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Differentiation of human cells
Williams et al. (2012) Cell 149. DOI: 10.1016/j.cell.2012.05.015

SnapShot: Directed Differentiation of Pluripotent
Stem Cells

Luis A. Williams, Brandi N. Davis-Dusenbery, and Kevin C. Eggan
HHMI, Harvard University, Cambridge, MA 02138, USA
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The big picture

Cell differentiation as transitions among attractors
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What is SQUAD?

» Stands for Standardized Qualitative Dynamical systems.

» Approximates a Boolean network with the use of a set of
ordinary differential equations.

» Variables representing the state of activation are normalized:
they are constrained in the range [0,1].

» Enables a direct comparison of the attractors obtained with a
continuous model against the attractors of a purely binary
model.



Why?

» There are many biological systems where there are gradients,
and concentration-dependent effects.

» There is not enough quantitative data available for such
systems.



SQUAD

Mendoza and Xenarios (2006). Theor. Biol. Med. Model. 3: 13
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Discrete equations

Equation 1.
('@)v (0. v 0 A2l v x(D)..v (@)
x(t+1)= (v $3(0)... v xi(0) §§
X (O K3(0)... v xi(1)) §§$
v, A, and — are the logical operators OR, AND, and NOT
x;€{0,1}

{xii} is the set of activators of x;

{x! } is the set of inhibitors of x;
§is used if x; has activators and inhibitors
§§isused if x; has only activators
§§§is used if x; has only inhibitors



Discrete equations

x <+ aORDb

x <— a AND NOT b




Finding attractors analyzing regulatory circuits

The logical formalism developed by René Thomas enables us to
dissociate a complex network into a well-defined set of feedback
circuits and check their dynamical roles individually, yet keeping
complete control of the ways in which these circuits are
interconnected.



Continuous equations

Equation 3.
dx. _‘,O.Sh + c—‘l(m‘—O.S)
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{x}} is the set of inhibitors of x;
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The parameter h
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Relative insensitivity to parameter h
Mendoza and Pardo (2010). Theor. Biosci. 129: 283
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Continuous equations
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Parameters o and [




Strength of interactions




SQUAD workflow

Convert the network
into a discrete dynamical
system

Find all the stable steady
states with the generalized
logical analysis

Use the steady states of the
discrete system as initial
states to solve numerically
the continuous system

xi(to) 0 V(Iu)

xi(t 1) g(n(t)..x(1))

Convert the network
into a continuous
dynamical system

dxi

Sixu.xn)

Let the continuous system run
unhl it converges to a steady state

[ A —
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SQUAD
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Workflow

O¥eer

Lime fna

DOomen  Jnen

Onso

Onson

Osman

- Po R € P - Py VN ™
L T - O Lo s e R I W
Sk = - L o
g D - R 2
~ ol e
o = .
e o
o=
State1: Tho State2: Thy State3: Thz




Finding the steady states of a network with BDDs
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Fig. 2. An example of Gene Regulatory Network

Fig.3. BDD representing the state space of example in figure [2] The dashed edges
represent 0 evaluation of the variables and the solid edges represent the 1 evaluation.
For clarity, edges going to 0-terminal are not shown in this figure.



Dynamics
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Perturbations

= B pertubations.
= B perturbation (=1L Pulse, rinsktate=THO)

[ singlepulse (pararmter=state, tget=IL-4, tme=215, voh=1.0)
ha state,

8

) singlepulse (poramster=state, target=IL4, time=1.5, vahe=1.0)
) singlepulse (parsmeter=state, target=iiN-g,

tmea10., vaes1.0)

encoding="UTF-8"2>
"

16-"TL-4 Pulse*
minglepulse paramcter-‘state’ target-'IL-4' tisest
</perturbation:

¥ valuesLe

of TR state’ e

<singlepulse pacameter-'state’ target='IL-4' tines'3.5" values'L.9" />

<singlepulse pacameter-‘state’ torget-'IN-g* tine-"10.8" vaiue-1.8"
wrbation:

[ |




SQUAD is part of ENFIN

http://www.enfin.org

Home About Products  Events Resources Contact

Access Data
EnVision
EnVision allows direct access to datais
available through the ENCORE platform

a collection of webservices with a
common standard format (EnXML).

Find out more.

The European Network of Ex
computational approaches in

Analyse Data @
EnSuite

EnSuite s a selection of analysis tools
provided to help you perform a range of
typical systems biology tasks

Find out more.

tems biology

Login

cellence, ENFIN, is committed to providing a Europe-wide integration of

Latest Publications @ Upcoming Events

Read more.

Efficient computation of minimal
perturbation sets in gene regulatory
networks

Abhishek Garg, Kartik Mohanram,
Alessandro Di Cara, Gwendoline
Degueurce, Mark Ibberson, Julien
Dorier and loannis Xenarios

Qualitative modeling identifies IL-11 as
anovel regulator in maintaining self-
renewal in human pluripotent stem
cells

Peterson H, Abu Dawud R, Garg A,
Wang Y, Vilo J, Xenarios |, Adjaye J

Read more.



SQUADD

Sankar et al. (2011). Bioinformatics 27: 1404
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SQUADD

Used to model cyclic behavior
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SQUADD is part of Bioconductor

http://www.bioconductor.org/packages/release /bioc/html/SQUADD.html

BlocondUCtor Install Developers About

OPEN SOURCE SOFTWARE FOR BIOINFORMATICS

Home » Bioconductor2.13 » Software Packages » SQUADD

Workflows »

SQUADD Common Bioconductor workflows

include:

* Oligonucleotide Arrays
Add-on of the SQUAD Software * High-throughput Sequencing
* Counting Reads for Differential
Expression (parathyroideSE vignette)

B
33
B
<
&
2

Bioconductor version: Release (2.13)

This package SQUADD is a SQUAD add-on. It permits to generate SQUAD simulation matrix, prediction

Heat-Map and Correlation Circle from PCA analysis. + Flow Cytometry and other assays

§ . § § Candidate Binding Sites for Known

Author: Martial Sankar, supervised by Christian Hardtke and Ioannis Xenarios Transcription Factors

+ Cloud-enabled cis-eQTL search and
annotation

To install this package, start R and enter: -

>
B
&
o
&
5

Maintainer: Martial Sankar <martial.sankar at unil.ch>

i source("http://bioconductor.org/biocLite.R")

i biocLite("SQUADD") . B

i Mailing Lists »

To cite this package in a publication, start R and enter: Post questions about Bioconductor
packages to our mailing lists. Read the

. posting quide before posting

citation("SQUADD") » bioconductor
—————————————————————————————————————————————————— * bioc-devel




Modification of SQUAD

Sanchez-Corrales et al. (2010). J. Theor. Biol. 264: 971

Journal of Theoretical Biology 264 (2010) 971-983

Contents lists available at ScienceDirect ~ Journal of
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journal homepage: www.elsevier.com/locate/yjtbi

The Arabidopsis thaliana flower organ specification gene regulatory network
determines a robust differentiation process
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In the original version of SQUAD ...

x <+ aORDb

x <— a AND NOT b




. this is not possible




A Boolean Network
Its topology
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A Boolean Network

Its associated functions

B(t + 1) = A(t) and not C(t)

C(t + 1) = not B(t)



A Boolean Network

Attractors and basins of attraction




The continuous equations

dx _ — e0-5hj | g—hj(w;—0.5) e
dt — (l—eO‘Shi)(1+e_hi(wi_0‘5)) YiXi

X; is the activation level of node i.

wj is the continuous form of the logical rule describing the response
of the node.

h;j is the gain of the input.

~; is the decay rate.



From classic to fuzzy logic

NOT x — 1 —x
x AND y — min(x,y)

x ORy — max(x,y)



The fuzzy logic version of the NOT function

0.8

06 -

not X

0.4 -

02




The fuzzy logic version of the AND function

F(xy) = min(xy)




The fuzzy logic version of the OR function

F(xy) = max(xy)




From a discrete to a continuous function

x(t 4+ 1) = a(t) XOR b(t)

x <+ aXORb

x < (aAND NOT b) OR (NOT a AND b)

x < max(min(a,1 — b), min(1 — a, b))

dx; 760.5h,-+efh,-(max(min(a,l7b),min(17a,b))70.5)
dt = (1760.5h,—)(1+e—h,—(max(min(a,l—b),min(l—a,b))—OAS)) - ’YIXI




Finding attractors

Time series

level of activation

time

- GATA3 -#IFM-b -+ IFN-bR IFN-g = IFN-gR = IL-10 —~ IL-10R +L-12 #+IL-12R <+ |L-18 -#IL-18R = |L-4 & IL-4R
- |IRAKC = JAKL ¥ NFAT 50051 -+ 5TAT1 STATZ —+35TAT4 = STATE = T-bet & TCR




Using SQUAD in Arabidopsis

Sanchez-Corrales et al. (2010). J. Theor. Biol. 264: 971




Attractors of the discrete model

INF2 INF3 INF4 SEP PETI PET2 SIM1 STM2 CAR

INF1

o




Attractors of the continuous model (part 1)

INF1 INF2 INF3 INF4 SEP PET1 PET2 ST™M1 sT™M2 CAR
AG 13E-9 13E-9 12E-9 12E-9 1LIE-9 11E-9 96E-10 1OE+0 10E+0 1LOE+0
AP1 10E-9 10E-9 1I1E-9 11E-9 1.0E+0 1.0E+0 10E+0 31E-9 20E-9 34E-9
AP2 12E-9 12E-9 12E-9 12E-9 1.0E+0 1.0E+0 1.0E+0 LOE+0 1.0E+0 1.0E+0
AP3 12E-9 13E-9 11E-9 12E-9 95E-10 1.0E+0 10E+0 1OE+0 1.0E+0 86E-10
EMF1 10E+0 1.0E+0 1.0E+0 1.0E+0 21E-9 20E-9 1.5E-9 13E-9 99E-10 14E-9
Fr 1LI1E-9 1LIE-9 1IE-9 1LI1E-9 10E+0 10E+0 1.0E+0 10E+0 10E+0 1.0E+0
FUL 12E-9 12E-9 12E-9 12E-9 181E-9 18E-9 15E-9 1.0E+0 1.0E+0 10E+0
LFY 86E-10 87E-10 84E-10 83E-10 1.0E+0 1.0E+0 1.0E+0 1.0E+0 1.0E+0 LOE+0
Pl 12E-9 12E-9 12E-9 12E-9 13E-9 10E+0 1.0E+0 1OE+0 10E+0 1LOE+0
SEP 12E-9 12E-9 1LIE-9 10E-9 1.0E+0 1.0E+0 1.0E+0 LOE+0 1.0E+0 LOE+0
TFL1 1.0E+0 10E+0 10E+0 1.0E+0 94E-10 92E-10 78E-10 10E-9 10E-9 1L1E-9
UFO 54E-10 1.0E+0 52E-10 10E+0 52E-10 1.0E+0 52E-10 1.0E+0 53E-10 52E-10
wus 58E-10 59E-10 1.0E+0 1.0E+0 55E-10 55E-10 55E-10 35E-9 22E-9 39E-9

#Values are averages of 50,000 runs (see Section 4). In all cases the associated standard deviations are smaller than 1.00E-9.



Attractors of the continuous model (part 2)

NEW1 NEW2 NEW3 NEW4 NEWS NEW6 NEW7 NEWS NEW9 NEW10 NEWI11 NEW12 NEW13 NEW14
AG 05 05 05 0.5 05 05 o5 05 05 05 0.5 05 1 o
AP1 05 05 05 0.5 05 05 05 05 05 05 0.5 05 o 1
AP2 05 05 05 0.5 1 05 1 1 05 1 1 1 1 1
AP3 0 05 0 0.5 0 05 1 0 05 1 0.5 05 05 0.5
EMF1 05 05 05 0.5 0 05 0 0 05 0 0 0 0 0
FT 05 05 05 0.5 1 05 1 1 05 1 1 1 1 1
FUL 0.5 05 05 0.5 05 05 05 0.5 05 05 0.5 05 1 0
LFY 0.5 05 05 0.5 1 05 1 1 05 1 1 1 1 1
Pl 0.5 05 05 0.5 05 05 1 0.5 05 1 0.5 05 1 0.5
SEP 0.5 05 05 0.5 1 05 1 1 05 1 1 1 1 1
TFL1 0.5 05 05 0.5 o 05 0 0 05 o o 0 o o
UFO 0 1 0 1 0 0 1 0 0 1 0 0 0 0
wus 0 0 1 0.5 0 0 0 0.5 05 05 0 05 0 0




SQUAD in the modeling of T cells

Martinez-Sosa and Mendoza (2013). BioSystems 113: 96
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Conclusion

SQUAD:
> It is a flexible modeling tool.

> It has been extensive tested in systems with fixed point
attractors.

> It still needs to be fine-tuned to study cyclic attractors.
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