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Supplemental Material S1. IGFR signaling network in the MDA-MB231 breast cancer cell
line

The topologic features of cell signaling networks at the elementary reaction level are largely
unknown. Consensus maps are typically structured as sets of reactions that define the simplified
mechanisms of activation and inhibition of relevant proteins. To reconstruct the IGFR signaling
network in the MDA-MB231 cell line, we overlaid consensus maps onto RPPA data and

obtained the following set of chemical reactions:

1. IGF binding to IGF receptor

IGF + IGFR<E'%L> IGF : IGFR X, + X, —>:1r1 X,

2. IGF receptor auto-phosphorylation

kIfGFRp
IGF : IGFR + IGF : IGFR &=—2=>C
o OTFP x3+x3:1<:>‘:x80%x4+x3

Crorry — <> IGF : IGFR” + IGF : IGFR
3. IGF receptor internalization
IGF : IGFR" — ez |GF : IGFR™™ X, — 5 X,
4. Dissociation of activated IGF receptor
IGF : IGFR™™ _Kemi= 5 |GF 4 IGFR™™ X, —s 5 X, + X,

5.  IGF receptor de-phosphorylation

*(i Kt
IGFR™™ 4 1gfrP —===>C ke y
KiGFRd IGFRd XG -I-X8 (kl—B) XBlA)X7 +X8
2r6

Ciorrg — == IGFR™ + IgfrP
6. IGF receptor re-integration

IGFR™ K 5 |GFR X, —4 X,



7. Binding of Shc to IGF receptor

IGF : IGFR’ + Shc === IGF : IGFR" : Shc

She

8.  Shc phosphorylation

Shep

IGF : IGFR" : Shc + IGF : IGFR”: Shctiﬁc

Shep

Cyp — 22 IGF : IGFR": Shc” + IGF : IGFR” : She

9. Dissociation of p-Shc from activated IGF receptor
IGF : IGFR": Sh¢” —Xsw= 5 |GF : IGFR" + Shc”

10. Shc de-phosphorylation

Shc™ + SheP —=2C,.,

Shed

Cypeg — 2= Shc + ShcP

11. Binding of IRSL1 to activated IGF receptor

IGF : IGFR" + IRSl#)IGF :IGFR" : IRS1

IRS

12. IRS1 phosphorylation

IRSp

IGF : IGFR" : IRS1+ IGF : IGFR": IRSl:RﬁC

IRSp

Cirsp L 5 IGF: IGFR": IRS1 + IGF : IGFR": IRS1

13. Dissociation of p-IRS1 from activated IGF receptor

IGF : IGFR": IRS1" —Xmsi= 5 |GF : IGFR" + IRS1"

14. IRS1 de-phosphorylation

* k!
IRS1 + IrsP &Cmd

kIRSd

Cirsg — 2 IRS1+ IrsP

15. SOS-Grb2 binding

k1r9
X, + X, (T_9> X
Kirio > Ky
XlO + XlO T X82 > X11 + XlO
ki
Xn i >X4+X12

kir13 N Ky,
X12+X13TX83 T >X9+X13

k1r15

X4 * X14 Kars X15

Kiri 5 ki
x15 + X15 T X84 > XlB + X15

I(I'
Xig —# 2> X, + Xy

k1r19

N k
X17 + X18 T Xss B X14 + XlS



k1r21

SOS +Grb2===50S : Grb2 Xyo+ Xop T2 X,

16. SOS-Grb2-Shc-IGFR binding

* klr22

SOS : Grb2+ IGF : IGFR" : Shc” &SOS :Grb2: 1GF : IGFR™: Shc Xy + Xy & 22 Xy

17.  SOS-Grb2-Shc binding

k1r23

SOS : Grb2+She’ &==—508 : Grb2: Shc” X+ Xy =22 X

18. SOS-Grb2-1RS1 binding

SOS : Grb2 + IRST #SOS :Grb2: IRST Xy + Xy, <:1—L> X,
19. RasGTP activation by SGIS
* w ke
RasGDP+SKOS.Grb2. IGF : IGFR : Shc WCR?SG,S * X, + X, :1,25 > Xy —2 5 X, + X,
Crassars —=2—RasGTP + SOS : Grb2: IGF : IGFR " : She v

20. RasGTP activation by SGS

.

. . ——RasSGS

RasGDP + SOS : Grb2: Shc (mCRasSGS X+ X, zz >X, —b X+ X,

Crosss — = > RasGTP +SOS : Grb2: Shc”

21. RasGTP activation by SGI

ki
. . RasSGI
RasGDP+§OS Grb2: IRSI &2 Cpg * Xt X,, : X, X 4 X,
Crassal rasel_y RaSGTP +SOS : Grb2: IRS1 2129

22. Ras de-activation

RasGTP +GAP —=2C,,

Rasd

k r )
X26 + X27 (% Xag = > X25 + X27
KRas 2r31
Croeg — 222> RasGDP + GAP

23. IRS1 inhibition by MAPK



IRS1+MAPK =2 —C

Cirsiv — ™ IRS1") + MAPK”

24. IRS1 inhibition by p70S6K

IRS1+ p70S6K” (E%L)CIRSB

IRSIS,

Cirsis — == IRS1Y + p70S6K”

25. IRS1 re-activation
IRS1Y —Kesa 5 |RST

26. Raf activation by PKC

kaaf
Raf +PKC (k:>CRaf

Raf

Coyy —™—>Raf "+ PKC

27. Raf activation by MAPK

* * kFEafp
Raf "+ MAPK" e—==C

Rafp
C

Rafp

rap — 2> Raf ™ + MAPK”

28. Raf de-activation by PP2A

* ka‘afd
Raf + PP2A———C_,,

kRafd

Cruy — = Raf +PP2A

29. Raf de-activation by PP2A

ok thafpd
Raf ~ + PP2AT———=C,,

KRafpd

Craps — == Raf "+ PP2A

30. Raf inhibition by AKT

* ka‘afiA
Raf +PIP3: AKT,; e——=—Cpin

kRaﬁA

Crain ——>Raf ) + PIP3: AKT,.,

k1r33

k
X14+X41<—TX90¢)X28+X41
Kirss 3 k.
X14+X77<TX91 e )X28+X77

Kiraz N
X28 X14

Kirsg 3 kir
X29+X32TX92 - >X30+X32

klr 40

L TZIEN Ky
Xso + X41T x93 - >X31 + X41

kir g 3 ke,
X30+x33Tx94 e >X29-I—X33

Kiras 3 ke,
X31+x33TX95 e ’xso"'xss

klr 46

T by
X29+X54<7k“6 Xgg —= Xy + X,



31. Rafre-activation
Raf W Sy Raf

32. Ras-Raf activation

RasGTP + Raf " == RasGTP: Raf

kRasRaf

33. MEK activation by Ras-Raf

MEK + RasGTP : Raf " <E?—L>CMEK

Cec — 5 MEK” + RasGTP : Raf

34, MEK activation by Ras-Raf

MEK "+ RasGTP: Raf * —>C

MEKp

Crrery — 22— MEK ™ + RasGTP: Raf *

MEKp

35. MEK de-activation by PP2A

MEK" +PP2AZ2>C, .,

kMEKd

Crexg —2=¢ 5 MEK + PP2A

36. MEK de-activation by PP2A

MEK ™ + PP2AT—=5C, 0,

KnEKpd

Crueros — 2 —>MEK" + PP2A

37. MAPK tyrosine activation by MEK ™

MAPK + MEK™ &—225C, ..

MAPK

Cumprc — 2> MAPK . + MEK™
38. MAPK activation by MEK™

MAPK, . + MEK™ = %%>C

Copprs —2 5 MAPK ™ + MEK ™

MAPKt

kl 48
Xa4 “—> Xy

klr 49

Xze + X30 T X35

kirso 3 k
X36 + X35 T X97 B X37 + X35

k1r52

LT EEEN Ky
X37 + Xss(Txgs e ’Xss + X35

k1r54

N k
X37+X33TX99 2 ’X36+X33

Kirss 5 Kir
X38+X33TX100 - )X37+X33

k1r58

N K
X39 + X38 T X101 — X4o + Xas

k1r60

N K
X40 + X3s T X102 — X41 + X38



39. MAPK tyrosine inactivation by MKP1

MAPK, . +MKPLE225C,

kMAPKd

Crpog — 22> MAPK + MKP1

40. MAPK inactivation by MKP1

MAPK + MKP1z— 225 C,

kMAPth

Cuppras — 22— MAPK . + MKPL

41. PI3K activation by IRS1

PI3K + IRST &> P 3K~

kPI 3KI

42. PIP3 formation

PIP2 + P|3K*<tf'ﬁcPIP3

PIP3

Copps — 2225 PIP3+ PI3K”

43. PIP3 hydrolysis by PTEN

PIP3+PTEN &—222C, ...,

PIP3d

Coppag — 2225 PIP2 + PTEN

44. AKT attachment to membrane

PIP3+ AKT (kf—L>PIP3: AKT

AKT

45. PDK1 attachment to membrane

PIP3+ PDK1e—2=>PIP3: PDK1

kF‘DKl

46. Activation of AKT3p by PDK1

f
kAKTgoa

PIP3: AKT + PIP3: PDK1e=22C, .

kAKT308

Cor,, — 2% 5 PIP3: AKT,, + PIP3: PDK1

k1r62

k
X+ Xy <—T Kigg =5 Xy + Xy

k1r64

N k
X41 + X42 T X104 — X40 + X42

klr 66

X+ Xy T Xu

Kir67 k
X+ Xy <—T Kigs — > Xys + Xy

k1r69

> K
X46 + X47 T X106 i X45 + X47

k1r71

Koo + Xy T X

I(1r72

X46 + Xso (T X51

kirzs ) k.
X49 + X51 — X107 - st + X51

k2r73



47. AKTsgg de-activation

* k/IKTgogd
PIP3: AKTyg + AKT 0P ———C 1

kAKT303d

Coucrps — 2% PIP3: AKT + AKT, P

48. AKT 73 activation by mTOR;

* kAfKT473
PIP3: AKT,, + MTOR, m——2>C

kAKT473

Cor,, — %2 PIP3: AKT,, + mTOR,

AKT473

49. De-activation of AKT473 by PHLLP

f
kAKT473d

PIP3: AKT,,, + PHLPP 72>

KaKT 734

Corg — 2 PIP3: AK Ty, + PHLPP

AKT,75d

50. TSC2 activation by GSK3

TSC2+GSK3g45C .

kTSC 2aG
Crscoas — 226 >TSC2® +GSK3

51. TSC2 activation by AMPK

TSC2+ AMPK” =2

TSC 2aA

Crocgon — ezt 3 TSC2® + AMPK”

52. TSC2 inactivation by RSK

f
(a) * kTSCZiR
TSC2® + RSK" —=22C . 1
TSC2iR

Crocor — 222 5TSC2+ RSK”

53. TSC2 inactivation by MAPK

a * kaSCZiM
TSC2® + MAPK = 2Crqca

Cropm — 52 5TSC2+ MAPK”

54. TSC2 inactivation by AKT

ki 3 kir
X52+X53TX108 e )X49+X53

k1r77

st + X75 T XlO

k
9 e X54 + X75

Kirzg 3 k.
X54 + Xss T Xno — st + X55

|(1r81 )
Xss + ng T X11

k,
1 e X57 + X59

kirgs 3 k
X56 + Xez T an - X57 + Xez

Kirgs 3 k
X57 + Xes T X113 - Xse + Xes

k1r87
X57 + X41 —— X11

k2r87

s
4 = X56+X41



TSC2® + PIP3: AKT,, 2 C o

TSC 2iA

Crocan — =225TSC2® + PIP3: AKT,,,
55. TSC2 re-activation
Tscz(p) Krsczra BTSCZ(a)

56. GSKa3 inhibition by AKT

*

GSK3+ PIP3: AKT,,, <_E4> Coscain

Coscan — = >GSK3P + PIP3: AKT,,,
57. GSKa3 re-activation
GSK3(p) Keskara 3GSK3

58. AMPK activation by LKB1

AMPK + LKB1&z225C,

AMPK

C ek — 22— AMPK ™ + LKB1
59. AMPK de-activation

AMPK " —fawea_y AMPK

60. AMPK inhibition by AKT

* k/iMPKp
AMPK +PIP3: AKT; &= —2C

Cupry — 22— AMPK “ + PIP3: AKT,,

61. AMPK re-activation
AMPK ) Lawexa_y AMPK

62. MAPK-RSK complex formation
MAPK + RSK, === MAPK : RSK .

63. RSK kinase opening

k1r89

> K
X57 + X54 T X115 - Xss + X54

k1r91
Xsg > X7

Kirgp 3 k.
X59 + X54 Txne E— Xeo + X54

k1r94
Xeo > Xsg

kirgs 3 k
X61 + X63 T X117 - Xez + X63

k1r97
X, > Xt

kireg 5 kir
X61+X54<7X118 - >X64+X54

k2r98

Kiri00 N
X 64 X 61

klrlOl
X39 + X65 (k— Xee

2r101



MAPK : RSK, +MEK ™ <ET—L>CRSKO

RSKo

Cro — %> MAPK " + RSK, + MEK™

64. RSK kinase closing
RSK,, —<ese 5 RSK

65. RSK activation by MAPK

RSK,, + MAPK" E?ﬁcm

Croa — 2> RSK ™ + MAPK”
66. RSK de-activation
RSK™ — e RSK

67. Rheb de-activation by TSC2

RhebGEF +TSC2 = >C,, -

thebiT

Crppir — 215 RhebGEF ) +TSC2"
68. Rheb re-activation
RhebGEF ) —Kmea y RhehGEF

69. GTP loading by Rheb

Rheb: GDP + RhebGEF &= 22C,

Rheb

Crieo —Kme 5 Rheb: GTP + RhebGEF
70. Rheb de-activation
Rheb: GTP —Xex 5 Rhebh : GDP

71. mTOR formation

Rheb: GTP + mMTOR e—=*—>mTOR"

mTOR

72. p70S6K activation by MAPK

k1r102

N k
Xee + Xas W X119 > X41 + X67 + X38

Kiria N
X 67 X 65

Kirios 3 k
Xe7 + X41<k— XlZO - Xes + X41

2r105

Kiri07 N
X68 X67

kl ri08

N k
X69+X57(WX121 HE )X70+X57

Kiri10 3
X 70 X 69

klrlll

% kl’
X71+X69TX122 i ’X72+X69

Kiriis N
X72 X71

klrllA

X72 + X73 < X74

kZ rii4
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* kaGKM
P70S6K + MAPK” Z—=%—>C s .
Ksskum S6KM X76+X41<k—x123 H )X77 +X41

Copry —21 5 p70S6K™ + MAPK”

73. p70S6K activation by mTOR

kK
SB6KT
p70S6K +KmTOR — 7 Csexr * X, + X, <::> X, —bm 5 X+ X,
Cogr —2 5 p70S6K”+mTOR

74. De-activation of p70S6K

* ksfede
7086K N 70P —)C Kir11
p Kp Kokdp S6Kdp )(77+X78 —)(;(X125%X76+X73
CSﬁde — p?OS6K + p7OP 2r110

75.  p70P inhibition by mTOR

ki
* p70iT
p70P+mTOR ———=C ;¢ ki ,
Kproir X78 + X74 < X126 S X79 + X74

2r121

Cooir — 2= p70P* +- mTOR

76. p70P inhibition by AKT

ki
* p70iA
P70P + PIP3: AKT,,, —25C | .
Kb 7oia x78 + X54 (W X127 S X79 + x54

Corom — 22— p7T0P" + PIP3: AKT,,,
77. p70P re-activation

u Kp?OPr 1r125
p70P®™) —Zemer 5 n70P Xy —m 5 X o

Supplemental Figure 1 summarizes the reconstructed IGFR signaling network. The reconstructed
IGFR signaling network included 6 feed-forward and 3 feed-back loops, and was comprised of

127 species involved into 77 chemical reactions.
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IGF IGF:IGFR

IGF:IGFR " IGF:IGFR* — IGF:IGFR*(int) —< IgfrP
IGFR*{int) 7 IGFR{int)—> IFGR
IGFR IGF:IGFR*:Shc (-—< >—> IGF:IGFR*:IRS1

lGF'IGFR"ShC? Shc  I1RS1 glGF:IGFR":IRSI S6K*
: i

—
GRIGRR*Shc®  sos Grbp  IGFIGFReRsts  'RST 3 IRS1(u) IRS1(u)—>iRs1

MAPK*
A !Rsr*IAI IGF-IGFR®

IGF:]GFR=t Shc* s PKC MAPK*
SheP SOS:Grb2 < Irsp

ATy
Shc el Raf Raf* Raf**

SOS*Grb2:Shc* SOS:Grb2:IGF:IGFR*Shc*  S0OS:Grb2:1RS1* PP2A PP2A

il A " GAP
RasGDP RasGTP  RasGDP RasGTP  RasGDP RasGTP RasGTP\_ " RasGDP

R TP y * - * *% *%
asG RasGTP:Raf* RasGTP:Raf MEK MEK PIP3-AKT*473
TP:Raf* T e
RasGTP:Ra MEK  MEK®*  MEK** MAPK MAPKK’/APK* Raf(u)
Raf* Brtsts o o7 Raf(u)—-)Raf

PP2A PP2A MKP1 MKP1

IRS1*

AKT AKT308P PIP3:AKT*473

PIPSAKT mTOR2 AMPK "™ AMPK (u)

L) e AMPK (u) —> AMPK
PIP3:AKT*308 PIP3:AKT*473 u
> PIP3:PDK1

w

N
).

PI3K
PiP2 PIP3

(

PTEN
ROk PHLPP
LKB1 PIP3:AKT*473 MEK** MAPK*

AMPK  AMPK* GSK3  GSK3(p) MAPK>—)RSKC:MAPK RSKo RSK*

AMPK* — AMPK GSK3(p) — GSK3 RSKo — RSKc  RSK* — RSKo

GSK3 AMPK* PIP3:AKT*473 TSC2* RhebGEF

TS(':’?\.,}SCZ‘ TSC2(p) RhebGEF RhebGEF(u) RhebGDP RhebhGTP
MAPK* RSK* TSC2(p)—> T7SC2* RhebGEF(u) — RhebGEF RhebGTP —> RhebGDP

* *
MAPK* mTOR mTOR*

RhebGTP TN )
>—> mTOR*  p70S6K p70S6K* S6P _,S6P(u) 56P(u}— s6P
w

PIP3:AKT*473
S6P

Supplemental Figure 1. The signaling network through the insulin-like growth factor (IGF-1)
receptor tyrosine kinase in the K-Ras and B-Raf mutant MDA-MB231 cell line. Signal
transduction is originated when the IGF-1 ligand complexes with IGF receptor (IGFR) and
triggers autophosphorylation of the IGFR tyrosine kinase. Phosphorylated IGFR propagates the
signal downstream through the MAPK and PI3K pathways activation and leads to MAPK and
AKT phosphorylation (1, 2). The signals from the MAPK and PI3K cascades are routed to the
mTOR pathways via TSC2 inactivation (3). Phosphorylated mTOR activates p70S6K, which can
downregulate IRS-1 levels through a negative feedback loop (4). In the absence of IGF
stimulation, genetic mutations encoded in the MDA-MB231 cell line lead to high basal activity
of Ras and Raf, which drives constitutive activation of the MAPK pathway.
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Supplemental Material S1a. References for molecule interactions defining the IGFR signaling
network topology

Reactions 1-6 describe the mechanisms of IGFR phosphorylation and internalization (5).
Reactions 7-10 and 11-14 account for Shc and IRS-1 activation, respectively (5). Reactions 15-
22 model the GDP/GTP exchange on Ras that is catalyzed by Shc-Grb2-SOS, IGFR-Shc-Grb2-
SOS, and IRS-Grb2-SOS (5). Reactions 23-25 model IRS-1-mediated inhibition by MAPK (6)
and p70S6K (4). Because the mechanisms of IRS-1 inhibition are unknown, we treated these
interactions as black boxes and hypothesized that MAPK and p70S6K do not decrease the level
of IRS-1 phosphorylation but render it unavailable (subscript u) to activate downstream
effectors. Reactions 26-29 and 32-40 describe MAPK activation via Raf and MEK (7). Reactions
28-29, 35-36, and 39-40 describe the effect of transcriptional feedback regulations and account
for changes in the immediate early genes PP2A and MKP1 (7). Reactions 30-31 account for
AKT-mediated inactivation of Raf (8). Reactions 41-49 describe PI3K-mediated activation of
AKT, including AKT downregulation triggered by PTEN (5). Reactions 50-55 model TSC2
activation mediated by AMPK and GSK3 (9) and TSC2 inactivation driven by AKT (5), MAPK
(10) and RSK (11). Reactions 56-57 and 60- 61 describe AMPK (12) and GSK3 (5) inactivation
by AKT, and reactions 58-59 account for LKB1-mediated activation of AMPK (5). Reactions
62-66 describe RSK activation by MAPK (13). Reactions 67-71 model mTOR activation
mediated by Rheb (5). Finally, reactions 72-74 describe direct activation of p70S6K driven by
MAPK (14) and mTOR (15), and reactions 75-77 account for modular activation of p70S6K

mediated by mTOR (15) and AKT (16).
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Supplemental Material S2a. Formulation of the mass-action ODE model formulation

Assuming that the kinetics of the reconstructed network obeyed the law of mass-action, we

derived a system of 127 coupled ODEs (original model) with 313 unknown model parameters,

186 of which were signaling rate constants and the remaining 127 of which were initial

concentrations:

d

d_)il ==K X X, + k2rlX3 + k1r5X5
dx

d_t2 ==K X X, + k2r1X3 + klr8X7
dx

d_ts = k1r1X1X2 - k2r1X3 - 2k1r2X32 + 2k2r2X80 + k1r3X80

dx

d_t4 = KirsXeo —KiraXe —Kirg Xy Xo +KprgXag + Kypip Xy —Kiris X, Xy +
+ k2r15X15 + klr18X16

dx,

d_ts = k1r4X4 - k1r5X5

dx

d_t6 = klrSXS - k1r6X6X8 + k2r6x81

dx,

E = klr7X81 - klr8X7

dx

d_tg = _klr6X6X8 + k2r6X81 + k1r7X81
dx.

d_'[g =Ko Xy Xy + k2r9X10 + klr14X83
dx,

dt

= k1r9X4X9 - k2r9X10 - 2k1r10X120 + 2k2r10X82 + klr11X82

(0.1)

(0.2)

(0.3)

(0.4)

(0.5)

(0.6)

(0.7)

(0.8)

(0.9)

(0.10)
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dx, _

lrllX82 lrlZ Xll - klr22X21X11 + k2r22 X22

dt
d
% = k1r12 X — klr13X12 X3 + k2rl3x83 - k1r23X21X12 + k2r23X23
dx,
d_t3 = —Kirig X X5 + k2r13X83 + klr14 Xs3
dx,
dt4 1r15 XXy + k2r15X15 + k1r20X85 lr33X14X41 + k2r33X90 +
- 1r35X14X77 + k2r35X91 + k1r37 28
dx,
d'[s = k1r15 XXy — I(2r15X15 - 2k1r16 X125 + 2k2r16 Xgs + klrl7 Xg4
dx,
d t6 = lr17 Xgs — lr18X16
dx,
dt7 k1r18X16 1rl9 X7 X% + k2r19X85 - k1r24X21X17 + k2r24X24 +
k1r66 XygX7 + k2r66X44
dx,
dt8 = K19 X7 X35 + k2r19X85 + k1r20X85
dx,
d_'[g = =Ky 21 X9 Xpo + k2r21X21
dx
2= _k1r21X19X20 + k2r21X21
dt
dx,,

Tt Kir21X19%00 = KoranXor = Kir2oXo1 Xo1 + Ko Xop =Ky paXo1 X +

+ k2r23X23 - klr24 21X17 + k2r24 24

dx
22 _
dt = k1r22X21X11 - k2r22X22 - k1r25X25X22 + k2r25x86 + klr26X86
dx
23 _
dt - k1r23X21X12 - k2r23X23 - k1r27X25X23 + k2r27X87 + klr28X87

(0.11)

(0.12)

(0.13)

(0.14)

(0.15)

(0.16)

(0.17)

(0.18)

(0.19)

(0.20)

(0.21)

(0.22)

(0.23)
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dx,,

dt = k1r24X21X17 - k2r24X24 - k1r29X25X24 + k2r29X88 + klrSOXSB (0.24)
dx
d:s = _klr25X25X22 + k2r25X86 - k1r27X25X23 + k2r27X87 + (0_25)
- klr29 XosXoa T k2r29 Xgg + k1r32 X3
dx
d_is = klr26x86 + klr28X87 + klrSOXSS - klr3lX26X27 + k2r31X89 + (0_26)
- k1r49 XX T k2r49X35
dx
d? = _k1r31X26X27 + k2r31x89 + klr32X89 (0.27)
dx
d_ig = k1r34X90 + k1r36X91 - k1r37 X2 (0-28)
dx
d;g = _klr38X29X32 + k2r38x92 + k1r43X94 - k1r46X29X54 + k2r46x96 + k1r48X34 (0.29)
dx
d_:[% = k1r39X92 - k1r4oX30X41 + k2r40X93 - k1r42X30X33 + k2r42X94 + (0.30)
+ k1r45 Xos — k1r49 XX T k2r49X35
dx
d_:l = k1r41X93 - k1r44X31X33 + k2r44X95 (0-31)
dx
d:z = _k1r38X29X32 + k2r38x92 + k1r39X92 (0.32)
d
% = Ky g2 Xg0Xg3 + k2r42X94 + k1r43X94 - k1r44X31X33 + k2r44X95 + (0.33)
+ klr45X95 - klr54 Xa7 X33 + k2r54 Xg9 T k1r55 X9 — k1r56 XagXa3 + k2r56 Xioo + k1r57 X0
dx
d_34 = Kyr7X95 —KiragXas (0.34)
t
d
% = klr49X26X30 - k2r49X35 - klr50X36X35 + k2r50X97 + k1r51X97 + (0.35)

- k1r52X37 X35 + k2r52 X98 + klr53x98

dXyg
dt

= _k1r50X36X35 + k2r50X97 + klr55X99 (036)
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= k1r51x97 - klr52X37 X35 + k2r52X98 - klr54x37 X33 + k2r54x99 + klr57X100

dx,
8 _
- klr53X98 - klr56X38X33 + k2r56X100 - klr58x39X38 + k2r58X101 + k1r59X101 +

dt
- k1r60 XgoXsg + k2r60 Xjop T klr61X102 - kmoz Koo Xag + k2r102 X9 + k1r103X119

P _ Kk K Kk Kk

dt = Ky 58 %30 X35 1 Korsg X101 T KireaXios — Kirro1X50 X651 Kor01 %66
LT Kk k k k Kk

dt = KirsoXi01 ~ KireoXa0Xsg T Koreo X102 — KirgaXaoXaz2 T Koreo X103 1 KiresXi0a
My _ K K k k k

dt = —Kira3X1aXa1 1 KopzaXgp T KirgaXg = KiragXgoXay +Kpra0Xog + KppanXos +

+ k1r61X102 - k1r64X41X42 + k2r64X104 - klr87 X7 Xyp + k2r87 X4 + k1r88X114 +
+ k1r103X119 - k1r105 Xg7Xa1 T k2r105X120 + klr106 Xi20 ~ klrllS X76Xg +

+ k2r115 X5 + k1r116X123
dx
42
dt = _k1r62X40X42 + k2r62X103 + k1r63X103 - k1r64x41X42 + k2r64X104 + k1r65X104
dx
43 _
- _klr66X43X17 - k2r66X44
dt
dx
44
dt = klr66X43X17 - k2r66 Xyg — k1r67X45X44 + k2r67X105 + klr68X105
dx
45 _
dt = _k1r67x45x44 + k2r67X105 + k1r70X106
dx
46
dt - klr68X105 - klr69 Ky Xg7 + kzrsg Xi06 - k1r7lX46 Xg t k2r71X49 +
- k1r72 Ky X5 + k2r72 Xs1
dx
47
dt = _k1r69x46 X7 + k2r69 X6 + klr70 X106
dx
48
- _k1r7lX46 Xpg t k2r71X49
dt
dx
49 _
dt = klr7lX46 Xpg — k2r71X49 - k1r73X49X51 + k2r73XlO7 + k1r76X108

(0.37)

(0.38)

(0.39)

(0.40)

(0.41)

(0.42)

(0.43)

(0.44)

(0.45)

(0.46)

(0.47)

(0.48)

(0.49)
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dxs,

a =K, 79 Xa6Xs0 + Koy 70 Xs (0.50)
d(;(:l = Kir7pXa6Xs0 = Kor7oXsr = Kip73Xag Xsr + KopraXagr + KipraXior (0.51)
d;(,iz =Ky, 74 X097 — K75 Xs Xsa + Koy 75 X108 — Kip 77 X60Xs + Kop 77 X100 + Kirgo X110 (0.52)
% = ~HurrsXse s+ Karr¥aon + KarzoXog (0.53)
d;(? = =Ky, 46 %00 Xss + Koy a6 Xos + KiparXos + Kir76 %100 = Kirro Xsa Xes + Ko7 X010 +

+ klr89 X57 X54 + k2r89X115 + klr90 X115 - k1r92 X59 X54 + k2r92 X116 + klr93X116 + (054)
- klr98x6lx54 + k2r98X118 + k1r99 X118 - k1r123x78 X54 + k2r123X127 + klr124 X127

dx
55 __
dt - _k1r79x54x55 + k2r79X110 + k1r80X110 (055)
s _ K K K K K
dt = lr81X56X59 + 2r81X111 - lr83X56X62 + 2r83X112 + 1I’86Xll3 + ll‘88xll4 (056)
s _ K K K K
dt - 1I’82X111 + lr84X112 - ll’85X57 X68 + 2r85X113 - ll’87X57 X4l +

+ k2r87 X114 - klr89 X57 X54 + k2r89 X115 + k1r91X58 - klrlOBXGQ X57 + (057)

+ k2r108X121 + klr109X121

X

gt fors s ~Hvers (0.58)
dgig = —Ky 51 X656 X5 + Korar Xi11 + Kirgo X1 — Kirao XeoXsa + Koo Xi16 + Kiraa Xeo (0.59)
d;(:O = Kuros¥uto ~KuroaXe (0.60)
d;‘;n = =Ky, 05X61 %63 T Koros X7 + Kiror Xen — Kiros Xe1Xsa + KoraaXi1s + Kirio0Xes (0.61)
d;(:z = Ky g% X6z + KorgaXuso + KurgaXiaz + KirasXsr = KirgrXeo (0.62)
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dXes

dr - FarssXauXea + KarasXaur + Koo Xy (0.63)
% =Ko Mia ~Kurao X (0.64)
d;(f = Ky X Xes Koo Xes + Koo Xer (0.65)
% =Ky101%0 %65 — Kor101X66 — Kir102 Xes X8 + Kor100 X110 (0.66)
d;<:7 = Kir105%110 — KirioaXe7 — KiriosXs7Xa1 + Korios X120 + Kirio7Xes (0.67)
dé‘sg Ky e Xe Xeg + Ko aeXoss + Ky aeXiss + Kovnos X — Kuvaor Xes (0.68)
d;(:sa = —Ky108 %66 X7 + Koraos X121 + Kirt10X70 — Kura11Xo1 Xes + Koraan oo + Kira1o Xz (0.69)
% = KiriosXiar ~KirszoXro (0.70)
d;(tn = —Ky,111 %1 X6 + Kop111 X000 + Kip113%05 (0.71)
d;(f =Ky 110 X100 = Kip113 %90 — K114 %90 X73 + Kop114 %04 (0.72)
d()j(t73 = —Ky 114 %0 X0g + Ky 114 %o, (0.73)
d;(: =K, 1114 X730 X73 = K11 X7s = Kip17 %06 X0a + Kopa17 X100 K118 X00s + ©0.74)

- k1r121X78X74 + k2r121X126 + k1r122X126
dg;s = Ky, 17 Xep X + Ko 11 X100 + Ky 76100 (0.75)
d;(;e = =Ky 115 X76 X0 + Kor115 X103 — Kir117 %06 X70 + Ko7 X104 + Kiro0 Xios (0.76)
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ax;
dt

dXg
dt

== lr35X14 X77 + k2r35X91 + k1r36 X91 + klrllG X123 + klrllS X124 - k1r119 X77 X78 + k2 r119X125

= _klrllQ X77 X78 + k2r119X125 + klr120X125 - klr121X78X74 + k2r121X126 +

- I&lr123 X78 X54 + k2 riz3 X127 + klr125 X79

dX;,
dt

X0
dt

LY
dt

X
dt

g
dt

s
dt

s
dt

L.
dt

dXg;
dt

dXgq

dt

dXgq
dt

X
dt

= klr122 X126 + klr124X127 - k1r125x79

= k1r2X§ - k2r2X80 - klrsxso

= k1r6X6X8 - k2r6X81 - k1r7X81

2
= KiroXo — k2r10X82 - k1r11X82

= k1r13X12 X3 — k2r13X83 - klr14 Xg3

2
= KireXis — k2r16X84 - klrl7 Xea

= Ko Xi7 X5 — kz r19%5 klr 20%g5

= klr25X25X22 - k2r25X86 - klr26 Xsg

= k1r27 Xo5Xo3 — k2r27 Xg7 — k1r28X87

= k1r29X25 Xo4 — k2r29 Xgg — klr30 Xsg

= k1r31X26X27 - k2r31X89 - k1r32X89

= k1r33X14X41 - k2r33X90 - k1r34X90

(0.77)

(0.78)

(0.79)

(0.80)

(0.81)

(0.82)

(0.83)

(0.84)

(0.85)

(0.86)

(0.87)

(0.88)

(0.89)

(0.90)
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A,

gr e
%: Ky aXa0Xss
% Ky 50 Xa X
dzitoo kX,
dzitos KyvepXa0 a2
d?f“ K KX

2r35X91

Xar — KoragXep —

k2r4o X93

k2r42X94 -

2r44X95

2r46x96

—Ky50%e7 —

—KarsoXeg
—Kyres

k2 r56 X100

k2 r58 X101

k2r62 X103 ~

Kareo X102 —

k2r64 Xi04 —

lr36

klr39 X92

- k1r41X93

k1r43 X94

1r45

1r47 9%

k1r51x97

- klr53 X98

Xag —KirgsXeo

- k1r57 Xi00

- k1r59 XlOl

klr61X102

kl ré63 X103

klr 65 X104

(0.92)

(0.92)

(0.93)

(0.94)

(0.95)

(0.96)

(0.97)

(0.98)

(0.99)

(0.100)

(0.101)

(0.102)

(0.103)

(0.104)
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Dgs _

dt

dXs

dt

X7
dt

X8
dt

[
dt

X0
dt

dX111
dt

dx,;,
dt

X5
dt

dX,y
dt

dXys

dt

Xy
dt

dx,,
dt

X1
dt

ll’67

- k1r69x46 Xg7 —
= Ky 73 %49 %51
= k1r75X52 X3 —
= Ky 77 %55 %75
= Ky 79 %54 Xss
= Ky g1X66 X5

= Kyrg3Xs6

= Ky85 %67 Xsg

= Kypgr Xs7 X1
= Kyg9Xs7 %54

= Kyrgo Xs0Xs4
= klr95X61X63 -
= k1r98x61x54 -

k2r67 Xio5

k2 reo X106

k2r73 X107

k2r75X108 -

k2r77 X009 —~

k2 r79 X110

k2 rlelll

k2r83X112 -

k2r85X113 -

k2r87 X1 —

- k2r89 Xi15

k2r92 X116

k2r95 X7 —

k2r98X118 -

k1r68 X105

- k1r70 X106

- k1r74 X7

klr 76 X108

klr 78 X109

- klr80 X110

- klr82 X1

k1r84 X112

klr86 X113

klr88 Xll4

- k1r90X115

- k1r93X116

k1r96 X117

k1r99 X118

(0.105)

(0.106)

(0.107)

(0.108)

(0.109)

(0.110)

(0.111)

(0.112)

(0.113)

(0.114)

(0.115)

(0.116)

(0.117)

(0.118)
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X0
dt

X1z
dt

dx,p
dt

dx,p
dt

X5
dt

dx,,
dt

X5
dt

= k1r102 Xe6Xsg — k2r102 X9 — k1r103X119

= k1r105 Xg7X41 — kz r0s %120 ~ klr106 X120

= k1r108X69 Xs7 — k2r108X121 - k1r109X121

= klrlllX71X69 - k2r111X122 - k1r112 X2

= k1r115X76X41 - k2r115X123 - k1r116X123

= klr117 X6 X4 — kz r117 %124 — klrllB X124

= k1r119x77 Xsg — k2r119 X5 — k1r120X125

= k1r121X78X74 - k2r121X126 - klr122 X126

= k1r123X78X54 - k2r123X127 - k1r124X127

We used Copasi (17) to implement the original model and export it as an SBML file

(Supplemental File S6 “original model.pdf”).

(0.119)

(0.120)

(0.121)

(0.122)

(0.123)

(0.124)

(0.125)

(0.126)

(0.127)
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Supplemental Material S2. Computational Procedures

PSO. In each simulation, the number of particles comprising the swarm was set to 20 to
compromise between computational efficiency and an accurate search for a solution. The inertia
factor w in equations 3 is critical for PSO convergence (18). A large inertia may significantly
change the values of the model parameters to be inferred and facilitate the search for better
solutions in unexplored areas of the parameter space (global exploration). In contrast, small
inertia promotes local search of the parameter space and fine-tuning of solutions in explored
areas. The inertia factor @ was therefore adaptively changed between the values of 1.1 and 0.1 to
trade for global and local searches. As adaptive criteria, we selected the following scheme: 1) o
was initialized to 1.1 and a counter was initialized to 0; 2) the counter was increased by one unit
if no improvement was made in the search or decreased by one unit if improvement was made in
the search; 3) if the counter was smaller than 3, ® was multiplied by 2 to favorite global search;
4) if the counter was larger than 5, o was divided by 2 to favorite local search; and 5) if
exceeded the minimum or maximum values, it was reset to 1.1 or 0.1, respectively. The
coefficient of self-recognition c; and the coefficient of the social component c; in equations 3 are
not critical for PSO convergence. These coefficients are weights that fine-tune the decision of
each particle to explore new areas of the space solutions following the memory of its own best
position (c;) and the experience of the most successful particle in the swarm (c,). ¢iand ¢, were
set to the values of 1.49, as in (18). To reduce the likelihood of particles getting trapped in the
local minima, we implemented the Ibest PSO (18) and adaptively varied the number of neighbor
particles (m) influencing adjacent members in the swarm. As adaptive criterion, we selected the
following scheme: 1) m was initially set to its minimum number of four randomly selected

particles; 2) if no improvement was made in the search, m was increased by four randomly
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selected particles; 3) if the search yielded improvement, m was reset to its minimum value of
four randomly selected particles; and 4) if m exceeded the maximum value of particles in the

swarm, m was set to 20 randomly selected particles.

Integrating mass-action modeling with PSO. We complemented mass-action modeling
with PSO searching schemes to train the models against experimental data and design testable
intervention strategies to inhibit aberrant cell signaling. The computational efficiency of our
integrative approach strongly depends on the range of values for the unknown model parameters.
Larger parameter spaces may improve the accuracy of model fitting; however, larger spaces may
lead to time-scale separation between the dynamics of signaling molecules. Time-scale
separation is representative of stiff systems and requires smaller time steps for convergence of
the ODE solver. Computational time and model fitting accuracy can be significantly improved
by supervising the choice of model parameters. We used hybrid strategies that combined
supervised and unsupervised selections of model parameters to improve performance.

We structured our computational procedure as a five-step algorithm, implemented in

Matlab (R2008b, The MathWorks, Natick, MA).

Step 1: Swarm particles (i.e., unknown model parameters) were randomly initialized within
appropriately chosen intervals of values. The ranges for the model unknowns were selected by
combining hybrid supervised and unsupervised approaches.

Step 2: The mass-action ODE model was solved using the implicit ode15s routine for stiff
systems. This step comprised two stages. In the serum starvation stage, the concentration of the
IGF-1 ligand was set to 0, and the ODE model was pre-run to compute the stationary levels

attained by the proteins. We used these levels as the controls to normalize the protein profiles
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computed during IGF-1 stimulation. In the stimulation stage, cells were stimulated with 75
ng/mL IGF-1 ligand, and the normalized model was trained against the normalized experimental
data.

Step 3: The SD-weighted square error (SQE) was computed according to equation 4 in quick
guide to equations and assumptions.

Step 4: Particle positions and velocities were updated according to equations 3 in quick guide
to equations and assumptions.

Step 5: Steps 2-4 were repeated until SE was lower than an arbitrary tolerance (tol=10"*) or

the maximum number of iterations (2500) was exceeded.

Integrating mass-action modeling with random sampling of model parameters. Mass-action
modeling was complemented with a random sampling of model parameters to identify combined
perturbations of targeted molecules and inhibit aberrant cell signaling. We structured our
computational procedure as a four-step algorithm, implemented in Matlab (R2008b, The

MathWorks, Natick, MA).

Step 1: Unknown model parameters (i.e., multiple targeted perturbations) were randomly
sampled within intervals of values that had been selected by combining hybrid supervised and
unsupervised approaches.

Step 2: The mass-action ODE model was solved using the implicit ode15s routine for stiff
systems. This step comprised two stages. In the serum starvation stage, the concentration of the
IGF-1 ligand was set to 0, and the ODE model was pre-run to compute the stationary levels
attained by the proteins. These levels were used as the controls to normalize the protein profiles

computed during IGF-1 stimulation. In the stimulation stage, cells were stimulated with 75
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ng/mL IGF-1 ligand, and the normalized levels of p-AKT, p-MAPK, and p-p70S6K were
computed.

Step 3: We stored the collections of model parameters (multiple targeted perturbations),
generating levels of p-AKT, p-MAPK, and p-p70S6K that were decreased by at least five-fold
compared with those measured in aberrant MDA-MB231 cells.

Step 4: Steps 1-3 were repeated until 200 collections of model parameters (multiple targeted

perturbations) were identified.

Ranking identified targeted perturbations. Optimal combinations of targeted inhibitors were
identified by comparing the model parameters inferred from the aberrant signaling measured in
the MDA-MB231 cell line with randomly sampled collections of parameters (i.e., multiple
targeted perturbations) that could restore user-defined signaling changes. The most influential
Kinetic rates and protein concentrations were ranked using the median deviation (MD) and
standard deviation (SD) of the identified candidate targets, as proposed by Yang et al (19). We
defined the MD as the distance between the levels of candidate targets in the aberrant and user-
defined networks; therefore, MD represented how influential the identified targets were. A
negative MD suggested inhibition of the candidate target, whereas a positive MD indicated
activation. The SD provided an index of the consistency with which candidate targets were
scored as influential. A small SD was representative of high consistency, and a large SD
indicated low consistency. Targeted perturbations were then ranked by computing the absolute
value of the ratio of MD to SD. The larger this ratio was, the more effective the target
perturbation was at inhibiting aberrant cell signaling. To obtain reliable results, we used the

procedure to identify 200 collections of relevant targets (listed in the Supplemental File S3
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“combinatorial inhibition.xIs) for three different sets of model parameters that fell into the
region of acceptable fitting (Supplemental File S2 “three parameter sets.xls”). If n represents the
total number of model parameters and m represents the total number of collections of candidate
targets identified by the procedure, the SD and MD of the ith parameter in the jth collection were

computed as follows:

(S1)

MD(k;) = median ki, ..., K;,....k _kiaber

g1 Kjoeen By

In equation S1, E =£Z:_“_lkij represents the mean of the ith candidate target, and k™" represents
m & i-

the corresponding parameter inferred from aberrant signaling in MDA-MB231 cells.
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Supplemental Material S3. Dose response of the MDA-MB231 cell line to treatment with

drug inhibitors.
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Supplemental Figure 2: Dose response of MDA-MB231 cells to treatment with different
inhibitors. (A) U0126; (B) LY294002; (C) rapamycin. Solid circle and error bars represent the
means and standard deviations of normalized absorbance measured using crystal violet assays.
Solid lines denote the theoretical dose response computed using Microsoft GraphPad Prism
(Redmont, WA).
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Supplemental Material S4. Reduced IGFR signaling network in the MDA-MB231 breast

cancer cell line.

Implementing mass-action models comprising several coupled ODEs and many unknown

parameters may limit the computational efficiency of the ODE solver. Faster implementation of

large mass-action models can instead be achieved through model reduction, which allows a

decreased number of coupled ODEs and unknown parameters. Focusing our attention on the

most relevant species in the IGFR signaling network, we reduced the 77 chemical reactions to a

subset of 41, as follows:
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S6KM

DTOSBK + MTOR' =22,y — 086K +mTOR'

S6KT

p70S6K” +86P(Esf:>K”CSGKd Ky n70S6K +S6P

S6P+MTOR” =2 C, ;e —st 5 S6P) + mTOR"

S6PIT
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kSGKiA

SGP(U) Ksekra 5> S6P

Reactions 1-2 describe IGFR phosphorylation, and reactions 3-4 model IRS-1 activation.

k r
X28 —==> Xy
kiras y ki
X29+X25TX56 = )X30+X25
kirss ) ki
X29+X27TX57 = )X30+X27
kirag y ki,
X30+X19TX58 = >)(29‘”(19
klrSO ) k,
X30+X22TX59 = ’X31+X22
k r
x31 B X30
sy N ki
X32+X30(TX60 - )X33+X3o
k r
x33 B X32
X X klr56 X
s T Ag (T 35
klr57 3 kr
X36+X19TX61 e >X37+X19
sy 3 ki
X36+X35TX62 - )X37+X35
kirer N ki
X37+X38(TX63 - )Xae"'xss
kires 3 ki
X38+X35TX64 = ’X39+X35
kires 3 ki
X38+X22TX65 e )X39+X22

klr67
Xso > X

(R.27)

(R.28)

(R.29)

(R.30)

(R.31)

(R.32)

(R.33)

(R.34)

(R.35)

(R.36)

(R.37)

(R.38)

(R.39)

(R.40)

(R.41)
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Reactions 5-7 account for negative feedback regulation mediated by MAPK and p70S6K.
Reactions 8-10 and 13-19 model MAPK activation through the Ras-Raf-MEK cascade, reactions
13-14 account for AKT-mediated inhibition of Raf, and reactions 20-23 describe IRS-mediated
activation and PTEN-mediated inhibition of AKT. Reactions 24-27 account for inhibition of
AMPK and GSK3 by AKT, and reactions 28-32 model activation and inhibition of TSC2.
Finally, reactions 33-35 model Rheb-mediated mTOR activation, and reactions 36-41 describe
MAPK-, mTOR-, and AKT-mediated activation of p70S6K.

The original model was thus reduced to 65 coupled ODEs and 161 model unknowns, 96

of which were signaling rate constants and the remaining 65 of which were initial concentrations:

dx, /dt = —K,,, X X, + Ky, X (R.1)
dx, /dt = =k, X X, + Ky, % (R.2)
X, /At =Ky X X, — Ky X — Ko Xg + Koo Xy = KppaXsXg + Koy gXao +Kypa X0 + (R3)
— K11 X Xs + Kopy1 Xag + Ki 1o Xas
dx, /dt =K, ,%; =Ky, %, (R.4)
dXg /At = =Ky, 3% X + Koy 5Xao +KisXs = KireXsXig +KopsXar — KirgXsXsr +KorgXan +KiroXs (R.5)
dXg /At =Ky, 4 X0 — KipsXs — KiaaXsXs + KorpaXas +KirraXas = Kir3oXo1 Xs +KopapXsy 1Ky rasXs, (R.6)
dx, /dt =Ky, , X, + Ko X, — Ko Xs (R.7)
dXg /At = —Ky,1, XX + K11 Xz — KiaaXeXs +KopiaXas +KiasXo (R.8)
A% /At =Ky 10X5 +KypaXas —KirsXo —Kipas XXy +KopaXis (R.9)
A%, /At ==Ky, 16 X0 %05 + Kop1sXas T KirroXas — KirooXi0 X2 1 KoraoXar +Kipo X (R.10)
Xy, /At =Ky X5 — Kyie X0 X0 +KopgXas — KirasXo X +KoppsXis (R.11)
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dx,, /dt = Ky 51 X7 = Kyr0%,,

A%, /At = =K 116 X00 X3 + Ko Xas +Kiir Xas

Xy, /dt = —K},16% X0 Kor1gXas + KiroXas — Kiros X7 Xes FKoros Xag +Kipo7Xao
Ox,s /dlt = Ky 53X X = KarasXis = KirouXi6%is +KaraaXag +KirasXeg

A%, /At ==K}, 50 X6 %15 — Koy oaXag + Kip27Xa0

OX,7 /Ot = Ky X = Kiro6 %17 X1 + KoraXag = KirosX15%17 +KarasXeo +Kira0Xso

XmS/dt = _k1r28X18X17 + k2r28x50 + k1r31X51

dxig/dt = _klr6X5X19 + k2r6X4l + klr7X41 + klr29x50 - k1r30X19X20 + k2r30X51 +

- k1r48X30X19 + k2r48X58 + klr49x58 - klr57x36X19 + k2r57 XGl + k1r58X61
dXZO/dt = _k1r30X19X20 + k2r30X51 + klr31X51

dXZl/dt = _k1r32x2lX6 + k2r32x52 + k1r34X22 - k1r35X21X24 + k2r35x53 + k1r37x23

dxzz/dt = _k1r20X10X22 + k2r20X47 + k1r21X47 + k1r33X52 - k1r34X22 - klr38x25x22 +
+ k2r38X54 + k1r39X54 - k1r41X27 Xy + k2r41X55 + klr42X55 - k1r50X30X22 +
+ k2r50 X5 + k1r51X59 - k1r65X38X22 + k2r65X65 + k1r66X65

X, /At = K, g6 X5 — Kypa7 %o

A%, /At = =Ky, 25 X0 X0 + Koy 35Xz 1 K26 Xs3

X, /Ot = =Ky, 25 %05 %00 + KorasXes +KipaoXos — Kiras Xoo Xos + KopaaXss +KypasXes
X, /Ot = Ky, 30X, — Ky a0Xos

AX,, /At = =K, 40 %o Xop + Koy 41 Xes +KirasXog — Kiras XogXor +KoypasXsr +Kypar Xss
X, /At = K, 4o Xs5 — Ky 43%og

dng/dt = _k1r44X29X25 + k2r44X56 - k1r46X29X27 + k2r46x57 + k1r49X58

(R.12)
(R.13)
(R.14)
(R.15)
(R.16)
(R.17)

(R.18)

(R.19)

(R.20)

(R.21)

(R.22)

(R.23)
(R.24)
(R.25)
(R.26)
(R.27)
(R.28)

(R.29)
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dXSO/dt = k1r45X56 + klr47X57 - klr48x30X19 + k2r48x58 - klr50X30X22 + k2r50x59 +
+ k1r52 X31 - k1r53x32 X30 + k2r53X60 + klr54X60

dxsl/dt = k1r51X59 - k1r52X31
dX32/dt = _k1r53X32X30 + k2r53x60 + k1r55X33 - k1r56x34X32 + k2r56X35
dX33/dt = k1r54X60 - k1r55X33

dX34/dt = _k1r56X34X32 + k2r56X35

dX35/ dt = klr56X34X32 - k2r56 X35 — k1r59 XygXgs T k2r59x62 + klr60X62 - k1r63x38x35 +
+ k2r63X64 + k1r64X64

dX36/dt = _k1r57x36X19 + k2r57x61 - k1r59X36X35 + k2r59X62 + k1r62X63
dX37 /dt = _k1r8X5X37 + k2r8X42 + k1r9x42 + k1r58X61 + k1r60X62 - k1r61X37 Xgg + k2r61X63

dxss/dt = _klr61X37X38 + k2r61X63 + k1r62X63 - klr63x38x35 + k2r63X64 +
- k1r65x38x22 + k2r65X65 + k:lr67 X359

0o /It = K0 Xy K6 X5 —KarerXoo
A%, /0t = Ky, 3% Xs — Ky 3 X00 = Kip 2 Xao
X,y /At =Ky, 6Xs X9 — Ko Xag = Kipr Xy
dX,, /At = K, gXsXg; — Ky Xuo —KiroXan
X, /At =Ky 10 XX — K11 Xz — Kip1o X3
dX,, /At = K;,15%Xs — Kop1aXas = KiraXaa
A%, /At = K;16X00 %13 = KopasXas — Kirrr Xas
A%, /At = K;15X0 X0 — KoriaXas — KirroXas
A%, /At =Ky, 50Xi0 %00 — Koro0Xa7 = Kipor Xar

dX48/ dt = k1r24X16X15 - k2r24X48 - klr25X48

(R.30)

(R.31)
(R.32)
(R.33)

(R.34)

(R.35)

(R.36)

(R.37)

(R.38)

(R.39)
(R.40)
(R.41)
(R.42)
(R.43)
(R.44)
(R.45)
(R.46)
(R.47)

(R.48)
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X, /At = Ky, 56X, %00 = Ko os Xag — Kiror Xag
AXso /At = Ky 26Xi6%17 = Kara6Xs0 — KirzoXs0
A, /dt = Ky a0 X1 X0 — KoraoXer —Kirsa Xer

A, /At = Ky X1 X = Kars Xz — KirasXe

X3 /At = K35 X1 Xs — KprasXss = KirzoXss
AX, /At = K36 X5 X0 —KpragXss —KiraoXss
A5 /At = Ky 11 X07 X — Ko a1 Xes — KiraoXes
A5 /At = Ky 40 Xo0Xo5 — Koraa X6~ KirasXes
AXg, /At =Ky, 16X00X07 — Koy asXsr — Kipar Xsy
AXsg /At = Ky 45Xs0X10 — KaragXs —KiraoXss
Ao /At = Ky Xs0Xz —KarsoXeo — KirsiXso
X, /At = Ky, 55X00 X0 — Koyrs3Xeo — KirsaXeo
dXs; /At = Kig7 X6 X19 —Karsr X5 —KirssXea
AXsp /At = K59 Xs6 X5 — KarsoXez — KireoXez
X3 /At = K1 X7 Xag — Karar Xsa —Kira Xea
dXg, /0t = Ky, 53Xa5 %5 — Kor3Xea — KirsaXea

dxes/dt = k1r65x38X22 - k2r65X65 - k1r66X65

We used Copasi (17) to implement the reduced model and export it as an SBML file

(Supplemental File S7 “reduced model.pdf™).

(R.49)
(R.50)
(R.51)
(R.52)
(R.53)
(R.54)
(R.55)
(R.56)
(R.57)
(R.58)
(R.59)
(R.60)
(R.61)
(R.62)
(R.63)
(R.64)

(R.65)
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Supplemental Material S5. Comparison between dynamics predicted by the original and
reduced ODE models.

To determine whether the reduced model could adequately predict the dynamics of IGFR
signaling in MDA-MB231 cells, we used the original model to predict changes in MAPK, AKT,
GSK3, TSC2, mTOR, and p70S6K phosphorylation levels at various times for four randomly
selected sets of parameters (listed in Supplemental File S4 “original model parameters.xls”). We
then determined whether similar protein profiles could be predicted using the reduced model. We
used particle swarm optimization (PSO) to fit the reduced model against the protein profiles
obtained using the original model. The reduced model parameters inferred using PSO are listed
in Supplemental File S5 “reduced model parameters.xIs”. Supplemental Figure 3 shows the
comparisons between the time courses of the proteins generated using the two models. Because
the protein profiles predicted by the reduced model matched those generated by the original
model for all sets of selected parameters, it is expected that the reduced model can provide a
good enough representation of the biological system described by the original model and that
both mass-action models would equally predict the dynamics of the IGFR signaling network in

the MDA-MB231 cell line.
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Supplemental Figure 3: Comparison between protein profiles predicted by the original and
reduced mass-action models for four randomly selected sets of unknown parameters. Model
parameters are listed in Supplemental Files S4 “original model parameters.xls” (OMset) and S5
“reduced model parameters.xIs” (RMset). (A) OMset 1 and RMset 1, (B) OMset 2 and RMset 2,
(C) OMset 3 and RMset 3, and (D) OMset 4 and RMset 4. Circles: levels of phosphorylated
proteins generated by the original model at 0, 0.5, 1, 2, 5, 10, 15, 20, 25, 30, 25, 40, 45, 50, 55, or
60 minutes; solid lines: time courses of phosphorylated proteins predicted by the reduced model.
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Supplemental Material S6. Perturbing IGFR signaling dynamics using drug inhibitors.

We used the trained mass-action model to predict the effect of single-targeted perturbation on the

dynamics of IGFR signaling networks in the MDA-MB231 cell line. The mass-action model was

augmented with the chemical reactions that described the simplified mechanism of drug

inhibition. The U0126 MEK inhibitor competes with ATP for the ATP-binding site on MEK

(20). Therefore, MEK inhibition does not affect the phosphorylation level of MEK but impairs

the functional activity p-MEK to regulate its downstream effector, MAPK. The effect of drug

inhibition on IGFR signaling dynamics was thus modeled under the assumption that inhibitors

render their target molecules unavailable (superscript u) for functional activation and inhibition

of downstream effectors:

. kit *
IGFR" + |5y ———IGFR “

iIGFR

* ¥ *
IRST + 1 o5y = IRSI “

iIRS1

RasGTP + |, —=—>RasGTP"

* kifa *
Raf +|Raf<k%_‘>Raf w

iRaf

. kit *
MEK" + e &———MEK w

iMEK

MAPK + |y T==2=> MAPK "

iMAPK

* Kok *
AKT + 1 yee &2 AKT “

IAKT

AMPK + 1, 222> AMPK ")

TAMPK

ki{GFR
X3 + Xee (k'— X67

iIGFR

kiIfRSl
Xs + Xes <k,— X69

iIRS1

f
kiRas

X9 + X7o (kf— X71
iRas

kifRaf
X11 + X72 <kr— X73

iRaf

kiI\llEK
X17 + X74 <kr— X75

iMEK

ki;\/IAPK
X19 + X76 <kr— X77

iMAPK

kifAKT )
Xzz + X78 <k,— X79

AKT

kifAMPK
Xzs + Xso <kr— X81

TAMPK

(R.42)

(R.43)

(R.44)

(R.45)

(R.46)

(R.47)

(R.48)

(R.49)
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kifGSKs *(u) kifGSKs
GSK 3+ lgges e——2GSK3 Xy + Xgg T2 X

iGSK 3 iGSK 3

kit k!
TSC2® + 1, T 2TsC 21 Xap + Xag T X
iTSC2 iTSC 2
kif 3 *| I(if 3
Rheb + 1, & Rheb “ Xz + Xep T2 Xy
iRheb iRheb
. K . ki
MTOR" + 70 &———mTOR “ Xag + Xog T Xeg
imTOR imTOR
T0S6K" + 1o ser 25 p70S6K V) X, + Xy o2y
Y * T prosex AT p a7t Ao oo Mo
ip70S6K ipS6K 70

(R.50)

(R.51)

(R.52)

(R.53)

(R.54)

Equations R.3, R.6, R.9, R.11, R.17, R.19, R.22, R.25, R.27, R.30, R.32, R.35, and R.37 were

then rewritten as follows:

dxs/dt = k1r1X1X2 - k2rlX3 - k1r2X3 + k2r2X4 - k1r3X5X3 + k2r3X40 + k1r4X4o +

- klrllX8X3 + k2rllx43 + k1r12 X43 - kiIGFRf X3X66 + kiIGFRr X67

dxs/ dt = k1r4x4o - k1r5X6 - k1r13X8X6 + k2r13x44 + k1r14X44 - k1r32x21X6 +
+ k2r32 Xsp + klr33X52 - kilRSlf XeXeg t kiIRSerGQ

dxg/dt = k1r12 X43 + k1r14X44 - k1r15X9 - k1r23X9X11 + k2r23X15 - kiRASf X9X70 + kiRASrX71
dxll/ dt = k1r17 X45 - k1r18X11X14 + k2r18X46 - k1r23X9X11 + k2r23X15 - kiRAFf X1 Xqp + kiRAFrX73

dX17/dt = k1r25X48 - klr26X17X14 + k2r26X49 - klr28X18X17 + k2r28X50 + k1r29X50 +
- kiMEKf X7 Xz + kiMEKr X5

dXiQ/dt = _k1r6X5X19 + k2r6X4l + I(1r7X41 + klr29X50 - k1r30X19X20 + k2r30X51 +

- klr48x30 X19 + k2r48x58 + klr49X58 - k1r57 X36X19 + k2r57 X61 + klr58x61 +

- kiMAF’Kf X19X76 + kiMAF’Kr X77

dXzz/dt = _klr20X10X22 + k2r20X47 + k1r21X47 + klr33X52 - k1r34X22 - klr38X25X22 +
+ k2r38X54 + k1r39 Xsqy — k1r41X27 Xy + k2r41X55 + klr42 Xs5 — klr50 Xy X +
+ k2r50 X9 + k1r51X59 - klr65 XggXyp + k2r65 Xes + k1r66 Xes — kiAKTf Xy X7g + kiAKTr X79

(R.3)

(R.6)

(R.9)

(R.11)

(R.17)

(R.19)

(R.22)
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dXZS/dt = _k1r38X25X22 + k2r38x54 + k1r40X26 - klr44x29X25 + k2r44X56 + k1r45x56 +

- kiAMPKf Xo5Xg0 + kiAMPKr Xe1 (RIZS)

Xy, /At = =Ky, 41 X7 Xy + Koy a1 Xes + KirazXog — KiragXooXor + KopasXsy + Kipar Xsr + (R27)
- kiGSKSf Xo7Xep + kiGSK3rX83

AXgq /At =Ky, 45 X5 + Kirar Xs7 — KiragXaoXio + KorasXss — KirsoXao X + KopsoXsg + (R.30)
+ Ky 50 Xay — KipsaXa Xag + KorsaXeo 1 Kirsa Xeo — Kirseo 1 Xa0Xea + Kirscor Xes

Xy, /At = =Ky, 55Xa0 Xa0 + KorsaXeo T Kirss Xa3 — Kipse XaaXap + Kopss Xas + (R32)
— Kighent Xa0Xs5  Kigneor Xa7

UXgs /At = Ky 55 X34 Xar — KorssXas — KirsoXas Xas + KorsoXen + KireoXer — KiresXagXas + (R.35)
+ Ky eaXes T KiroaXes — Kinrore Xas Xss + Kimtore Xeo

Xy, /At = =Ky g% Xa7 + KorgXay + KiroXao + Kirss X + KiroXen — Kirer Xar Xag + KorerXes + (R37)
—Kip701 X7 %60 * Kip7or Xo1

The following equations were also included in the model:

AXgs /At = — Kygrrr XsXes + Kingrre Xo7 (S.66)

AX; /At = Kiyoeme XsXes — Kigrre Xe7 (S.67)

X /At = —Kipsr 1 X6 Xeg + Kirsar Xso (S.68)

AXgo /At = Kiimsa + X Xes — Kirsir Xeo (S.69)

A%y /At = —Kigast X X0 + Kigagy X1 (S.70)

dX;, /At = Kigass Xo %00 — Kigase Xo1 (S.71)

A%, /dt = —Kigars X1 %7 + Kigarr X3 (S.72)

A%, /At = Kigars X1 %70 — Kiarr X3 (S.73)

A%y, /At = —Kiyewe X7 %70 + Kivigrer X5 (S.74)
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Xy /At = Kipuewr %17 %70 — Kiviger X5
A%y /At = —Kipaprs ¥10X76 + Kinmapir X77
dX;; /At = Kiapir X19X76 — Kinaapr 77
AXyg /At = —Kiners Xop X7g + Kiprery Xr0
X /At = Kiners Xo0X7g — Kinrerr X0
AXgo /At = —Kiawpxr XesXs0 + Kinvprr Xer
Ay /At = Kianpicr XosXe0 — Kiantpice Xe1
A, /At = —Kigsicar Xar ez + Kiosicar Xes
A3 /At = Kigsicar Xar Xe2 — Kiosicar Xes
dXg, /At = —Kirsco ¢ XaoXes + KirscarXes
X5 /At = Kirsc 21 XaoXes — Kirscar Xes
AXgg /At = —Kipent X32Xa6 + Kimner Xe7
AXg, /At = Kignenr Xa0Xes — Kirneor Xa7
g / At = —Kirrore XasXse + KimrorrXeo
Ao / At = Kirrors XasXas — Kimrorr Xeo
Xgo /At = =K, 70561 Xs7 %00 + Kin7os6r Xor

dX91/dt = kip70$6f Xg7 %90 — kip70$6r Xg1

(S.75)
(S.76)
(S.77)
(S.78)
(S.79)
(S.80)
(S.81)
(S.82)
(S.83)
(S.84)
(S.85)
(S.86)
(S.87)
(S.88)
(S.89)
(S.90)

(S.91)

The initial concentration of U0126, LY294002, and rapamycin were set to be equal to the drug

inhibitor concentrations experimentally used (10 uM, 50 uM, and 50 nM, respectively). The

concentrations of the other drug inhibitors ware arbitrarily set at 10 uM. The signaling rate
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constants of the forward reactions in equations R.66-R.91 were at least one order of magnitude
larger than the corresponding rates of reverse reactions to ensure proper inhibition.

Using the augmented, trained mass-action model, we predicted differential levels of
proteins in single-inhibited versus noninhibited MDA-MB231 cells after 2 hours of stimulation
with 75 ng/mL IGF-1 for sets of parameters that generated protein time courses that fell into the
region of acceptable fitting (listed in Supplemental File S2 “three parameter sets.xIs”), as shown

in Supplemental Figure 4.
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Supplemental Figure 4: The effect of single-molecule inhibition of IGFR network. Differential
levels of proteins in single-molecule—inhibited versus noninhibited MDA-MB231 cells after 2
hours of stimulation with 75 ng/mL IGF-1 were predicted using the trained mass-action model.
Numerical values were converted into logio. The blue color represents inhibition, white denotes
no variation in protein levels, and red indicates activation. To obtain reliable results, the analysis
was repeated for three sets of parameters that generate protein time courses that fall into the
region of acceptable fitting (listed in the Supplemental File S2 “three parameter sets.xIs”). (A)
set2; (B) set3. The computational results obtained using setl are shown in Figure 3 in the

manuscript.
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Supplemental Files.
Supplemental File S1. The supplemental file “fitting variability.xls” includes 10 collections of
model parameters that generated protein profiles that equally fit the time course data

experimentally measured on RPPA.

Supplemental File S2. The supplemental file “three parameter sets.xls” includes three sets of
model parameters that generated protein profiles that equally fit the time course data
experimentally measured on RPPA. These sets were randomly selected out of the 10 sets listed in
Supplemental File S1 and used to computationally predict, in triplicate, the effect of individual

and combined inhibition of targeted molecule on IGFR signaling network dynamics.

Supplemental File S3. The supplemental file “combinatorial inhibition.xIs” includes 200
collections of combinatorial targeted perturbations that restored user-defined signaling outputs in
the MDA-MB231 cell line for the sets listed in the Supplemental File S2 “three parameter

sets.xlIs”.

Supplemental File S4. The supplemental file “original model parameters.xls” includes four sets
of randomly selected model parameters that were used to implement the original model
(equations O1-0127) and generate time courses of biologically relevant proteins involved in the

IGFR signaling network.

Supplemental File S5. The supplemental file “reduced model parameters.xls” includes four sets

of model parameters that were used to implement the reduced model (equations R1-R65) and
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generate protein profiles that matched those obtained using the original model.

Supplemental Files S6 and S7. The supplemental file, “original model.pdf”, and supplemental

file, “reduced model.pdf”, contain the SBML versions of the original and reduced models,

respectively.
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Supplemental Tables

Table 1A

Rank Parameter MD ABS (MD)/SD Target

1 Kirsd 0.05386 2.11339 p-IRS1 inhibition

2 k'MEKd 20.21719 1.98482 p-MEK inhibition

3 k'MaPKd 18.32918 1.80587 p-MAPK inhibition
4 K'icrrint 1.98527 1.69548 p-IGFR inhibition

5 KakTd 20.82549 1.68417 p-AKT inhibition

6 K'irsis 11.65082 1.6453 p-IRS1 inhibition

7 K rscoae 18.55147 1.57861 TSC2 activation
Table IB

Rank Parameter MD ABS (MD)/SD Target

1 Kirsd 1.49508 2.67577 p-IRS1 inhibition

2 K'vapkd 20.67875 2.13757 p-MAPK inhibition
3 K akTd 19.6798 1.96492 p-AKT inhibition

4 K'vekd 16.1026 1.90236 p-MEK inhibition

5 K'iaeRint 0.07026 1.8582 p-IGFR inhibition

6 K'RasRaf 1.52808 1.68929 p-Ras:Raf inhibition
7 KRasd 0.71527 1.61712 p-Ras inhibition
Table IC

Rank Parameter MD ABS (MD)/SD Target

1 Kirsd 0.08931 2.57739 p-IRS inhibition

2 K'viEkd 21.71343 2.24431 p-MEK inhibition

3 K akTd 23.53143 2.08157 p-AKT inhibition

4 K'wmapkd 13.66176 2.03733 p-MAPK inhibition
5 K'icERint 0.5879 1.64959 p-IGFR inhibition

6 K'sexar 0.00001 1.64346 p-p70S6K activation
7 Ksepra 0.08079 1.51858 p-p70S6K inhibition

Supplemental Table I. The effect of combined inhibition on IGFR signaling network. Influential
targets ranked according to the ABS (MD/SD) using sets of model parameters (targeted
perturbations) that generate protein time courses that fall into the region of acceptable fitting
(listed in the Supplemental File S2 “three parameter sets.xIs”). Abbreviations: ABS = absolute
value; MD = median deviation; SD = standard deviation. Table 1A: setl; Table I1B: set2; Table

IC: set3.
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Table 1A
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Supplemental Table I1: Qualitative comparison between measured and predicted differential
levels of phosphorylated proteins in MDA-MB231 cells simulated with 75 ng/mL IGF-1 for
5 minutes or 60 minutes in the absence of inhibition and after 1 hour of incubation with
MEK and PI3K (Table 11A) or with MEK and mTOR inhibitors (Table 11B).
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Table 111

Initial Setl Set? Set3 Set4
;sgcﬂ%r; Error Error Error Error
Run 1 0.001935 0.004549 0.000603 0.001002
PSO Run 2 0.001644 0.001017 0.000597 0.000249
Run 3 0.002058 0.006531 0.001512 0.001630
Run 1 10.4339 1.28127 0.925727 0.0268329
GA Run 2 5.83392 1.23666 0.925727 0.0199196
Run 3 8.85885 9.88149 0.925727 0.332285
Run 1 0.365486 1.03858 0.0756718 0.417092
SA Run 2 0.693289 0.867789 0.121014 0.452542
Run 3 0.579803 1.25373 0.131323 0.339764

Supplemental Table I11. Comparison between performance of particle swarm optimization
(PSO), genetic algorithm (GA), and simulated annealing (SA) in training the reduced mass-
action model against time courses of proteins generated using the original mass-action model for
the sets of parameters listed in Supplemental File S4 “original model parameters.xIs”.
Simulations were performed using Copasi (17) and repeated three times with different random
seeds of the reduced model unknown parameters. PSO was implemented using the following
parameters for the Copasi solver—iteration limit: 2000, swarm size: 20, standard deviation: 1e-6,
random generator: 1, and seed: 0. GA was implemented using the following parameters for the
Copasi solver—number of generations: 2000, population size: 20, and random number generator:
1. SA was implemented using the following parameters for the Copasi solver—start temperature:
1, cooling factor: 0.85, tolerance: 1e-6, random generator: 1, and seed: 0. PSO, GA, and SA were
run for at least 40,000 number of function evaluations. The error was computed by setting the
weight o equal to 1 for all protein time courses (see Copasi experimental data window).
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