BB |
=]

Control Panel Network O an Results Panel (58]
ANIMO o ANIMO Results

) Remote

| changetitle | | Reset to here | | Difference with... | | Save simulation data... | | Close |

Server my.s
Port 1234 m— ER K

. L<.>ad simulation data... == ERK data
Simulation 90+

until 180 minutes m — J NK1

0 runs 80+ _JNKl data
70+ P38
0.001 seconds/step | — p38 data

Parameter fitter...

Analyze Model
network checking...

60

50+

Legend

Activity 404

Max
30+
20+
Min l

Protein category

Protein activity (a. u.)

! ] ! 1 ! !
— f f f f f
20 40 60 80 100 120 Time (min)

Cytokine

. . 0 18 36 54 72 90 108 126 144 162 180
Kinase —
Data Panel (=)}
’ Phosphatase
ov O Hmwme
. Transcription factor E D Oov O ﬁ .
D NODE_T... activityR... canonic... descript... enabled initialCo... levels levels s... molecul...  plotted

Bl other
[ Options... J lNode Attribute Browserl Edge Attribute Browserl Network Attribute BrowserJ
Welcome to Cytoscape 2.8.3 Right-click + drag to ZOOM Middle-click + drag to PAN

Formal Methods and Biology




... you can go for bigger things later on

e Cytoscape Desktop (Session: large_model.cys)
File Edit View Select Layout Plugins Help

BE QRQe @ @ Bigigen B @

Control Panel 4 Network BEE3| | Results Panel (=]
% [ viaapper™ Editor , [(Soxe [ Wnt: Sox9 ~> Runx2
Load simulation data... | Changetitle | | Resettohere | | Difference with... | | Save simulation data... | | Close
Simulation
until 60 minutes

[J compute 10 runs
Ave td deviation

Ove
0.01090909 seconds/step
Analyze Model
network checking...

Legend

Activity

Max

Protein actity (a. u.)

CE N\
NS NZSKY
iﬁ’?}&f‘

X

5{(}0\.{' U p, .
AL R 5 L‘_.-_‘.'A-- @

\D \

Min 5

Protein category

B cytokine

@ Receptor

@ Kinase

@ Phosphatase

@ Transcription factor
A Gene

W mRna

@ oummy

Bl other

Options... J J

Welcome to Cytoscape 2.8.3 Right click + drag to ZOOM Middle-click + drag to PAN
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ECHO: Executable CHOndrocyte

Experimental data Knowledge & Theories
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ECHO: Executable CHOndrocyte g

Cellular Signalling

Volume 68, April 2020, 109471

ELSEVIER

ECHO, the executable CHOndrocyte: A
computational model to study articular
chondrocytes in health and disease

Stefano Schivo ® ® €, Sakshi Khurana® !, Kannan Govindaraj® !, Jetse Scholma? Johan
Kerkhofs ¢ ¢ Leilei Zhong *f, Xiaobin Huang ? Jaco van de Pol > 8 Rom Langerak ®, André .

van Wijnen h Liesbet Geris 9, Marcel Karperien 2 Janine N. Post® & =

Show more v

+ Addto Mendeley o2 Share ®% Cite

https://doi.org/10.1016/j.cellsig.2019.109471 Get rights and content

Under a Creative Commons license ® Open access

Drug therapy
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ECHO: biologist view

GREM1 .
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Schivo et al. (2020). ECHO, the executable CHOndrocyte: A computational model to study
. . . Formal Methods and Biology
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ECHO: in silico experiments “

GP Model AC Model GP Model AC Model

o o
S S
- L]
i — o
& 2
o o
o o Null
S =1
- -
= w Distribution
£ (V)
= L of cell fates
+
o o SOX9 RUNX2*
S =1
- i
o] Q2
[° 5 L
) Q)
= =

0 100 O 100

Fixed BMP activity (a. u.) Fixed Wnt activity (a. u.)

Schivo et al. (2020). ECHO, the executable CHOndrocyte: A computational model to study
. . . Formal Methods and Biology
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ECHO: in silico experiments

100 Null
80 ' .
= 60
B ;
£ SOXQ’A ................. Runx2*
fa]
G
2 40

20 100

60

40 FGF initial activity

Wnt initial activity 100 = o
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ECHO: in silico experiments
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Model checking ECHO
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ANIMO & ECHO}é odel checking
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ANIMO & ECHO: model checkmg 3
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Lesson #4.: formdl methods can be used in biology
(if you know how)
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Back to the end of the story
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Ideas for a happy & fruitful
multidisciplinary research

v'Lesson #1: listening to the “others”
L esson #2: ensure a common terminology

_Lesson #3: start small, go big later

N XN X

_ esson #4: powerful models, under the hood
..?

v Profit!




Open Universiteit

HANKS
OR

OUR
A\TTANTION

WWW.OU.NL



