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S1 Experimental data

Expression levels of DIx5, Msx2 and Runx2 mRNA normalizeds®®PDH expression are shown in table S-1. Experimental
conditions are cells with no growth factors (CO); cells wa®0Ong/ml BMP2; with 10ng/ml TGE; or 300ng/ml BMP2 and
10ng/ml TGEB1.

DIx5
Oh 8h 16h 24h 48h
CO 1.00| 1.23+0.05| 1.44+0.14 | 1.18+0.07| 1.44+0.07
BMP2 1.00| 1.68+0.07| 1.65+0.08 | 2.95+0.44| 1.48+0.12
TGFB1 1.00| 1.324+0.02| 0.87+0.07 | 1.104+ 0.44| 0.57+ 0.07
BMP2 & TGF31 1.00| 1.494+0.16| 1.73£0.04 | 4.284+0.33| 1.41+0.20
Msx2
(6{0) 1.00| 0.924+0.16| 1.53+0.05| 1.58+0.10| 1.33+0.08
BMP2 1.00| 1.68+0.07| 1.65+0.08| 2.74+0.16| 2.36+0.04
TGFB1 1.00| 1.39+0.16| 0.61+0.03| 1.060.04| 0.984+0.18
BMP2 & TGFbetal | 1.00| 1.41+0.11] 1.41+0.18 | 1.91+ 0.08 | 1.08+ 0.02
Runx2
(6{0) 1.00| 1.024+0.02| 1.08+0.03| 1.68+0.26| 1.49+ 0.26
BMP2 1.00| 1.23+0.04| 1.04+0.04| 1.524+0.05| 1.43+0.01
TGFB1 1.00| 1.23+0.02| 1.09+£0.05| 2.204+0.22| 1.32+0.22
BMP2 & TGFbetal | 1.00| 1.094+0.09| 1.124+0.03 | 0.92+ 0.13 | 1.78+ 0.08

Table S-1 Expression levels of DIx5, Msx2 and Runx2 mRNAs.

S2 Logicrulesgenerated from GRNs

Here we explain how Boolean logic rules can be generated G&ths. A Boolean logic rul¢ is a set of binary values that
relates the state of a target gene to the expression levigsrefjulators. Thus the expression level of the BooleaiakbeB at
simulation stegn- 1) is given by

B(n+1) =1(R(n)), (S-1)

where the vectoR(n) contains the Boolean values of the regulatorB et simulation step andl(.) is the Boolean logic rule.
A GRN can be used to formulate a logic rule in the following wHyonly activators are expressed at stefhen the target

gene will be ‘on’ at simulation stem@- 1). If no regulators, or only inhibitors, are expressedegpstthan the target gene will be

‘off’ at simulation step §+ 1). If activators and inhibitors are coexpressed then tlgetayene may be ‘on’ or ‘off’ at simulation
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regulators Ay 0 1 11
e | VL1 E Db d
output hAaAMD]TO O 1 0 1 0 1 O
at step LAaAD]L O O 12 0 1 0 1 1
(n+1): Al 0O 0 1 1 1 0 1 1
T(n+1)= L(ALAL) | O 0O 1 0 1 1 1 1
i (A1, Az, 1) sAAD]l 0 O 1 1 1 1 1 1
inconsistent| kA4 ] 0 0 1 1 1 0 1 O
logic kidAi,h ] O 0O 1 0 1 1 1 O
rules k(ALA,h ] O 0O 1 1 1 1 1 0

Table S-2 The results of possible Boolean logic functiohslg) corresponding to the GRN shown in figure S-1. Row 1: expoesgvels of

regulators at simulation step Rows 2-6: expression level of the output gene at simulatiep(n+ 1) in the case of a consistent Boolean
logicl; (rowi+1,i=1,..,5). Rows 7-9: expression levels of the output genavailation step(n+ 1) for the inconsistent Boolean logic rulks
(row j+6, j = 1,2,3). Bold entries in the same row indicate that the outputltesad, hence, the corresponding logic rkkere inconsistent

and omitted. (For definition of inconsistency see text.)

step 6+ 1), depending on the relative strengths of the regulatarsuth cases we propose alternative logic rules to account fo
all possibilities.

Consider for example the regulation of target gérgy activatorsA; andA; and inhibitorl (see figure S-1). Table S-2 shows
the eight possible states ofy(A,1) at simulation stem and the output state af at simulation stegn+ 1). The output is
ambiguous when both activators and inhibitors are upréggdi@ee columns IV, VI and VII). In each case, the target Jend!
be either ‘on’ or ‘off” at simulation stepn(+ 1), so at most eight logic rules can be constructed. Howexaeof the logic rules
are inconsistent,e. the effects of certain regulators are contradictory. Faneple, under rulé;, when A and | are ‘on’ and
A, is ‘off’, the target gene (T) expression will be 1 (column |Whereas when A A, and | are all upregulated the target gene
expression will be 0 (column VIII). This logic rule is incdatent with the activatory role of A Two other logic rulesk, and
ks) are also inconsistent and therefore omitted from our sitimiis. When there are two activators and one inhibitorethee
five consistent logic rulegs, Iy, ..., 1s.

I
)

Fig. S-1 Example regulatory connection: the target gene (T) is egdlby two activators (Aand Ap) and an inhibitor (I).

In summary, alternative logic rules are needed if regusatddifferent types act on a particular node. For each sugic lo
rule, consistency is required as described above. The tatgs for a GRN consist of all combinations of the consistegic
rules for each target gene.

S3 ODE representation of Boolean models

When formulating an ordinary differential equation (ODE)del of a GRN, the evolution of each variable is often desctiby
an equation of the following form:

o~ 1({xa}.P) Vi, s2)
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wherexg is the protein (or mRNA or gene) of interegir} is the set of its regulatorq is the vector of input growth factors,

f({xr}, p) is the rate of production of the protein apds a decay rate artddenotes time.
By scaling time with the inverse decay rate< 1/y) and scaling the protein concentration with the maximateirolevel
(xa(t) = X maxXe(T)) equation (S-2) transforms to

dx - o
T = ()P~ %, (s-3)

wheref({xz},p) = f({xr},P)/(VXEmax).
The condition for a steady state of the Boolean model (S-1) is

B(n) =B(n+1). (S-4)
The corresponding steady state condition for the ODE m@&i&))(is
%8(1) = f({x=(1)}, P)- (S-5)

Comparing equations (S-4) and (S-5) we note that if the naotis functionf agrees with the Boolean functidrwhen the
regulators take the values 0 or 1, then each steady state Biothlean model will also be a steady state of the continuagdsein
(as shown in Referende We note that the converse is not true, the continuous system may possess steady states not present
in the Boolean model. Guided by this result, our general @gqr is to extend a discrete Boolean model to a continuougimod
by requiring that the functiofi in the continuous model (S-3) gives the same result as theeBodunctiorl when the regulators
take the values O or 1.

Following Referencéwe use the normalized HillCube method to transform the Baootaodels to continuous ones, because
it is a general method which can be applied to any Boolear lagé. A polynomiab'which fulfils the requirement stated above
can be derived from a general Boolean logic flu{see equation (S-1)) as follows:

G(XR1,XR2,--, XRN) := (S-6)
11 1

2

XR1=0Xr2=0 XgrN=0

N
I(Ry, R, ..., RN) I_II{RJ'XR,J' +(1-R)(1-xrj)}
J=

where the continuous functiay.) replaces the Boolean logic rulgR; (j = 1,..,N) are the discrete Boolean regulators ang
(j=1,..,N) are the corresponding continuous regulators.

The structure of (S-6) guarantees thétr1, Xr 2, ..., XrN) depends linearly on each of the regulatags (i = 1,..,N). How-
ever transcriptional regulation is usually switch-likes. as the value of a regulator crosses a threshold, the tratiscrirate
changes rapidly. This switch-like behaviour is achievethenODE representation by defining the functggn as follows:

9(XR1,XR2, - XRN) = G(H" (Xr 1,0R1),H" (Xr 2,OR2), ....H" (XrN, ORN)), (S-7)
where the functiot * (Y, ®y) is a Hill-function of the form:

Ym

Y, — S-8
HY(Y.00) = Grap (5-8)
In (S-8),Y is the concentration of an activator protedy, is the threshold concentration of the activator above wiraiscription
occurs andnis the Hill coefficient. In the simulations, we fin= 15 to ensure switch-like behaviour.

Matching Boolean logic rules for mES cells (see section &t transformed to ODEs using the general equation

dx

r =bi +9(XR 1, XR 2, .-, XRN) — Xi, (S-9)

wherex; correspond to variables DIx5, Msx2 or Runx® represent a basal transcription rate gfd is the function defined in
equation (S-7).
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Table S-3 Logic rules that match the experimental data from the mEIS.cEhese five logic rules correspond to three different GRddse
figure 3):1; andl, represent GRNs where Runx2 does not regulate or positieglylate DIX5 respectively and logic rulesls represent
negative regulation of DIX5 by Runx2. The header shows tipeession state of the regulators for a particular TF and eaglshows one
possible matching logic rulg. The ODE representation of logic rulg(denoted by bold) is shown in equations (S-10)-(S-12).

S4 Matchinglogicrules

The matching logic rules for the mES cells are summarizedhitetS-3. The header shows the possible states of the regulat
for DIx5 (D), Msx2 (M) and Runx2 (R) respectively and each m@presents a matching logic rule where the expressiorsstéte
the TFs are shown as a response to the expression state efthiators. Each logic rule corresponds to one of the GRNs1sho

in figure 5 as indicated in the first column: Runx2 either atég (R-D) or inhibits (R4D) Runx2 or it does not regulate Runx2
(RaD).
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Fig. S-2 Simulation results from Boolean model associated withdogiels (see table S-3). Level of DIx5 (a), Msx2 (b) and Runx2 (c)
modelling exposure to BMP2 (unbroken line with symbol “eéxposure to TGB1 (broken line with symbol4’) and exposure to both BMP2
and TGHB1 (dotted line with symboll’). Simulation results were normalized against simulatiesults modelling control medium.

Expression levels are 1 or 2, these values representingr gith'off’ or ‘on’ state of a gene. The binary values are ghiftlightly so that all
results can be presented on the same graph.

Each matching logic rule was used to generate an ODE modwj tise methods outlined in section S-3. A representative
example is shown: the system of ODEs obtained from logic lu(see table S-3) is presented in equations (S-10)-(S-12). In
order to be able to modify the expression level and the tioades parameterns;, i=D, M, R (transcription rates of DIx5, Msx2
and Runx2 respectively) ang i=D, M, R (decay rates) were added to obtain equations

dD
o —PotPo {2H" (gBmP, ©BD)H™ (M,OMD)H™ (R, ©rD) —H ™ (g8MP, @BD)H (M, BMD)

—H™"(g8mP, ©8D)H " (R, ©rp) —H™ (M, OMp)H ¥ (R, ©rD) +H " (g8MP, ©BD) +H ™ (M, OMD) } — ¥0D, (S-10)
%\A =bm + pv {H " (g8mP, OMM)H * (grer, ©TM)H T (D, ©pm) —H ™ (g8MP, ©MM)H T (gTGF ©TM)

—H*(grer, ©rm)HT (D,0pm) +H* (grer. ©1Mm) +H (gBMP, OMm) } — WM, (S-11)
%R =br+pr{H"(D,@pr) —H™ (grer, @TRIH" (D,GpR)H* (M,BMR) } — VKR, (5-12)
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whereb; (=D R) represent the basal transcription rate of DIX5, Msx2 andx2uespectively@;j (i=B, T, D, M, R, j=D,

M, R) is a threshold concentration above which the regulatas an effect of targgt Parameterggmp andgrgr are control
parameters representing the presence (1) or absence (@ aftresponding growth factor as shown in table S-4.

Parameter Values
Media gmP gTGF
Control 0 0
BMP2 1 0
TGFB1 0 1
BMP2/TGR31 1 1

Table S-4 Control parameter values used in Boolean and ODE simukatmrepresent the different combinations of external gndattors

Parameter values of equations (S-10)-(S-12) were optitizdit the experimental data. The simulation results shawn i
figures 6-8 were obtained with initial conditioBg0) = M(0) = R(0) = 1 and parmeters listed in table S-5.

namgvalug [namgvalug
bp | 1.8|[©ep]| 0.1
bvw | 1.7 ||®mp| 0.2
br | 1.4 ||Orp| 0.9
Pp 2.7116sm| 0.1
Pwm 4 Otm| 0.9
Pr 1.1 |{©pm]| 0.9
Vb 2.0 O7tr| 0.9
Vv 2.7 eDR 0.1
YR | 1.6 |[[Our]| 0.8

Table S-5 Parameter values of equations (S-10)-(S-12) that weretosglatain simulation results shown in figures 6-8.
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